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RÉSUMÉ
ANALYSE PAR LC-MS/MS DES DOMMAGES À L’ADN INDUIT PAR LA
RADIATION SUR L’ADN ISOLÉ ET CELLULAIRE
Par
Guru Swamy Madugundu
Département de médecine nucléaire et radiobiologie
Thèse présentée à la Faculté de médecine et des sciences de la santé en vue de l’obtention
du diplôme de philosophiae doctor (Ph.D.) en Sciences des radiations et imagerie
biomédicale, Faculté de médecine et des sciences de la santé, Université de Sherbrooke,
Sherbrooke, Québec, Canada, J1H 5N4
Les radiations ionisantes induisent une variété de dommages à l'ADN selon des effets
directs, correspondant à une oxydation suite à l’éjection d’un électron, et indirecte, médiés
par une réaction avec les produits issus de la radiolyse de l’eau environnante, tels que les
radicaux hydroxyles (•OH). Au sein d’une cellule, l’importance relative des effets directs et
indirects semble être quantitativement similaire en ce qui concerne les dommages induits à
l'ADN cellulaire. Nous avons démontré que l'irradiation par rayons ϒ- (gamma) de
solutions aqueuses d'ADN, dont l’action délétère est principalement véhiculée par
l’intermédiaire des radicaux hydroxyles, peut induire sur l’ADN la formation de toute une
palette de modifications. D'autre part, la méthylation et la déméthylation oxydative de la
cytosine au sein de couples de dinucléotides CpG jouent un rôle essentiel dans la régulation
des gènes. La position C5 de cette cytosine se retrouve fréquemment méthylée par les
méthyltransférases (DNMTs) et constitue alors 4-5% de l’ensemble de la cytosine présente
au sein de l’ADN. Mon projet de recherche est centralisé autour de l'analyse de la
modification des bases de l’ADN suite à leur oxydation dans des composés modèles
constitués d'oligonucléotides méthylés et non-méthylés, puis dans l'ADN isolé (extrait de
cellules de thymus de veau) et enfin au sein de cultures cellulaires F98 ayant subies une
irradiation par rayons ϒ- (gamma). De plus, nous avons identifié une série de modifications
spécifiques au groupement fonctionnel 2-désoxyribose de l'ADN résultant de l'exposition
de l'ADN isolé et cellulaire aux rayonnements ionisants. Nous avons également étudié les
conséquences de l’irradiation par des impulsions lasers nanoseconde à 266 nm de cultures
cellulaires de lignée humaine (HeLa). Responsable d’une réaction d’oxydation suite à
l’éjection d’un électron, l’identification des modifications induites à l’ADN cellulaire suite
à l’irradiation laser a permis de mettre en évidence des pontages ADN-ADN
caractéristiques entre les bases guanine et thymine (G*-T*). Pour atteindre ces objectifs,
nous avons développé plusieurs méthodes d’analyse des modifications de bases au sein de
l’ADN isolé et de l'ADN cellulaire basées sur la spectroscopie de masse.
Mots clés : Dommages à l'ADN, LC-MS/MS, oxydation des bases de l’ADN, pontages
ADN-ADN,sucre.
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SUMMARY
ANALYSIS OF RADIATION INDUCED DNA DAMAGE BY LC-MS/MS IN
ISOLATED AND CELLULAR DNA
by
Guru Swamy Madugundu
Department of Nuclear Medicine and Radiobiology
Thesis submitted to the Faculty of Medicine and Health Sciences for the degree of
Doctorate of Philosophy (Ph.D.) in Radiation Sciences and Biomedical Imaging, Faculty of
Medicine and Health Sciences, Université de Sherbrooke, Sherbrooke, Québec, Canada,
J1H 5N4
It is well established that ionizing radiation induces a variety of damage in DNA by direct
effects that are mediated by one-electron oxidation and indirect effects that are mediated by
the reaction of water radiolysis products, e.g., hydroxyl radicals (•OH). In cellular DNA,
direct and indirect effects appear to have about an equal effect toward DNA damage. We
have shown that ϒ-(gamma) ray irradiation of aqueous solutions of DNA, during which
•OH is the major damaging ROS can lead to the formation several lesions. On the other
hand, the methylation and oxidative demethylation of cytosine in CpG dinucleotides plays a
critical role in the gene regulation. The C5 position of cytosine in CG dinucleotides is
frequently methylated by DNA methyl transferees (DNMTs) and constitutes 4-5% of the
total cytosine. Here, my PhD research work focuses on the analysis of oxidative base
modifications of model compounds of methylated and non methylated oligonucleotides,
isolated DNA (calf-thymus DNA) and F98 cultured cell by gamma radiation. In addition,
we identified a series of modifications of the 2-deoxyribose moiety of DNA arising from
the exposure of isolated and cellular DNA to ionizing radiation. We also studied one
electron oxidation of cellular DNA in cultured human HeLa cells initiated by intense
nanosecond 266 nm laser pulse irradiation, which produces cross-links between guanine
and thymine bases (G*-T*). To achieve these goals, we developed several methods based
on mass spectrometry to analyze base modifications in isolated DNA and cellular DNA.
Keywords : DNA Damage, LC-MS/MS, Oxidative base modifications, Crosslynk, Sugar
modifications.
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1. INTRODUCTION
1.1 DNA structure:
Deoxyribonucleic acid (DNA) is a bio polymer that carries most of the genetic
instructions used in the development, functioning and reproduction of all living organisms,
and it is a basic component of the living cells. The monomer units of DNA are nucleotides,
and the polymer is known as a "polynucleotide." A DNA molecule contains three different
constituents: 1) nucleobases; 2) a 2’-deoxyribose sugar moiety; 3) and a phosphodiester
group. There are four different types of nucleotides found in DNA; these four nucleotides
differ only in the nitrogenous base. Based on the chemical structure, base nucleotides are
classified in to two types: 1. Purine Bases, which are Adenine (A shown in green in figure
1) and guanine (G shown in blue). 2. Pyrimidine bases include cytosine (C shown in gold),
thymine (T shown in red). Each nucleotide comprises a nitrogen containing a base moiety
attached to the sugar and phosphate groups. In living organisms, DNA structure exists as a
double helix, tightly bonded together with complementary base pairs. Here, purines form
hydrogen bonds to pyrimidine which includes guanine bonding to cytosine with three
hydrogen bonds and adenine bonding to thymine with only two hydrogen bonds. These
hydrogen bonds are not covalent bonds, but can dissociate and reform relatively easily.

2
Figure 1: Structure of DNA double helix and base pairing (two hydrogen bonds connect T
to A; three hydrogen bonds connect G to C). The sugar - phosphate backbones (grey).
(Reprint with permission from Nature Education [Leslie A. Pray, 2008], Copyright 2013).

1.2 DNA methylation of Cytosine:
DNA methylation is the transfer of a methyl group from S-adenosylmethionine
(SAM) to the fifth carbon position of cytosine bases at CpG sites. The addition of methyl
groups is controlled at different levels in cells and is carried out by a family of DNA
methyltransferases (DNMTs): three DNMTs (DNMT1, DNMT3a and DNMT3b) are
required for establishing and maintaining the DNA methylation patterns (Figure 2 DNA
methylation). While it is known that DNA methylation can also take place in a non CpG
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contexts (Lister et al., 2009) it mainly occurs at CpG dinucleotides. Methyl cytosine (5mC)
is the 5th most abundant nucleobase in DNA. The enzymatic oxidation of 5mC gives 5
hydroxymethylcytosine (5hmC), known as the 6th most abundant nucleobase in DNA. 5mC
and 5hmC are both epigenetic markers.
Cytosine is methylated at the 5’ position of CpG dinucleotides to the extent of 6090% depending on the species and tissue, giving a total of 4-5% of 5mC per cytosine in the
genome; in mammals, 70 - 80% of CpG pairs are methylated (Kohli and Zhang, 2013). In
general, the methylation of CpG represses gene expression via the binding of methyl
binding proteins and the recruitment of other proteins involved in chromatin structure. CpG
are significant hot spots in mutation spectra. Interestingly, the majority of GC - AT
transitions occurs at CpG dinucleotides in mice, rats and humans (Wagner and Cadet,
2010). About one third of mutations in human genetic diseases appear to be associated with
base substitutions at CpG dinucleotides (Cooper and Youssoufian 1988). Between 25% to
50% of mutations in the tumor suppresser p53 gene of cancer cells are GC - AT transitions
at CpG dinucleotides (Greenblatt et al., 1994). The reason for such a high rate of
hypermutability of CpG dinucleotides remains unknown. One hypothesis suggests that
5mC is more susceptible to thermal deamination than cytosine; however, the difference in
the rate of thermal deamination of cytosine and 5mC is between 2-3 fold for double
stranded DNA (half-life =38,000 and 85,000 y, respectively). Another hypothesis is that the
repair of G:U by base excision repair (i.e., UNG) is more efficient than the repair of G:T by
mismatch repair proteins (Duncan BK and Miller JH. 1980). This hypothesis is supported
by the finding that the rate of spontaneous mutations (GC - AT transitions) increases the
rate of mutations at CpG dinucleotides in UNG deficient E. coli. However, these
hypotheses cannot explain the large increase in the mutability of methylated compared to
nonmethylated CpG dinucleotides, which has been estimated to be between 12-42 fold
(Cooper and Youssoufian 1988). An alternative possibility to explain CpG hypermutability
involves the oxidation of 5mC and subsequent processing of this damage. For example, the
methylation of cytosine has been shown to increase the mutagenic potential of damage in
CuCl2/H2O2 oxidized supF shuttle vectors upon transfection to human fibroblasts (Lee DH
et al., 2002). When incorporated into E. coli, DNA fragments containing 5mC
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modifications induced C to T transition mutations at a relatively high frequency of 0.171.12%.
Furthermore 5mC undergoes oxidation by reaction with hydroxyl radicals and
one-electron oxidants to give a multitude of products. The oxidation of 5mC by cellular
oxidants may explain the high frequency of mutations at CpG dinucleotides in various
genomes. Recently, several oxidation products of 5mC have been highlighted because of
their role in the enzymatic demethylation of 5mC involving TET family oxygenases
(Pfaffeneder et al., 2011).
Figure 2: Cytosine methylation process: Cytosine is methylated at CpG islands to 5mC by
DNA methyltransfearse (DNMTs) and S-adenosyl-L-methionine, which represents 0-2% of
DNA bases.
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1.3 Radiation chemistry basics:
Radiation is well known to kill tumor cells by inducing DNA damage in cancer
treatment by radiotherapy since more than a 100 years (Bernier J et al., 2004). Radiation
and radioisotopes are widely used in many applications, which include medical
examinations such as diagnostics and therapeutic treatments, nuclear technology etc.
Radiation is often categorized as either ionizing or non-ionizing radiation depending on the
energy of the irradiating particles. However, since our work is focused on ionizing
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radiation, I will describe more on ionizing radiation. Ionizing radiation transfers more than
10 eV to molecules, which is enough energy to ionize, i.e., eject an electron, break covalent
bonds of the molecule.
The effects of radiation can be either direct or indirect. The direct effect is
characterized by the direct interaction with target biomolecules leading to their ionization
This is process is important for radiation of high linear energy transfer (high LET), such as
α particles or neutrons. Ionizing radiation can also interact with molecules in a cell and
produce free radicals, which subsequently induce damage to biological targets. This process
is known as the indirect effect of ionizing radiation (Hall and Giaccia, 2012). In this case,
most of the energy deposited in cells is absorbed by water (cells contains 70% or more of
total cell mass), leading to the rapid production of oxidizing hydroxyl radical and reducing
electrons. It is well known that radiation produces a wide spectrum of DNA lesions, which
include base damage, strand breaks (SSB, DSB) etc. Ionizing radiation generates free
radicals by the process water radiolysis, which gives three main species •OH, H• and e•-aq
(Hall and Giaccia, 2012).
1.3.1 Ionizing radiation (IR):
The effects of ionizing radiation have been widely studied. The main types of
damage that can be formed in DNA include base damage, apyrimidinic/apurinic (AP) sites,
single strand breaks (SSB), double strand break (DSB), tandem lesions and various
clustered lesions (Goodhead, 1994), (Little JB, 2000). In living cells, ionizing radiation
causes severe damage such as chromosomal aberrations and reproductive cell death. Hence,
DNA is recognized as the principle cellular target for all forms of ionizing radiation such as
gamma radiation, X-ray, and ion-beams. Damage to DNA is one of the main cause of the
biological effects of radiation. If DNA is not properly repaired, cell death, mutations or
transformation can occur (Rich T et, al., 2000). In fact, DNA damage spontaneously occurs
during replication stress and other physiological processes of cell metabolism. The
endogenous processes such as inflammation, mitochondrial electron transportation and
oxidative metabolism, and the exogenous processes such as mutagenic agents, UVirradiation or ionizing radiation can account for DNA damage as well. With regard to the
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interaction of ionizing radiation with DNA, the overall effects can be divided into direct
and indirect pathways.
1.3.1.1 Direct effect:
The direct effect involves the direct absorption of radiation by organic molecules,
such as DNA which leads to ionization, generates radical cations of DNA ((1) and (2)).
This process consists of the absorption of radiation in form of X- or gamma rays, charged
or uncharged particles by DNA itself (Hall and Giaccia, 2012). Inside cells, radiation
directly interacts with all types of cellular components leading to ionization or excitation of
atoms. Most probably the direct effect is dominant during irradiation with high LET
(Figure 3).

DNA

DNA

ionizing

ionizing

DNA *

DNA

+

(1)
+ e

(2)

1.3.1.2 Indirect effect:
The indirect process of DNA damage involves the intermediacy of radicals
derived from the ionization of water molecules, since ~70-80% of cellular volume is
occupied by water. There are about 15 moles of water per mole of nucleotide that is
strongly associated to the DNA molecule. When radiation interacts with a water molecule,
water loses an electron leading to the formation of water radical cations (3). The radical
cation can dissociate further to give hydroxyl radicals (5). Furthermore the exited water
molecules undergo cleavage to form hydroxyl radicals and H-atoms (7). The thermalization
of free electrons can form solvated electrons with surrounding water molecules (6). In
general, the indirect effect of ionizing radiation gives highly reactive hydroxyl radicals,
hydrogen radical and solvated electrons. In aqueous solution the majority of reactions with
the DNA involve •OH. Hydrogen radical and solvated electron interactions are negligible.
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Figure 3: Direct and indirect damage of ionizing radiation. The direct effect is the
absorption of radiation by the DNA, while in the indirect effect damage is mainly caused
by highly reactive •OH, which can damage further to DNA. (Reprinted with permission
from Wolters Kluwer Health Book (Hall and Giaccia, 2012)).

As described above section, IR induced DNA damage such as base damage,
strand breaks (SSB, DSB), as well as DNA protein crosslinks. According to literature the
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number of DNA lesions per cell detected after given a dose 1 Gy low LET are 1000 base
damages, 1000 SSBs, and 40 DSBs (Table 1). Among them the most risky DNA lesions are
DSBs, which are difficult to repair (Rich T et, al., 2000) (Ward JF, 1975). In addition, the
formation of clustered lesions, consisting of 2 or more base damages and SSBs in 1-2 turns
of the helix, are also difficult to repair.
Table 1: Table shows the number of DNA lesions per cell detected after a 1 Gy of low LET
radiation (Goodhead, 1994) (von Sonntag C, 2006, P 360).

Radiation-induced damage in a mammalian cell nucleus
(1 Gy of low-LET radiation)
- Initial physical damage

Ionizations in cell nucleus

̴ 100,000

Ionizations directly in DNA

̴ 2000

Excitations directly in DNA

̴ 2000

- Selected biochemical damage (Ward 1988)

DNA single-strand breaks

1000

Base damage

1000

DNA double-strand breaks

40

DNA-protein cross – links

150

- Selected cellular effects
Lethal events

̴ 10-5

1.4 Formation of free radicals and reactive oxygen species:
Free radicals are atoms or molecules, which have single unpaired electrons in an
outer lying orbital of the molecule. In living cells, free radicals such as reactive oxygen
species (ROS) and reactive nitrogen species (RNS) are highly reactive molecules, which
can be induced by endogenous reactions (such as inflammation, oxidative metabolism and
mitochondria electron transport system) (Bont R and Larebeke N, 2004). and exogenous
reactions (such as ionizing radiation, which generates highly reactive hydroxyl radicals
from the radiolysis of water (Section 1.3.1), UV light, chemical mutagens, cigarette
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smoking and air pollution) (Yamamori T, et al., 2012). Certain levels of ROS are important
for maintaining cellular homeostasis that is essential for normal cellular functions.
However excess generation of ROS can interrupt this homeostasis. Living organisms have
developed a number of protective mechanisms to balance increased generation of ROS
(Valko M, et al., 2006). ROS are involved in several biological functions and alterations in
their regulation may damage cellular constituents, such as proteins, lipids, DNA. Among
them, our interest has been focused on DNA. However the main radical species generated
in living organism during oxidative metabolism is represented by radicals derived from
oxygen such as superoxides (O2•-), hydroperoxyl (HO2•), hydroxyl (•OH), peroxyl (RO2•),
alkoxyl (RO•), singlet oxygen (O21). Many research groups have studied the reactions of
these radical species with DNA and the resulting DNA lesions in model systems. We are
more focused on hydroxyl radical interactions with DNA. I will describe this in detail in
further sections.
1.4.1 Production of reactive oxygen species by chemical methods.
1.4.1.1 By treating with AAPH (2,2' -azobis(2-amidinopropane):
AAPH is a good model to study peroxyl radicals in aqueous phase. Kazuki and
co-workers have shown that peroxyl radicals are a strong candidate for formation of 8oxoG
in calf thymus DNA by using 2,2′-azobis(2-amidinopropane) (AAPH) as a peroxyl radical
generator (Goto M et al., 2008). A carbon centered free radical is generated by the
spontaneous decomposition of AAPH and it is converted to a peroxyl radical under aerobic
conditions. It is well known that AAPH induces oxidative modification in various
biomolecules including DNA and DNA strand breaks were reported, which suggested that
similar carbon-centered and peroxyl radicals may be an important source of DNA damage
(Hiramoto K et al., 1993). The thermal decomposition of azo compounds is a classical
approach to the controlled generation of carbon-centered radicals, which in the presence of
oxygen are rapidly converted to alkylperoxyl radicals. Ingold and co-workers showed that
the thermal decomposition of AAPH in oxygenated neutral solutions generated both strand
breaks and base modifications in supercoiled DNA (Sanchez C et al., 2003). Shafirovich
and co-worker have shown that the photolysis of azo compounds initiated the formation of
peroxyl radicals and induced the oxidation of guanine by one electron oxidation (Shao J et
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al., 2010); furthermore, the recombination of peroxyl radicals can generate a tetraoxide
(ROOOOR) that spontaneously decompose to form highly reactive oxyl radicals (RO•) and
superoxide radicals (O2•-). This reaction leads to the formation of further oxidative products
of guanine, such as oxazolone (Oz) and imidazolone (Iz). In our laboratory, we studied
AAPH induced base modifications in isolated CT-DNA, with our main focus on methyl
oxidation products that are formed from thymine and 5mC. In addition to these products,
we also studied the formation of 8oxoG as a reference base modification.
Figure 4: Formation of alkylperoxyl radicals under thermal decomposition in oxygenated
solutions.
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1.4.1.2 Fenton and Fenton like reactions:
More then 110 years ago, H.J.H. Fenton published his fundamental work entitled
"Oxidation of tartaric acid in presence of iron" where as he showed that the system Fe(II)H2O2 exhibits strong oxidation effects to some organic acids. The oxidation of organic
substrates by Fe2+ and hydrogen peroxide is called the "Fenton chemistry". Iron is an
essential constituent of a number of proteins involved in oxygen transportation or
metabolism. The ability of iron to undergo redox-cycling is an important aspects of its
function. In mammalian cells, Fenton chemistry as well as other metal-catalyzed free
radicals are initiated by hydrogen peroxide and superoxide radical anions (Josef Prousek,
2007). Many in vitro experiments indicate that H2O2 can oxidize Fe2+ to produce •OH.
Metal-mediated •OH can be generated via the Fenton Fe2+ specific reaction (8) or through
Fenton-like reactions (9, 10), with other metal ions such as copper. The metal ion can
undergo redox cycling in the Fenton reaction by the addition of ascorbic acid as a electron
donor to reduce oxidized metal ions back to their initial state. Yinsheng Wang and his
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group recently demonstrated that Fenton type reactions can induce DNA oxidative damage
at CpG methylated sites (Cao et al., 2009). Wagner and colleague also reported cytosine
and thymine base modifications by Fenton type reactions (Thibault et al., 2012).
Fe2+ + H2O2 → Fe3+ + -OH + •OH
Cu

1+

+ H2O2 → Cu

2+

(8) --- Fenton Reaction

-

+ OH + •OH

Cu2+ → Cu1+ + H2O2 → Cu2+ + -OH + •OH

(9) --- Fenton type reaction
(10)

1.4.1.3 Menadione one electron oxidation:
Menadione (2-methyl-1,4-napthoquinone - MQ) is a good model system to study
the direct effect of ionization, which involves the formation of DNA base radical cations by
photosensitized electron transfer from the singlet or triplet excited state of MQ. The
resulting radical cation of DNA bases subsequently undergoes either deprotonation or
hydration involving the nucleophilic addition of water (Wagner and Cadet, 2010). The
structure of end products that are formed by MQ-photosensitization and •OH mediated
oxidation end products are similar, because the same intermediates are formed by both
pathways. For example, deprotonation of thymine radical cations gives the same radicals as
H-abstraction by •OH (thymine-5-yl radical) while the addition of water to thymine radical
cation gives the same radical as the attack of •OH onto the 5,6-double bond of thymine
(thymine 5-hydroxy-6-yl radicals). Although the end products formed by MQ
photosensitization and •OH mediated oxidation are the same, including 5hmU, 5fU, T-Gly,
T-Hyd, the main difference is in the distribution of these products. In the case of MQphotosensitization, there is a much higher yield of methyl oxidation products (70%)
compared to products that arise from the reaction of •OH (10%) (Wagner JR et al., 1987).
1.5 DNA damage caused by ROS:
1.5.1 Different types of DNA damage:
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Figure 5. Schematic representation of some different types of DNA damage in dsDNA
caused by ionizing radiation: a) Base modification; b) Abasic sites (N-C cleavage); c)
Single strand breaks (P-O cleavage); d) Double strand breaks (P-O cleavage on both
strands); e) Tandem lesions (Two base modifications next to each other in DNA); f)
Clustered lesions (Two or more damages involves within one turn of helix), (Figure from
von Sonntag, 2006) (von Sonntag C, 2006, p360).
1.5.2 DNA base modifications:
As discussed at the beginning, DNA contains two pyrimidine bases (thymine,
cytosine, and a minor quantity of methylcytosine) and two purine bases (guanine and
adenine). These nucleobases are prone to modification by both the direct and indirect
effects of ionizing radiation. They can undergo several different types of modifications
such as oxidation, cross-links (intra and inter), alkylation, and deamination (Wagner and
Cadet, 2010). My thesis work focuses on the oxidation of base modifications induced by
•OH (indirect effect) from ionizing radiation and one electron oxidation (direct effect) of 2'deoxycytidine (dCyd), 2'-deoxythymidine (dThy), 2'-deoxyguanidine (dGuo) and the minor
DNA base derivative of cytosine that is 2'-deoxyribose 5-methyl-2’-deoxycytidine (5mC). I
will describe these reactions in more in the next section.
1.5.2.1 Oxidative base damage:
One of the most common endogenous processes occurring in DNA is oxidative
damage that is produced by the reaction of reactive oxygen species (ROS) including mainly
hydroxyl radicals, singlet oxygen, and hydrogen peroxide. About 1% of all molecules of
oxygen are converted to ROS by endogenous processes in mammalian cells, leading to the
formation of 10,000 - 20,000 different oxidation related DNA damaging events per day
(Pfeiffer P et al., 2000). Due to the presence of a carbon, carbon double bond and the
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relatively low oxidation potential of DNA bases compared to the DNA sugar-phosphate
backbone, bases are the primary targets of oxidative damage. Guanine oxidation potential
(E0+1.29 V) is considerably lower than other native DNA nucleosides, which enhances
base damage to guanine in comparison to the other bases. The oxidation potential of DNA
nucleosides has been reported (E0) at pH 7.0, which is as follows: guanosine 1.29 V,
adenosine 1.42 V, thymidine 1.7 V and cytidine 1.6 V (C = T > A > G) (Fukuzumi S et al.,
2005). However, •OH are very reactive and electrophilic radicals. They undergo mainly
three types of reactions: 1) radical addition to C-C and C-N double bonds; 2) H-abstraction;
and 3) electron transfer. I will describe in more detail these reactions in the next section.
1.5.2.1.1 Thymine base derived oxidative modifications:
Thymine reacts with •OH by two different reactions. 1) The first reaction involves
the addition of •OH to the C5 or C6 double bond of pyrimidine heterocycles leading to
formation of thymine C5OH-6-yl radicals (T(5OH)•) and thymine C6OH-5-yl radicals
(T(6OH)•). In the presence of oxygen, these •OH adducts are transformed further into
peroxyl radicals. The peroxyl radicals can then transform into C5OH-C6OOH or C6OHC5OOH (eight cis and trans diastereomeric hydroperoxides), thymine glycols (T-Gly) and
5-hydroxy-5-methylhydantoin (T-Hyd) (Wagner JR, et al., 1994). 2) The second reaction
involves •OH mediated H-abstraction from the methyl group of thymine generating the
exocyclic methyl radical (T(5m-H)•) (von Sonntag C, Schuchmann, HP 1986). In the
presence of oxygen, methyl radicals in turn react with oxygen, resulting in methyl peroxyl
radicals. These peroxyl radical can undergo reduction to a hydroperoxide upon reaction
with a H-donor. Subsequently, by either reduction or dehydration, they can also transform
into 5-hydroxymethyluracil (5hmU), and 5-formyluracil (5fU). These hydroperoxides have
not been detected in cellular DNA, due to their decomposition during DNA extraction and
digestion prior to analysis (Wagner JR, et al., 1994). In addition to thymine oxidation, one
electron oxidation generates thymine radical cations (T•+), which have a relatively low
pKa=3.6 and therefore rapidly deprotonates at neutral pH leading to the formation of 5(uracilyl)methyl radical (T(5m-H)•). This radical is also formed by •OH by way of Habstraction from the methyl group of thymine (Wagner JR, et al., 1994). The majority of
products formed by one electron oxidation are 5hmU and 5fU. If T(5m-H)• is in proximity
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to guanine in DNA, the methyl radical can also add to the N7-C8 double bond of guanine at
the C8 position giving G(8-5m)T intra or interstrand crosslinks.
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Figure 6: Thymine oxidative end products generated by •OH.
1.5.2.1.2 Cytosine base derived oxidative modifications:
Similar to thymine, the addition of •OH onto the C5 or C6 double bond of cytosine
leads to the formation of cytosine C5-OH-6-yl radicals (C(5OH)•) and cytosine C6-OH-5-yl
radicals (C(6OH)•). In the presence of oxygen, these radical adducts will transform into the
corresponding peroxy radicals and 5,6-hydroxyhydroperoxides. In contrast to the 5,6hydroxyhydroperoxides of thymine, the 5,6-hydroxyhydroperoxides of cytosine are not at
all stable and rapidly decompose into mainly 5,6-glycols, 5-hydroxyhydantoin and novel
imidazolidine products. Subsequently, cytosine 5,6-glycols undergo either deamination and
dehydration to give uracil glycols (U-Gly) and 5-hydroxycytosine (5ohC), respectively
(Wagner and Cadet, 2010). Uracil glycols can further dehydrate to form 5-hydroxyuracil
(5ohU). The 5-hydroxyhydantoin derivative of cytosine is also susceptible to deamination
giving the 5-hydroxyhydantoin derivative of uracil as a stable end product (U-Hyd). Lastly,
a

novel

product

is

formed

by

the

decomposition

of

intermediate

5,6-

hydroxyhydroperoxides as a minor product also found in DNA named cis and transcarbamoyl-2-oxo-4,5-dihydroxyimidazoline (C-Imid) (Tremblay S et al., 2007) (Thibault et
al., 2012). Furthermore, cytosine is the most resistant DNA nucleoside to one electron
oxidation. The main difference between cytosine and thymine is the absence of the
exocyclic methyl group and thus no products are formed by H-abstraction reactions in
cytosine; instead, cytosine undergoes dehydration to give stable 5ohC and 5ohU products.

14

15
NH2

O

4
5

3N
2

O

1

OH

HN
O

6

NH2

H
N

O

N

OH

O
N

OH

N

dR

dR

dR

U-Gly

U-Hyd

NH2

O
N

OH

N

OH

O

N
O

O
OH

N

OH

HN
O

N

dR

dR

dR

C-Imid

5ohC

5ohU

C

Figure 7: Cytosine oxidative end products generated by •OH.
1.5.2.1.3 5-methylcytosine base derived oxidative modifications:
5-Methylcytosine is the minor derivative of cytosine found in cellular DNA
(described in Section 1.2) (Kohli and Zhang, 2013). Like thymine, 5-methylcytosine reacts
with •OH by two different ways; 1) addition of •OH onto the C5 or C6 double bond, leading
to the formation of cytosine C5-OH-6-yl radicals (5mC(5OH)•) and cytosine C6-OH-5-yl
radicals (5mC(6OH)•). In the presence of oxygen, these radical adducts will be converted
into the corresponding 5,6-hydroxyhydroperoxides (C5OH-C6OOH or C6OH-C5OOH (cis
and trans diastereomeric hydroperoxides)). These hydroperoxides will undergo similar
reactions observed in the case of both thymine and cytosine, giving 5-methycytosine 5,6glycols (5mC-Gly) and 5-methylcytosine hydantoin products (5mC-Hyd) (Wagner and
Cadet, 2010). Interestingly, 5mC-Gly can undergo deamination quickly to form T-Gly,
which are (T-Gly) mainly blocking lesions for replicate DNA polymerase. It should be
noted that the deamination of C-Gly to T-Gly will change the base-pair preferences from
that with guanine to that with adenine, and thus, entail C to T transition mutations in
cellular DNA. Yinsheng Wang and his research group (Cao et al., 2009) reported the
deamination rate of 5mC-Gly diastereomers (5S,6S and 5R,6R) in double stranded DNA as
37.4 ± 1.6 and 27.4 ± 1.0 h, respectively. Similar to cytosine, the 5,6hydroxyhydroperoxides of 5-methylcytosine decompose into cis and trans-carbamoyl-2oxo-4,5-dihydroxyimidazolin (5mC-Imid). Similar to thymine, •OH mediated H-abstraction
from methyl group of 5-methylcytosine generates the exocyclic methyl radical (5mC(5mH)•). In the presence of oxygen, these methyl radicals give rise to the corresponding
hydroperoxide

and

stable

oxidation

products:

5-hydroperoxymethylcytosine;

(5-

hydroxymethyluracil (5hmU) and 5-formyluracil (5fU)). 5-hydroperoxymethylcytosine
likely

has

a

comparable

stability

with

5-hydroperoxymethyl

thymine.
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hydroperoxides have not been detected so far in cellular DNA. In addition to 5methylcytosine oxidation, one electron oxidation generates 5mC radical cation 5mC•+,
which rapidly undergoes deprotonation to give 5-(cytosine)methyl radicals (5mC(5m-H)•).
The same radical is also formed by •OH mediated H-abstraction from the methyl group of
5-methylcytosine (Wagner and Cadet, 2010). In general, the major product of one electron
oxidation is 5hmC and 5fC. Like thymine, if 5mC is in close proximity to guanine, the
methyl radical can add to the C8 position of guanine, which leads to G(8-5m)5mC or
5mC(5m-8G) intra- and inter-strand crosslinks (Cao and Wang, 2007).
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Figure 8: 5-methycytosine oxidative end products generated by •OH.
1.5.2.1.4 Guanine base derived oxidative modification:
Theoretically, guanine is the most susceptible target of oxidation due to its low
oxidation potential in comparison to other DNA bases. The addition of •OH to the guanine
moiety leads to C4-OH, C5-OH, and C8-OH adduct radicals. These adduct radicals can
undergo dehydration giving guanine(-H)• radicals, which in turn explains the formation of
imidazolone and oxazolone products. On the other hand, elimination of OH- from C4-OH
adduct radical leads to guanine radical cations (dGuo• +) formation. Under physiological
conditions, dGuo•

+

rapidly undergoes deprotonation to form the neutral guanine radical

guanine(-H)• (Cadet J et al., 2008). Furthermore dGuo•

+

is a strong electrophile that

undergoes hydration in double stranded DNA, yielding the C8-OH (G(C8OH)•) adduct
radical. This radical subsequently undergoes either a second one electron oxidation to form
7,8-dihydro 8-oxo guanine (8oxoG) (Douki T et al., 1997) or one electron reduction to give
2,6-diamino-4hydroxy-5-formamidopyrimidine (FapyG) (Cadet J et al., 2003]. 8oxoG is a
well-known biomarker for oxidative stress in vivo. 8oxoG can be further oxidized due to its
low oxidation potential (0.5 eV) compare to dG, and several research groups have reported
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that 8oxoG is prone to further oxidation using other oxidizing agents, such as peroxynitrite,
iridiumhexachloride anion ([IrCl6]2-), singlet oxygen (1O2), dichromate anion ([Cr2O7]2-),
triplet ketones, oxyl radicals and ionizing radiation. The oxidation of 8oxoG leads to form
guanidinohydantion (dGh), parabanic acid, oxaluric acid at neutral pH (Luo W et al., 2001).
Two diastereomers of spiroiminodihydantoin (dSp) have been detected in cellular DNA.
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Figure 9: Guanine oxidative end products generated by •OH.
1.5.2.1.5 Adenine base derived oxidative modification:
One electron abstraction from adenosine gives adenine radical cations (dAdo• +),
which rapidly undergoes deprotonation to form neutral dA (N6-H). radical (Kuttappan-Nair
V et al., 2010). Addition of •OH at C4 or C5 of adenine leads to the formation of C4-OH and
C5-OH adduct radicals, which subsequently undergo dehydration leading to adenine(-H)•
radical. Similar to guanine oxidation, 8-Hydroxyadenine is formed by oxidation of C8-OH
(A(C8-OH)•)adduct radicals. In contrast, reduction of A(C8-OH)• leads to 7-hydro-8hydroxyadenine, which converts into 4,6 diamino 5-formamidopyramidine (Fapy A) by a
ring opening reaction. •OH can also attack at the C2 position to form C2-OH adduct
radicals, leading to formation of 2 hydroxyadenine (2oxoA) (Cadet J et al., 1999).
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1.5.3 Sugar moiety damage:
Reactive oxygen species can react with the DNA sugar moiety by abstracting a
hydrogen atom from the carbon atoms of 2`-deoxyribose (Dedon PC, 2008). This reaction
leads to carbon centered sugar radicals resulting in a variety of sugar modifications. When
the sugar is damaged, the damage converts into abasic sites, strand breaks including both
single strand and double strand breaks. However, the amount and type of sugar damage
depends on the accessibility of ROS to the sugar phosphate backbone of double stranded
DNA. C1', C4' and C5' hydrogen atoms exhibit the greatest accessibility toward abstraction
by •OH compared to C2' and C3' hydrogen atoms of 2'-deoxyribose (Figure 11) (Pogozelski
WK and Tullius TD 1998). The relative stability of the radical formed by H atomabstraction is •C1' > •C4' > •C5' > •C3' > •C2'. Furthermore, •OH mediated H-abstraction
from C1' position leads to formation of C1'-deoxyribosyl radicals. These radicals transform
into peroxyl radical in the presence of oxygen, which leads to the formation of a
carbocation at the C1 position. This carbocation becomes hydrolyzed in aqueous solution,
resulting in free base release (FBR) and 2-deoxyribonolactone (2dRL) as an unstable
modified sugar, which decomposes further into methylenefuran-2-one (5MF). The reaction
at other positions also takes place by similar pathways although the final end product are
different depending on which site of 2’-deoxribose is under attack. In the case of C5
oxidation, the carbocation intermediate undergoes 3'-phosphate elimination to give a 5'aldehyde intermediate that induces FBR. Extrapolating this proposed mechanism from
model systems to DNA, von Sonntag et al. hypothesized that the C4΄-radical was a major
site of attack by •OH and that this was followed by β-elimination of one or both phosphate
group(s) (Behrens G et al., 1978). In general, the formation of a radical on the 2’deoxyribose of DNA in the presence of oxygen either immediately or eventually induces a
strand break.
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Figure 11: The chemical structure of the 2'-deoxyribose moiety. It is derived from pentose
sugar ribose. The hydroxyl group at the 2nd position is replaced with hydrogen in forming
of deoxyribose. In DNA structure the 5′ hydroxyl unit is connected by a phosphate
(forming a nucleotide).
1.5.4 Other damages
1.5.4.1 Tandem lesions:
Tandem lesions are more complex lesions, which are characterized by two lesions
next to each other in DNA (Cadet J and Wagner JR, 2013). Tandem lesions are formed,
either by H-abstraction, •OH addition or one electron oxidation, for example, a 5(uracil)methyl radical and a 6-hydroxy-5,6-dihydro-2'-deoxycytid-5-yl radical may be
formed side-by-side each other in DNA. They can each give tandem single oxidation
products or react with each other to give tandem base to base crosslinks such as G[8-5m]T
and G[8-5]C tandem lesions. These tandem lesions have been detected in the DNA of cells
exposed to H2O2 (In SH et al., 2007), (Jiang Y et al., 2007).
1.5.4.2 Clustered lesions:
Clustered lesions are also more complex lesions, which involve 2 or more
damages within one or two turns of helix. These lesions are unique to ionizing radiation
because of the heterogeneous nature of energy deposition in spurs containing 1-3 radical
ion pairs. These clustered lesions increase the complexity of DNA damage, and most
clustered lesions likely involve the incorporation of O2 into the product because of the rapid
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reaction of O2 with intermediate carbon-centered radicals. As the LET of the ionizing
radiation increases, the RBE increases as do clustered lesions such as DSBs.
1.5.4.3 DNA-DNA and DNA-Protein crosslink:
DNA-DNA and DNA-Protein crosslink lesions are more critical lesions with a
covalent bond between DNA bases and usually an aromatic amino acid group of a protein
(Cadet J and Wagner JR, 2013). An example of a DNA protein crosslink is thymine
attached through the methyl group to a tyrosine amino acid of a protein within the
chromatin structure of DNA. These lesions can block the DNA replication which causes
replication arrest and cell death. Another example involves the attachment of DNA to
histones that contain a high percentage of amino acids with a terminal and nucleophilic
amino group (lysine and arginine) (Silerme S et al., 2014).
1.6 Analysis of DNA damage:
During the last three decades, a lot of effort has been devoted to the development
of accurate assays to measure DNA damage (DSB, SSB, base, sugar modifications, etc) in
cells (JL Ravanat, 2005). Measuring these lesions in cells is a challenging analytical
problem because the level of lesions is relatively low generally less than one modification
per 106 non-modified bases. In addition, DNA is protected in cells against ROS by
antioxidants, such as glutathione and vitamin C, as well as by the compacted structure of
chromatin. Lastly, there is a potential risk of artefactual oxidation of the overwhelming
non-modified nucleobases during DNA extraction and digestion workup that has led to
overestimation of certain types of DNA damage of up to 2-3 orders of magnitude (Cadet.J
et al., 2012). DNA damage is mainly measured using two general approaches depending on
the purpose and objective of the study. 1. Indirect approaches, also called enzymatic
methods are biochemical methods that involve the analysis of strand breaks (SSB, DSB). 2.
Direct approaches are based on analytical chemistry, which requires first DNA extraction
and then DNA digestion, followed by measurement of specific base and sugar
modification.

20

21

Figure 12: Different types of methods developed for the measurement of DNA damage in
cells (Figure based on (JL Ravanat, 2005 and Jean Cadet et al., 2012)).
1.6.1 Indirect approaches (Enzymatic methods):
Indirect or enzymatic approaches have been used to detect DNA lesions in cells
(JL Ravanat, 2005). Initially, specific antibodies were prepared to bind the threedimensional structure of DNA lesions. As a first attempt, specific antibodies against
pyrimidine dimers were developed and found to be specific enough to detect the formation
of these UV-induced dewar dimeric lesions following exposure to UV light. Extended to
oxidative lesions, such as 8oxoG, the antibodies were not specific enough and cross
reactions were observed with guanine base leading to an overestimation of damage. The
comet assay and the alkaline elution (AE) techniques were also developed for the
measurement of DNA strand breaks. Both of these methods induced strand breaks and AE
that are converted to strand breaks under the alkaline conditions. The AE technique was
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used in the 1970s by Ewig to detect single strand breaks in the DNA of X-irradiated cells
(Kurt W. et al., 1973). For this technique, first cells are lysed onto the top of a filter and
then DNA is eluted using an alkaline buffer through the filter. The number of strand breaks
was quantified by binding to a fluorescent dye such that the quantity of DNA as a function
of elution time, which was directly correlated to the length of the DNA fragments. The
major limitation of this technique is that the alkaline conditions can also induce strand
breaks.
On the other hand, the comet assay also known as the "Single Cell Gel
Electrophoresis Assay (SCGE)", is a sensitive technique for the detection of DNA strand
breaks. It was first developed by Ostiling and Johansson in 1984, and later modified by
Singh et al, in 1988 (a simple technique for quantitation of low levels of DNA damage in
individual cells). Peggy L Olive and her group first applied the gel electrophoresis- based
comet assay method to measure the DNA damage in individual cells (Olive PL and Banáth
JP, 2006). For this technique, cells embedded in an agarose on a microscopic slide are lysed
with detergent and high salt to form nucleoids containing supercoiled loops of DNA linked
to the nuclear matrix. DNA fragments will migrate away from the nucleus during
electrophoresis at high pH. DNA containing strand breaks are observed by fluorescence
microscopy as depicted by the presence of a comet tail migrating away from the nucleus of
the cell. The intensity of the comet tail relative to the head reflects the number of DNA
breaks (Collins AR, 2004, Elva I et al., 2011). The likely basis for this is that loops
containing a break lose their supercoiling and become free to extend toward the anode in
electrophoresis. The number of breaks is determined by the extent of fluorescence in the
comet head and tail. These analyses have been exploited to access DNA damage and DNA
repair in individual cell populations, such as DNA crosslinks (thymine dimers) and
oxidative modifications using specific antibodies or DNA repair enzymes to induce strand
breaks in DNA containing base modifications (Fpg protein are specific for oxidized purines
including 8oxoG while Endonuclease III is more specific for oxidized pyrimidines
including T-Gly)). However, these methods have a few drawbacks, such as the antibodies
thus obtained shows cross-reactivity with their normal precursor and the poor specificity
toward most antibodies against oxidized bases. Another drawback is that they give little
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information about the chemical structure of the lesion because certain repair proteins that
recognized damage, such as Fpg, generally recognize a variety of base modifications. In
addition to indirect approaches other methods also used, including radio-immunoassays,
competitive enzyme-linked immunosorbent assays (ELISA), immunoblot assays for
measuring oxidized bases in genomic DNA.
1.6.2 Direct Approach:
As I mentioned above (section 1.6), the direct approach to measure DNA lesions
involves as a first step to extract DNA from the cells followed by the hydrolysis of DNA,
either enzymatically or chemically, into monomeric subunits that are nucleotides,
nucleoside or nucleobases (Figure 12). Thereafter, different analytical separation methods
are used to measure the amount of DNA lesions in the mixture of hydrolyzed DNA
followed by more or less specific detection methods. In 1984, Floyd, R.A et al., developed
a method to detect 8-oxodG from the reaction of •OH radicals using high performance
liquid chromatography coupled to electrochemical detection (HPLC-ECD). The detection
limit was less than 1 pmol by HPLC-ECD and the response was linear over at least three
orders of magnitude (Floyd et al., 1984). Later on, this approach was also extended to a few
other DNA lesions including 5-hydroxy-2'-deoxycytidine (5ohC) and 5-hydroxy-2'deoxyuridine (5ohU) by Tremblay S and Wagner JR (Tremblay S and Wagner JR, 2007).
HPLC-ECD is also usually equipped with a less sensitive UV detector which allows one to
quantify the damage with respect to the amount of nonmodified normal bases during the
same chromatographic run.
During the same period of time in 1984, Dizdaroglu developed a method based on
gas chromatography coupled with mass spectrometry (GC-MS) to detect monomeric
products and crosslinks in gamma irradiated thymine, thymine monophosphate, cytosine,
cytosine monophosphate and DNA samples (Dizdaroglu, 1984). This method involved the
hydrolysis of DNA components with formic acid or hydrochloric acid to remove sugar or
sugar-phosphate moieties, followed by a derivatization step, because DNA bases are not
volatile enough to be separated by GC. The derivatized products were detected by mass
spectrometry using so called selective ion monitoring (SIM) mode. GC-EI/MS based
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approach is thus more versatile then HPLC-ECD method that is limited to the detection of
only few DNA lesions. Nowadays, HPLC coupled to tandem mass spectrometry (MS/MS)
through electrospray ionization (ESI), is considered as the gold standard method for the
measurement of DNA lesions in cells. This method is very sensitive due to the soft
ionization technique coupled with so called "multiple reaction monitoring (MRM)" mode to
increase the specificity and sensitivity of detection of specific DNA lesions (Cadet J et al.,
2002). In this methodology isotopically labeled internal standards can be used for the
accurate quantitation of lesions. The major limitation of direct approaches is potential
artefactual formation of DNA lesions during sample work-up, including DNA extraction
from the cells and DNA hydrolysis.
Using LC-MS/MS based methodology, we have developed several assays in our
laboratory to quantify oxidatively-induced modifications arising from •OH radicals,
products from one electron oxidation as well as certain sugar modifications in double
stranded oligonucleotides, isolated calf thymus DNA (CT-DNA) and F98 cultured cells.
1.6.2.1 32P- post labeling assay:
This assay is used for the detection of covalent adducts formed by the reaction of
DNA with chemical carcinogens and mutagens.
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P labeling assay was successfully

developed for the detection of bulky adducts (Randerath. K et al., 1881). The strategy is
based on the enzymatic incorporation of a radioactive phosphorous (32P) atom into DNA
lesions. The resulting radioactive labeled nucleotide is quantified after separation on either
thin layer chromatography or HPLC (Cadet J et al., 1993).
A major drawback of this assay for the analysis of radiation-induced products is
the occurrence of self-radiolysis arising from β photon emission of 32P labeled nucleotides,
which explains the high inconsistency for the analysis of 8oxoG in cellular DNA. Due to
this limitation, it is necessary to pre-purification the lesion from normal non-modified
nucleotides prior to labeling with radioactive phosphorus. However, later on, this assay was
improved by adding an additional step, called 1-directional polyethyleneimine (PEI)cellulose thin layer chromatography (TLC), which helps enrichment of 8oxodGp prior to
32

P labeling. Thus, unmodified nucleotides were removed by PEI-cellulose TLC, and
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8oxodGp separated well from nonmodified nucleotides (Gupta RC, Arif JM, 2001).
Another issue is the efficiency in the phosphorylation of modified nucleotides and whether
it is complete or not. It was also found that decreasing the amount of DNA used for postlabeling might lead to an increase in artefactual oxidation, making absolute quantification
difficult to achieve. On the other hand, the main advantage of this assay is the high
sensitivity that allows us to work with small amounts of DNA for the quantification of
bulky adducts.
1.6.2.2 High performance liquid chromatography coupled with electrochemical detection
(HPLC-ECD):
This method involves the separation of either nucleosides or nucleobases by
reverse phase HPLC coupled to electrochemical oxidation of the nucleic acid modification.
In the early 90s, this assay was widely used for the detection of 8oxoG and other
oxidatively-induced base modifications (5ohC, 5ohU). This method however is only
applicable to a few modifications that are electrochemically active, i.e., modifications with
a low oxidation potential such as oxidized purines. In addition to this method unmodified
nucleosides are not detected since they are not oxidized at a suitable potential giving
specific and sensitive detection. In this method, the HPLC system is equipped with an UV
detector, allowing one to detect and quantify the nonmodified nucleoside or nucleobases
simultaneously. As mentioned in previous section, this approach has been extended to few
pyrimidine oxidative products that have a low oxidation potential including 5ohC and 5ohU
(Tremblay S and Wagner JR, 2007). The main limitation of this assay is that it is only
applicable for electrochemically active DNA lesions.
1.6.2.3 Gas chromatography coupled with mass spectrometry (GC-MS):
In the early 80s, at the same time of HPLC-ECD, the gas chromatography coupled
with mass spectrometry (GC-MS) based method was also developed for the detection of
several modified DNA lesions. Dizdaroglu developed this method to detect monomeric and
dimeric DNA base modifications in gamma irradiated thymine, thymine monophosphate,
cytosine and cytosine monophosphate samples (Dizdaroglu, 1984). This assay requires acid
hydrolysis of DNA to the corresponding free bases in the first step followed by
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derivatization of modified bases so that they are volatile for GC separation. The DNA bases
must be chemically converted into volatile derivatives, usually by trimethylsilyl (TMS) or
tetrabutyldimethylsilyl (TBDMS) derivatization. Following derivatization, the DNA lesions
are detected by electron impact ionization mode mass spectrometry selected ion monitoring
(SIM). Based on this approach, more than 25 oxidized and reduced modifications were
analysed in isolated and cellular DNA. In addition, an advantage to using MS is that
isotopically labeled internal standards can be incorporated in the analysis to improve the
accuracy of quantification.
Serious discrepancies were observed in the analysis of 8oxoG in cellular DNA
upon comparison of the three major methods used at this time: HPLC-ECD, GC-MS and
LC-MS/MS. The value of 8oxoG obtained by GC-MS assay was 2 orders of magnitude
higher than those obtained by HPLC-ECD. Artefactual oxidation is not only a problem with
the analysis of 8oxoG, but also with other purine and pyrimidine bases that can undergo
oxidation during sample preparation. This discrepancy was resolved in 2000 with the
publication of several articles showing that artefactual oxidation of guanine to 8oxoG takes
place during the derivatization step at high temperature (Ravanat JL et al., 1995). To
minimize artefactual oxidation, it is necessary to purify 8oxoG, either by HPLC or by
immunoaffinity chromatography, prior to derivatization. In addition to this issue, the
hydrolysis of DNA with strong acids at high temperature may also cause the artefactual
oxidation. It should be noted that DNA is an excellent metal chelator, and thus, binds
numerous metal ions during its extraction from cells which in turn can be released during
DNA digestion. These metal ions likely catalyze the artefactual oxidation of DNA through
Fenton and Fenton-like reactions. To overcome these issues it has been proposed to use
specific DNA repair enzymes, such as Fpg and Endo III to specially hydrolyze DNA
lesions prior to derivatization (Rodriguez H, et al., 2000). Another major limitation using
this approach is that the measurement of nonmodified bases is not possible simultaneously,
and thus, they need to be determined separately.
1.6.2.4 High performance liquid chromatography coupled with electrospray tandem mass
spectrometry (HPLC-ESI MS/MS):
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After the discovery of electrospray ionization (ESI), the application of this method
to the analysis of biomacromolecules by John Bennett Fenn (Nobel prize in chemistry,
2002), became a commonly used technique in biomedical research. This method provided
the required sensitivity and impetuous for measuring oxidative lesions in cells. Electrospray
(ES) is the technique which ionizes the analyte and is used to transfer a compound to the
gas phase at the interface of a mass spectrometer. Thus, it is directly connected with HPLC
separation. In this process, the transfer of ionic species from solution into the gas phase by
ESI involves three steps; (1) dispersal of a fine spray of charge droplets, followed by (2)
ion ejection from the highly charged droplets tube maintained at a high voltage (2.5 – 6.0
kV) and (3) solvent evaporation under the ion source temperature and heated N2 gas flow.
The charged droplets continuously reduce in size by evaporation of the solvent using
nebulizer gas (usually nitrogen gas) and a hot source temperature leading to an increase of
surface charge density and reduction in the droplet size (Pitt JJ, 2009). Based on polarity of
the molecule, either the protonated (positive mode ionization) or the deprotonated (negative
mode ionization) ion of the molecule of interest is generated during ionization. Finally, ions
are transported at atmospheric pressure into the mass analyzer for subsequent analysis of
molecular mass and measurement of ion intensity.
The most important one of the component of mass spectrometry is the mass
analyzer. When ions travel through a magnetic or electrical field, their movement is
affected by their m/z ratio therefore ions are separated based on m/z ratio in the MS
analyzer. Many types of mass analyzers are available commercially, including quadrupole,
ion traps, orbitraps and time-of-flight (TOF) mass spectrometers (Natalia Tretyakova, et al.,
2013). Each mass analyser has its own special characteristics, applications and its own
benefits and limitations. The different instruments vary in their resolution, duty cycle,
dynamic range and MS/MS capabilities. For example TOF measures the mass-dependent
time it takes ions of different masses to move from the ion source to the detector which
gives the high resolution of mass spectrum, faster, high ion transmission. The major
limitation is required pulsed ionization method or ion beam switching (duty cycle is a
factor) which less quantitable. In this section, I will describe the triple quadrupole mass
analyzer instrumentation, different scan modes, applications, advantages and disadvantages.

27

28
A quadrupole (Q) mass analyzer consists of four parallel circular gold coated metal rod
electrodes approximately 6 mm in diameter, and ~20 cm in length. These rods kept at equal
distance in parallel (figure 13). To each pair of opposite rods is applied an asymmetric
radiofrequency (RF) voltage with a DC offset voltages, forming an electromagnetic field
which causes the specific ion trajectory to travel forward through the center space of the
analyzer. Such trajectories may be resonant or non-resonant, depending on weather the
oscillation amplitude is stable or increase with time respectively. The amplitude of
fluctuation bears a unique relationship with the m/z ratio and can be controlled by changing
the DC and RF voltages. For given DC and RF voltages, only ions of certain mass-tocharge ratio resonant and pass through the quadrupole filters and all other ions are thrown
out of their original path. These voltages set accordingly m/z ratio, so that the amplitude of
fluctuation for a desirable m/z ratio is stable with respect to the ions traveling in stable
trajectory and finally reaching the detector without colliding the quadrupole rods.

Figure 13: A schematic diagram of quadrupole analyser. A quadrupole filters charged
species based on their specific charge and illustrating resonant and non-resonant passage
through the quadrupole mass filter. Only resonant ions survive to reach the detector.
The triple quadrupole (Q1q2Q3) system contains three quadrupoles, two mass
filtering units (Q1 and Q3) act as a mass filters and Q2 acting as a collision cell, each of the
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two filters contains four parallel, cylindrical metal rods. Both Q1 and Q3 are controlled by
DC and RF potentials, while the q2 is only subject to RF potential. In some instruments, to
improve fragmentation efficiency the q2 has been replaced by hexapole or octopole (Dass,
C 2007). For quantitative analysis, the ion of interest (precursor ion) is selected by the first
quadrupole (Q1) and allowed to break the molecule with a collision gas in a second
quadrupole collision cell (q2), here the precursor ions undergo fragmentation, a process
called collision-induced dissociation (CID). The daughter ions related to the molecular
structure of analyte ions can be monitored by a third quadrupole (Q3), which provides the
structural information of the molecule. Several ion scanning modes can be used for data
acquisition based on the objective, such as
a. Product scan (daughter scan): The Q1 is set for select a know ion of a m/z, allowing
for only a single ion of a specific m/z ratio to pass through Q2, get fragmented and
Q3 scans all CID product ions (fragment ions). This mode can be used for structural
characterisation of unknown molecules.
b. Precursor scan (parent scan): Q1 scans a broader range of possible precursor ions,
Q3 is set to pass only the fragment ions of interest. This mode can be used to
identify adducts based upon the common chemical structure or fictional group of
molecules.
c. Neutral loss: Q1 and Q3 scan together at a constant difference in m/z ration. This
method is used when unknowns or multiple analytes with similar structure are being
analyzed. (e.g, the neutral loss of 2'-deoxyribose sugar (116 Da) moiety from
modified or non modified nucleoside in DNA).
d. Selected Ion Monitoring (SIM mode): SIM is set to scan over a very small mass
range, typically one mass unit.
e. Selected reaction monitoring (SRM mode): SRM also called multiple reaction
monitoring (MRM), and SRM plots are very simple, usually containing only a
single peak. MRM is the most common mode of using a triple quadrupole MS/MS
for quantitative analysis, allowing enhanced sensitivity and selectivity. MRM mode
delivers a unique fragment ion that can be monitored and quantified in the midst of
a very complicate matrix. At first, ions of interest (precursor) are preselected in Q1
cell and induced to fragment by collisional excitation with a neutral gas in q2 cell
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and a preselected intense fragment ion derived from the precursor in Q3 cell (Figure
14). Finally, preselected precursor and pre selected high intense fragments are
measured, which gives high selectivity and sensitivity. We have developed several
methods based on the MRM mode in our laboratory to analyze modified lesions in
cellular DNA.

Figure 14: Schematic diagram of Selected Reaction Monitoring explanation (SRM). This
diagram illustrate precursor selection in Q1 and preselected precursor for fragmentation in
q2 cell followed by fragment selection in Q3.
1.6.2.4.1 Example of modified nucleoside (5ohU) optimization by LC-MS/MS (Figure 15):
As I explained MRM in above section, here is one example showing the
optimization of 5ohU by LC-MS/MS. 5ohU is a modified DNA oxidatively-induced
product from •OH induced modification to 2’-deoxycytidine. The theoretical molecular
mass of 5ohC is 244 Da (by formula), which by positive mode of electrospray ionization,
gives [M+H]+ as the positively charged protonated precursor ion (245 Da). Collision
induced dissociation of [M+H]+ at m/z 245 generates as the major fragment ions at m/z 117
and 129, corresponding to the protonated sugar (loss of neutral base) and base (loss of
neutral 2’-deoxyribose), respectively. Such fragmentation has been found to be common for
most nucleosides. Next, the quadrupole is set to select the most intense transitions of the
molecule (transition 245 > 117 or 245 > 129) which makes this method highly molecule
specific and sensitive.
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Figure 15: Modified nucleoside (5ohU) from cytosine nucleoside, •OH induced
modification to cytosine in DNA. (example for LC-MS/MS optimisation, Figure generated
in our laboratory)
LC-MS/MS has been a principal tool for the quantification of small molecules in
clinical chemistry. However, I am not going into detail about the numerous applications. In
this section, I will describe the general applications related to DNA lesions and
measurements. LC-MS/MS is now considered as the gold standard method for the
measurement of DNA lesions in cellular DNA. Such an assay was first reported for 8oxoG
in rat tissue by (Serrano J et al., 1996), and then the assay was improved in terms of
accurate quantification by the addition of isotopically labeled internal standards (Ravanat
JL et al., 1998). Later on, this assay was extended to several oxidative DNA lesions
including thymine, cytosine, 5 methylcytosine oxidative products glycols (T-Gly, U-Gly,
5mC-Gly), hydrations (T-Hyd, U-Hyd, 5mC-Hyd), imidazolidine modifications (C-Imid,
5mC-Imid) and pyrimidine methyl oxidation products (5hmC, 5fC, 5hmU, 5fU). This
method has also been successfully applied for the detection of several DNA adducts, UVinduced pyrimidine dimers, bulky DNA adducts, crosslink, and sugar modifications.
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Table 2: Overall summary of methods used for the analysis of DNA damage in cells. This
Table explains the sensitivity, amount of DNA required, advantages and disadvantages of
different methods. Note, ** sheathless interfaced CE-MS/MS is a recent method developed
by Fang Yuan (Fang Yuan et al, 2016) to analyze the 5-methylcytosine and its oxidativelyinduced modifications in 20 cells (125 pg DNA), followed by direct approach, involving
DNA extraction and enzymatic digestion. (Table based on (Cadet et al., 2012)).
1.7 DNA repair mechanism:
Alterations in the chemical structure of DNA are continuously taking place in
living cells as a consequence of endogenous and environmental (UV and radiation) agents
that cause DNA damage. It has been estimated that about 1 million lesions are generated
per cell per day (Clancy, S, 2008). To prevent this, cells have developed protective
mechanisms that are able to detect and repair various types of DNA lesions. DNA repair is
the cellular response to DNA damage that restores the altered nucleotide sequence and
DNA structure to its original form. DNA repair is also closely associated to cell cycle
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because it can potentially convert the damage into mutations and one important pathway of
DNA repair involves the direct reversal of damage. Direct reversal repair is the simplest
form of DNA damage which does not require a reference template, breakage of the
phosphodiester backbone of DNA and the transient formation of SSBs. A good example is
the alkylation of guanine at the O6 position, which is repaired by the O6-methylguanine
DNA methyltransferase (MGMT) protein (Ragg et al., 2000). 2) Other pathways of DNA
repair involve excision of the damage and reincorporation of the correct nucleobase.
Excision repair is a multistep repair pathway overlapping with direct reversal repair.
Excision repair includes base excision repair (BER), mismatch repair (MMR) and
nucleotide excision repair (NER). BER involve the repair of base lesions, such alkylation
(mostly methylation), oxidation, reduction and fragmentation, NER mainly repairs bulky
lesions such as UV- induced cyclobutyl dimers by replacing a stretch of nucleotides, MMR
is involved in the repair of misincorporations of normal nucleotides occurring during DNA
replication, and as well, it can repair certain other types of damage (Suzanne Clancy, 2008).
I will describe BER in more detail because this is the most important pathway for single
oxidation products of DNA.
1.7.1 Base excisions repair( BER):
BER is a major repair pathway against DNA damage in cells that corrects
damaged DNA by recognizing and replacing the modifications with the correct nucleobase.
In this pathway, the excision of base damage is initiated by DNA glycosylases, which
catalyze the hydrolysis of the N-glycosidic bonds, leaving an abasic site with or without
cleavage of the 2-deoxyribose-phosphate backbone. BER is important in the repair of uracil
and thymine resulting from the frequent deamination of cytosine and 5 methylcytosine,
respectively. If these modifications are not repaired, they can cause C-T transition
mutations in the genome. The repair of uracil is performed by a family of uracil DNA Nglycosylase (UDG) repair enzymes. In contrast, the repair of thymine from T:G mismatches
involves thymine DNA N-glycosylase (TDG) (Memisoglu A, Samson L, 2000). TDG
protein has also been shown to remove thymine modifications such as thymine glycols (TGly) preferentially at mCpG sites.
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BER is a multi-step process in which the first step involves the recognition and
removal of the modified base by DNA glycosylase resulting in an abasic site (AP) (Figure
16).The second step involves incision of the abasic site by AP endonuclease (APE) that
cleaves the DNA phosphodiester backbone on the 5' side of the abasic site, leaving a 3'
hydroxyl terminus and a 5' -deoxyribose phosphate (dRP, Figure 16) terminus adjacent to
the nucleotide gap. The third step replaces the missing nucleotides via two sub-pathways
that employ a different subsets of enzymes: one is long patch BER that involves gap filling
of 2-6 nucleotides and the other one is short patch BER that involves replacement of a
single nucleotide. In long patch BER polymerase extends the repair patch and displaces
several nucleotides to create a 5' flap, which is then cleaved by the flap endonuclease FEN1
to create a ligatable nick. In short patch BER, polymerase removes the 5'-dRP moiety by its
intrinsic dRP lyase activity and adds on a nucleotide to the repair gap (Fortini P et al.,
2003), (Memisoglu A, Samson L, 2000).

Figure 16: This figure illustrate base excision repair process steps. BER is a multi-step
process in which the first step involves the recognition and removal of the modified base.
The second step involves incision of the abasic site by AP endonuclease The third step
replaces the missing nucleotides via two sub-pathways that employ a different subsets of
enzymes: one is long patch BER, other one is short patch BER.
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In addition to the above, two major pathways of DNA repair are involved in DSB
repair 1) Nonhomologous end joining (NHEJ), and 2) homologous recombination repair
(HRR). NHEJ occurs mainly in G0/G1 and early S phase, HRR occurs during the late S and
G2 phases. NHEJ repairs DSBs by ligating the broken ends without the need for a template
or homologous region; and as a result, sequence information at the break is not completely
retrieved. The HRR mechanism takes place by locating a homologous region of duplex
DNA and filling in the sequence around the damaged site by using the homologous region
as a template. Compared to NHEJ, HRR is a relatively slow process.
1.8 Epigenetics and Epigenetic changes:
Epi-ge-net-ics – “above genetics” is to study the heritable changes in gene
function that occur without a change in the sequence of the DNA (i.e. DNA methylation
and chromatin structure) (Egger et al., 2004). In other words, it is a change in phenotype
without a change in genotype. Epigenetic changes are of regular and natural occurrence but
can also be influenced by several factors including age, environment, lifestyle and disease
state. Furthermore, epigenetic modifications serve as docking platforms promoting
transcriptional activity or repression (Li et al. 2007). In general, epigenetic regulation
dictates specific gene expression profile to define cellular identity and function. The most
investigated and currently considered epigenetic mechanisms include a) DNA methylation,
b) histone modification and c) non coding RNA (ncRNA) mediated modifications (Egger et
al., 2004). A recently discovered epigenetic mark has been added to the list that is
methylation of adenine nucleoside in mammalian DNA. Andrew Z. Xiao and his research
team found the modification of adenine methylation in mouse stem cells, and they
identified an enzyme responsible for removing the chemical mark from adenine (Tao P Wu
et al., 2016).
1.8.1 a) DNA methylation:
The biological importance of 5mC as a major epigenetic modification in
phenotype and gene expression is widely recognized. DNA methylation pattern changes are
related to cancer and it is well-established that reduced methylation (global
hypomethylation) as well as site specific DNA hypermethylation takes place during
carcinogenesis [Han et al., 2013]. In normal cells, DNA methylation plays a significant role
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in the silencing of foreign DNA sequences, x-chromosome inactivation in which X
chromosomes are highly methylated also referred to as genome imprinting. In cancer cells,
methylation can be site specific, resulting in hyper- or hypo-methylated genes. Hypermethylation can silence tumor suppressor genes such as P53, cause defects in mutation
repair networks (hMLH1, BRCA1, MGMT), produce mutations, of contribute to apoptosis
deregulation (Esteller M and Herman JG, 2002). Hypomethylation can also induce
chromosomal instability and upregulate oncogenes, imprinted genes and transposons.
1.8.1 b) Histone modifications:
Histones are lysine and arginine rich, basic, positively charged proteins found in
eukaryotic cell nuclei that package and order DNA into structural units called nucleosomes.
Histone modifications are covalent post-translational modification (PTM) to histone
proteins such as acetylation, phosphorylation, methylation and ubiquitylation at specific
sites (Jenuwein T and Allis CD, 2001) (Ma S et al., 2010). These modifications cause
changes in chromatin compaction by itself like in the case of acetylation that can influence
the binding and activity of proteins to chromatin which in turn influence gene regulation. In
general, these PTMs to histone proteins can impact gene expression by altering chromatin
structure or recruiting histone modifiers that act on diverse biological processes such as
transcriptional activation/inactivation, chromosome packaging and DNA damage /repair.
For example, the acetylation of lysine residues in histone proteins catalyzed by histone
acetyltransferases (HATs) is associated with diverse processes including gene activity, gene
silencing, cell cycle progression, differentiation, DNA replication and DNA repair (Kuo
MH and Allis CD, 1998).
In contrast, the hydrolytic removal of acetyl groups from lysine residues on
histone proteins performed by histone deacetylase (HDACs) leads to a decrease in gene
expression. HDACs inhibition displays significant effects on apoptosis, cell cycle arrest and
differentiation in cancer cells. HDAC inhibitors are currently being developed as anticancer
agents (Dokmanovic M et al., 2007).
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Another histone modification is methylation defined as the transfer of one, two or
three methyl groups from S-adenosyl-L-methionone (SAM) to lysine or arginine residues
of histone protein by histone methyltransferases (HMTs). HMTs control or regulate histone
methylation through chromatin dependent transcriptional repression or activation. Histone
demethylation involves the removal of methyl groups in modified histone proteins via
histone demethylases (HDMT). On the other hand, inhibition of HDMT may lead to histone
re-methylation at specific residues that is important for chromatin dynamics and gene
expression. In general, histone methylation may have different impacts for example
methylation at lysine 4 of histone H3 (H3K4) increases gene activity, while methylation at
lysine 9 of the same histone (H3K9) leads to transcriptional repression (Tollefsbol, 2011).
1.8.1 c) RNA mediated modifications:
MicroRNAs (miRNAs) are short RNAs and they play an integral role in gene
regulation. Non-coding RNA are functional RNA molecules that are transcribed from DNA
but not translated into proteins. Non-coding RNA in mammals can be classified into several
groups according to their size, nucleotide composition, biogenesis and mode of action: 1)
microRNA (18-23 nt) down-regulate protein translation and are involved in transcript
cleavage; 2) piRNA (27-34 nt) function in transposons silencing; 3) siRNA (21-22 nt)
participate in the regulation of transposable elements. In general, ncRNAs function to
regulate gene expression at the transcriptional and post transcriptional level (He and
Hannon, 2004). A large number of miRNAs are involved in cancer acting on the expression
of either tumor-suppressor genes or oncogenes.
1.8.2 Enzymatic oxidation of 5-methylcytosine (TET mediated demethylation):
Enzymatic oxidation of 5-methylcytosine (5mC) promotes demethylation of 5mC
to normal cytosine in DNA. This pathway is responsible for removing the methyl group
from 5mC in DNA. The demethylation process is necessary for epigenetic reprogramming
of genes and is also directly involved in many important disease mechanisms such as tumor
progression. In general, DNA demethylation results in the activation of gene transcription
(Thomson et al., 2012).
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DNA demethylation can be passive or active. Passive DNA demethylation usually
operates on newly synthesized DNA strands via DNMT1 during successive rounds of
replication (Wu and Zhang, 2010) (Figure 17 black arrow). Recent findings underline the
importance of active DNA demethylation pathways in mammals. Active DNA
demethylation was first identified in plants in which methylated cytosines are directly
removed by a glycosylase, involving the base excision repair (BER) pathway, leading to an
abasic site. However, there are no such glycosylases in mammals and the methyl group
cannot be removed directly. On the other hand, in mammals, active DNA demethylation
mainly occurs by the initial oxidation of 5mC via an enzymatic reaction by Ten-eleven
translocation (TET) family of enzymes followed by DNA repair of the resulting
modification. The TET family of 5mC hydroxylase includes TET1, TET2 and TET3. These
TET proteins are capable of oxidizing 5mC to 5hmC and further oxidizing 5hmC to 5formylcytosine (5fC) and 5-carboxylcytosine (5caC) (Ito et al., 2011). Interestingly these
products are also major products of oxidation when DNA is exposed to ionizing radiation.
High levels of 5hmC are associated with the reduction of 5mC levels at promoter regions of
phenobarbital-induced genes together with increases in the levels of H3K4me2, a histone
modification associated with gene activation. This clearly indicates that DNA
demethylation by 5mC oxidation is an important step in the re-establishing the transcription
of previously silenced genes (Thomson et al., 2012).
DNA demethylation is completed by DNA repair enzymes of the BER pathway.
Increasing evidence suggest the involvement of thymine DNA glycosylase (TDG) in this
process. This enzyme has been shown to excise 5fC and 5caC from DNA. Alternatively,
5mC and 5hmC can undergo deamination to 5-methyluracil (5mU) and 5hydroxymethyluracil

(5hmU)

by

the

AID

(activation-induced

cytidine

deaminase)/APOBEC (apolipoprotein B mRNA editing enzyme , catalytic polypeptidelike) family members (Figure 17, purple), while there is no evidence for the latter enzyme
to excise 5fC or 5caC. Removal of these intermediates (i.e., 5mU, 5hmU, or 5caC) can then
take place by the UDG family of base excision repair (BER) glycosylases (Figure 17,
green), such as TDG or SMUG1, culminating in cytosine replacement and DNA
demethylation. In addition, the removal of 5hmU can involve methyl-CpG binding domain
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proteins (MBD4) which usually functions in the removal thymine opposite guanine in
DNA.

Figure 17: DNA demethylation pathways (Bhutani N et al., 2011). The addition of a methyl
group to cytosine is catalyzed by DNMT1, DNMT3A or DNMT3B (black arrow) and can
be iteratively oxidized to 5hmC, 5fC and 5caC by TET enzymes (blue arrows). Further
processing by the glycosylase activity of TDG leads to unmodified cytosine via the BER
pathway (green arrows). 5mC as well as 5hmC might also be deaminated by AID/APOBEC
(purple arrows). Passive mechanisms are also possible, including demethylation of 5hmC
(black arrow left side).
1.9 Research Project:
Cellular DNA undergoes decomposition due to thermal instability
(depurination and deamination) and constant exposure to free radicals and alkylating
agents. The latter reactions lead to a multitude of nucleobase and sugar molecule
modifications in DNA. If the resulting modifications are not repaired promptly and
correctly, they may interfere with normal cellular processes, or be converted to
permanent changes in the genetic code, i.e., mutations, which in turn can gravely alter
cell function. In particular, the formation of DNA damage and deficiencies in DNA
repair favors the transformation of normal into cancerous cells. A type of mutation
referred to as a transition from C - T is the most common mutation encountered in
various genomes, including humans, and in organisms exposed to high levels of
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oxidative stress and/or radiation. Furthermore, the modification of 5mC in CG
sequences may lead to fast-acting and profound changes in phenotype because this rare
DNA base plays a key role in chromatin structure and gene expression. Despite the
potentially deleterious effects of free radical mediated damage to C and 5mC, very little
is known about the mechanism of formation of damage in DNA and their subsequent
biochemical and biological effects.
On the otherhand Wagner and his group hypothesized (Zheng Y, et al., 2005),
low energy electrons (LEE) induce P-O bond cleavage which leeds to DNA strand
breaks. The distribution of nonmodified products suggests a mechanism of damage
involving initial electron attachment to nucleobase moieties, followed by electron
transfer to the sugar-phosphate backbone, and subsequent dissociation of the
phosphodiester bond.
It is well know that, high intensity UV light generates guanine radical cations
(G•+) or the deprotonated form, G(-H)•, in DNA by two-photonic ionization because
guanine is preferentially oxidized it has a low oxidation potential compared to other
DNA bases. Guanine radical cations can react with nearby thymine bases to form
intrastrand guanine−thymine cross-links (G*-T*) showed by Shafirovich and his group
in single-standard DNA (Crean C et al., 2008). However yet, no evidence detectable
levels in cellular DNA.
However, such knowledge is not available in the literature, therefore this research
project includes different Specific research objectives:
1. To develop and optimize the analysis of C and 5mC products by high performance
liquid chromatography in line with tandem mass spectrometry (LC-MS/MS)
including the synthesis of isotopically labeled standards for quantification.
2. Using LC-MS/MS based assay, examine the formation of C and 5mC products in
simple model systems of DNA damage, i.e., oligonucleotides treated with oxidizing
agents; in addition, isolated DNA and cellular DNA.
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3. Using LC-MS/MS based assay, examine the formation of novel sugar modifications
likely arising from the initial interaction of LEEs which leads P-O bond cleavage in
isolated and cellular DNA.
4. Using LC-MS/MS based assay, examine the formation of guanine−thymine crosslinks (G*-T*) generated by two-photonic ionization in cellular DNA.
To achieve these objectives, the following methodology and approaches were used in our
laboratory: Synthetic oligonucleotides, purified DNA and cellular DNA were exposed to
ionizing radiation and the yield of C and 5mC oxidation products and products of other
DNA bases (e.g., 8-oxo-7,8-dihydroguanosine) were determined. In addition, we
investigated the formation of C and 5mC modifications using the following chemical
agents, which includes Fenton reagents (H2O2 + Fe2+(or Cu+), AAPH, MQphotosensitization, that have a certain selectivity of reaction toward DNA bases. For novel
sugar modification, we have investigated isolated DNA and cellular DNA in dry and wet
conditions. For the G-T crosslynk we have investigated with cultured HeLa after exposed
to intense nanosecond 266 nm laser pulse excitation. All these modifications in isolated
DNA and cellular DNA (DNA extraction) was carried out by enzymatic digestion of the
polymer to its component 2’-deoxynucleosides followed by LC-MS/MS with isotopic
dilution.
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ABSTRACT:
We have identified a series of modifications of the 2’-deoxyribose moiety of DNA arising
from the exposure of isolated and cellular DNA to ionizing radiation. The modifications
consist of 2’,3’-dideoxyribonucleosides of T, C, A and G, as identified by enzymatic
digestion and LC-MS/MS. Under dry conditions, the yield of these products was 6-44-fold
lower

than

the

yield

of

8-oxo-7,8-dihydroguanine.

We

propose

that

2’-3’-

dideoxyribonucleosides are generated from the reaction of low-energy electrons with DNA,
leading to cleavage of the C3’-O bond and formation of the corresponding C3’-deoxyribose
radical.
It is well established that the interaction of high energy ionizing radiations (X-ray, charged
particles) with DNA generates diverse DNA damage including base damage, base release,
strand breaks, and DNA-DNA or DNA-protein cross-links.1,2 In general, this damage is
attributed to both the direct ionization or excitation of DNA components (the direct effect)
and the radiolysis of water leading to reactive species, i.e., hydroxyl radicals (•OH) that
subsequently react with DNA (the indirect effect). The mechanism of radiation induced
DNA damage, however, is complicated by the formation of numerous intermediate species
including positive and negative ions, organic radicals, secondary low energy electrons
(LEEs) and reactive oxygen species. When ionizing radiation interacts with biological
material, the energy is deposited in spurs that contain one or more ion pairs and can result
in clustered damage.3 Formation of clustered damage explains why ionizing radiation is
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much more lethal and mutagenic compared to other agents that generate reactive species in
a more homogeneous manner. 3-5
The direct effect has been given less attention than the indirect effect. Initially, a highenergy photoelectron or any type of incident fast charged particle, produces a large quantity
of ions and lower energy secondary electrons along its path. For example, absorption of a 1
MeV photon in biological tissues leads to the generation of a comparatively enormous
number of secondary electrons (4 × 104) with a most probable energy of about 10 eV and a
distribution lying essentially below 30 eV.6,7 These LEEs strongly interact with biological
molecules leading to their ionization and excitation.7 On the basis of electron spin
resonance (ESR), the products of DNA ionization (base radical cations and base radical
anions) redistribute on DNA bases such that the radical cation localizes on the base with the
lowest oxidation potential, guanine, whereas the electron predominantly resides on bases
with the highest electron affinity, thymine and cytosine.8 This is consistent with the
distribution of base damage when isolated DNA is exposed to ionizing radiation in the solid
state showing the oxidation of guanine to 8-oxo-7,8-dihydroguanine and the reduction of
thymine and cytosine to the corresponding 5,6-dihydropyrimidine.9 In addition, the direct
can lead to the formation of single and double-strand breaks when solid DNA is exposed to
X-rays, such that prompt breaks represent about 20% of the total of base damage.10
Ultimately, the distribution of final base and sugar products is dependent on the extent of
hydration and base sequence.9-11 Despite continued efforts to understand radiation-induced
DNA damage, there is a lack of information about the structure of products and the
mechanism of formation of this damage in cellular DNA. Here, we demonstrate the
formation of four radiation-induced products likely arising from the initial interaction of
LEEs.
The formation of four radiation-induced products was observed in calf thymus (CT) DNA
following γ-irradiation, enzymatic digestion, and analysis by LC-MS/MS (Chart 1;
experimental details in SI). The products co-eluted on reversed-phase chromatography and
displayed MS properties identical to those of authentic standards (Figures 1 and S1−S4). In
MS analyses, the products and standards displayed a major fragment corresponding to the
nucleobase moiety (MH+ minus dideoxyribose (m/z 100)) and a minor fragment
corresponding to the dideoxyribose moiety (MH+ minus Thy, Cyt, Ade, Gua). For both
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products and standards, the ratios of the two multiple reaction monitoring (MRM)
transitions were identical. Thus, we conclude that the products observed in irradiated DNA
are 2′,3′-dideoxyribonucleosides (ddG, ddA, ddC, ddT). The MRM signal of 2′,3′dideoxyribonucleosides in pure solution was linear over 5 orders of magnitude with respect
to the amount of injected standard (2 fmol to 200 pmol; r2 ≥ 0.99). The signal-to-noise
(S/N) ratio for the injection of 2 fmol was 8, 24, 42, and 3 for ddG, ddA, ddC, and ddT,
respectively (n = 3).
Radiation-induced yields of 2′,3′-dideoxyribonucleosides (ddC, ddG, ddA, ddT) and 8oxo-7,8-dihydroguanine (8oxoG) are given in Table 1. The formation of all products was
linear as a function of radiation dose (0−4 Gy; Figures S5−S8), indicating that they are
primary products of ionizing radiation. The yields of 8oxoG in isolated and cellular DNA
compared well with those reported previously.12,13 In comparison to 8oxoG, the yield of
2′,3′-dideoxy products was 44-fold lower in isolated dry DNA and 29-fold lower in the
DNA of intact cells. Similarly, the yield of 2′,3′-dideoxy products appear to be lower by 10
fold or more compared to that reported for 2-deoxyribose oxidation products (e.g., 2deoxyribonolactone).14,15 Interestingly, 8oxoG increased over 100-fold on going from dry
to wet DNA, while 2′,3′-dideoxy products decreased slightly in comparison. Thus, one can
rule out •OH as a precursor to 2′,3′-dideoxy products. The sharp increase of 8oxoG upon
irradiation of a dilute aqueous solution of DNA can be attributed to the initial generation of
•

OH followed by subsequent reactions with DNA. In addition, the yield of 2′,3′-dideoxy

products was only on average 3-fold lower in intact cellular DNA compared to isolated dry
DNA, whereas one would expect a higher degree of protection for diffusible species such
as •OH.15
We propose that LEEs generated from the interaction of radiation within or near DNA are
the precursors of 2′,3′-dideoxyribonucleosides (Scheme 1). The study of LEE reactions
with DNA model systems are carried out in the condensed phase under ultrahigh vacuum.
In initial experiments, bombardment of dThd with LEEs of 0−10 eV produced the release
of free nucleobase, Thy, together with sugar fragments including 1,2-dideoxyribose.16 In
subsequent studies, we showed that LEEs induce cleavage of the phosphodiester bond in
short oligomers giving fragments with a terminal phosphate group.17−22 This is consistent
with the proposed mechanism of strand brea s via the formation of 2′,3′-
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dideoxyribonucleosides (Scheme 1). These studies,16−22 accompanied with numerous
theoretical investigations,23−27 suggest that LEEs of 0−3 eV are initially captured by the
nucleobase giving a transient negative ion and that the electron transfers to the phosphate
group through interaction with the antibonding orbital of the C−O bond. Once localized on
the latter orbital, the C−O bond can rupture via a process known as dissociative electron
attachment. Electrons of 10 eV, used in the present experiment, can follow a similar
pathway by first losing 6−8 eV to the nucleobase by electronic excitation and then, with
only 2−3 eV, undergoing transfer to the C−O bond.20,21,27 Alternatively, 10 eV electrons
can directly localize on the −O bond, forming an electronically excited transient anion,
which can dissociate, leading also to cleavage of the C−O bond.7 Both processes occur in
similar proportions. These processes are characterized by a resonant structure appearing in
the yield function of formation of products that is below the ionization threshold of DNA
components.27
LEE-induced cleavage of the C−O bond results in the formation of a C3′-centered radical
of 2-deoxyribose and a fragment with a terminal phosphate (Scheme 1). C3′-centered
radicals of 2-deoxyribose have been observed from ESR analyses of irradiated hydrated
DNA at 77 K and MS studies investigating the fragmentation of oligonucleotides by
atmospheric pressure negative ion photoionization.28,29 In both studies, LEEs were
suggested to be the primary precursor of C3′-centered radicals as depicted in Scheme 1.
Recently, the chemistry of C3′-deoxy-3′-thymidinyl radicals was explored by using
photoactive 3′-derivatized nucleosides as a source of radicals in deaerated aqueous solution;
the results indicated efficient conversion of C3′-radicals to ddT in the presence of a
hydrogen donor.30 This pathway is supported in the present work by the effect of oxygen.
The yield of ddT in solutions of DNA increased from 0.30 ± 0.01 in O2-saturated solutions
to 1.5 ± 0.17 (5-fold) in solutions that were depleted of O2 prior to irradiation (Figure
S6d,e). This suggests that O2 reacts with intermediate C3′-radicals, thereby diverting the
C3′-radical

away

from

the

pathway

leading

to

the

formation

of

2′,3′-

dideoxyribonucleosides. The difference between dry and wet cells may also reflect the
ability of O2 to trap C3′-radicals. There were other interesting aspects about the formation
of 2′,3′-dideoxyribonucleosides in isolated and cellular DNA. First, the yield of pyrimidine
products (ddT, ddC) was significantly higher than that of purine products (ddA, ddG). The
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same order of damage was observed upon exposure of short oligomers to LEEs, which is
related to the electron affinity of nucleobases.20 Second, our analyses show the formation of
another product with identical MRM parameters and very similar retention times on HPLC
with respect to 2′,3′-dideoxyribonucleoside (Figure 1). One may tentatively identify the
minor pea in each chromatogram as 2′,5′-dideoxyribonucleosides. These products can be
formed by C−O bond cleavage similar to that in Scheme 1 except that cleavage takes place
at the 5′ rather than the 3′ side of the nucleotide. Similar to studies of oligomers, the
formation of 2′,5′-dideoxy products appears to be lower than that of the corresponding 2′,3′dideoxy products.20,26
In summary, we have identified novel radiation-induced sugar modifications (ddT, ddC,
ddA, and ddG). These products are likely formed by the reaction of LEEs with DNA
leading to C−O bond cleavage and strand brea s. Although the yield of 2′,3′dideoxyribonucleosides is modest, they may be a signature of LEE-induced DNA damage.
Indeed, the formation of 2′,3′-dideoxy products may only be a fraction of the total damage
induced by LEEs, and because single reactions can induce multiple bond cleavage
events,20,21 they may contribute in good part to the formation of highly deleterious
clustered damage.

Chart 1. Structures of the four 2’,3’-Dideoxyribonucleosides
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Scheme 1. Proposed Mechanism for the formation of 2’,3’-Dideoxyribonucleosides by
Ionizing Radiation

Relative amount (%)

Figure 1. LC-MS/MS analysis of 2′,3′-dideoxyribonucleosides. Isolated CT-DNA (100 μg,
dry) was exposed to γ-ray (4 kGy) and digested by enzymes, and DNA damage (in black)
was quantified by multiple reaction monitoring (MRM) in comparison with authentic
standards (in red) using specific molecular and fragment ions in MRM mode: ddT, m/z
227→127; ddC, m/z 212→112; ddA, m/z 236→136; ddG, m/z 252→152. The minor pea s
at 18.9, 13.6, 17.8, and 15.2 min in the analyses of ddT, ddC ddA, and ddG, respectively, in
DNA are tentatively identified to the 2′,5′-dideoxyribonucleoside derivatives.
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Table 1. Radiation-Induced Yields of 2′,3′-Dideoxyribonucleosidesa
DNA damage PER 109 bases (Gy)
ddT

ddC

ddA

ddG

Total

8oxoG

CT (dry)

0.28

0.30

0.25

0.23

1.06

47.1

CT (wet)

0.30

0.23

0.13

0.16

0.82

7930

cells (dry)

0.28

0.35

0.17

0.08

0.88

5.4

cells (wet)

0.12

0.11

0.06

0.03

0.32

9.4

a

Isolated CT-DNA (100 μg) was irradiated dry (10 Torr for 30 min) and wet (1 μg/μL in
aerated solution). F98 glioma cells (5 × 106) were irradiated dry (as above) and wet (as
intact cells). Yields were obtained from a linear regression (r2 ≈ 0.98) of a graph of
lesions/109 bases vs dose in Gy; dose range = 0−4.2 Gy; dose rate = 11.3 Gy/min; SD ≈
10% (Figures S5−S8). ddC and ddT were greater than ddG and ddA (P < 0.05).
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Figure S8c. Formation of ddA in cellular DNA (wet) versus radiation dose (0-2000 Gy)(page 70).
Figure S8d. Formation of ddT in cellular DNA (wet) versus radiation dose (0-2000 Gy)(page 70).
Figure S8e. Formation of 8oxoG in cellular DNA (wet) versus radiation dose (0-2000 Gy) (page
71).
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Experimental Procedures
Irradiation of calf thymus DNA and cultured cells. Chemicals were purchased from
Sigma-Aldrich unless specified otherwise. All samples of isolated DNA and cells were
irradiated in closed 1.5 mL eppendorf tube placed in the center of a Gammacell (ELAN
3000, Theratronics, Ottawa, Canada) emitting γ-ray from a Cs-137 source (1.2 MeV) at a
dose rate of 11.30 Gy/min (irradiation times=0-6 h) as verified by Fricke dosimetry. For
calf-thymus CT-DNA (dry) conditions (Table 1), 100 µg of CT-DNA was precipitated in
acetate/ethanol and dried under vacuum for 30 min (10 Torr). For CT (wet) conditions, CTDNA (1 µg/µl) was exposed to γ-ray irradiation in aqueous solution (100 µL) containing 25
mM phosphate buffer (pH 7.0). The solution was bubbled for 15 min with O2 prior to
irradiation. The 1.5 mL eppendorf tube containing 100 uL of DNA solution was filled with
a headspace of O2 and tightly capped during irradiation. The effect of O2 was studied by
comparison with a solution which was bubbled with N2 in the same manner as above.
Experiments with cells were carried out with cultured Fischer glioma cells (F98) obtained
from ATCC (Manassas, VA, USA). Cells were grown in monolayers using DMEM
supplemented with 10% foetal bovine serum (FBS) (Gibco, Burlington, ON, Canada), 26.2
mM of sodium bicarbonate, 2 mM L-glutamine and a mix of penicillin (100 µl/ml) and
streptomycin (100 μg/ml) at 37°C in a humidified environment with 5% CO2. The cells
were washed with PBS prior to irradiation. For cell (dry) conditions (Table 1), 3 to 5
million cells were centrifuged at 1200 rpm and the cell pellet was dried under vacuum for
30 min (10 Torr). For cell (wet) conditions, the cells were simply centrifuged and excess
liquid was carefully removed from the top of the cells.
Extraction of DNA from cells. Cellular DNA was extracted using the NaI method. F98
cells (3-5 million) were suspended in 300 µL of extraction buffer (10 mM Tris-Cl (pH 8.0)
+ 5 mM EDTA-Na2, 0.15 mM desferrioxamine pH 8.0) and subjected to two freeze-thraw
cycles in liquid N2. Total RNA was removed by digestion at 50°C for 30 min with 20 µL of
RNAse A (prepared in 1 mg/mL in 10 mM Tris-Cl (pH 8), 1 mM EDTA-Na2, 2.5 mM
desferrioxamine pH 7.4). Then 15µL of protease (20 mg/ml in water) was added to the
samples and incubated at 37˚C for 120 min with frequent vortex. After protease treatment,
DNA was precipitated by the addition of 600 µL of NaI solution (7.6 M NaI, 40 mM TrisCl (pH 8.0), 20 mM EDTA-Na2, 0.3 mM desferrioxamine. The sample was centrifuged at
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14000 g for 30 min at 4˚C. The supernatant was removed and the pellet was washed with 1
ml of 40% 2-propanol followed by 70% ethanol. The pellet was briefly dried under vacuum
and stored in the freezer until enzymatic digestion and analysis.
Enzymatic digestion of DNA. DNA samples were dissolved in 40 µL of water. To the
sample was added 5 µL of labeled standard of 8-oxo-7,8-dihydroguanine (Cambridge
Isotope Laboratories Inc., Andover, MA) as an internal standard and 5 µL of 5hydroxycytosine to prevent autooxidation. DNA was digested first by P1 nuclease by the
addition of 5 µL of 500 mM sodium acetate at pH 5.5 and 5 µL of P1 (5 units in 5 µL;
Sigma N8630 (1 mg) dissolved in 300 mM sodium acetate at pH 5.3) followed by
incubation at 37°C for 60 min. The resulting solution of nucleotides was digested further by
the addition of 10 µL Tris-Cl (500 mM, pH 8.0), 5 µL of snake venom phosphodiesterase
(SVP; 5 µL containing 5 units; Sigma, P3134; the stock solution was dissolved in 50 mM
Tris-Cl at pH 8.0) and alkaline phosphatase (5 µL containing 5 units; Roche; dissolved in
the accompanied buffer solution). The solution was vortexed and incubated at 37˚C for 60
min. At the end of enzymatic digestion, 10 µL of phosphoric acid (0.22 M) and 40 µL of
chloroform were added to the sample to remove excess protein by centrifugation at 10,000
rpm. The supernatant was carefully withdrawn for LC-MS/MS analyses (about 90 µL).
LC-MS/MS analysis. The analysis of modified nucleosides was carried out using a
conventional HPLC-UV system (Shimadzu LC-10AD pumps, DGU-10A degasser, SILHTc autoinjector, CTO-10AS column heater, SPD-20A UV detector) coupled to a tandem
mass spectrometer (MS/MS; API 3000 with Turbo Ionspray; AB-Sciex, Concord, Canada).
The analysis of products 6-10 was carried out using an octadecylsilyl silica gel (ODS)
column (250 length x 2.0 mm I.D. particle size =5um; YMC). The products were eluted
using a gradient starting with 95% ammonium formate (5 mM, pH 5) going to 80% of the
latter buffer in 20% acetonitrile in 15 min at a total flow rate of 0.2 mL/min. The eluent
was split with a low volume Tee union to the MS/MS instrument (~85%) and UV detector
(~15%). The products were detected by positive ionization using multiple reaction
monitoring (MRM). The transitions and collision energies were optimized for the detection
of modified nucleosides.
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Figure S1. Mass spectrum and MRM analysis of ddC (C9H13N3O3). ESI-MS/MS (50%
CH3CN, 2% NH4COOH) m/z (relative intensity): 212 (MH+, 20), 112 (100).
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Figure S2. Mass spectrum and MRM analysis of ddG (C10H13N5O3). ESI-MS/MS (50%
CH3CN, 2% NH4COOH) m/z (relative intensity): 252 (MH+, 10), 152 (100), 101 (5).
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Figure S3. Mass spectrum and MRM analysis of ddA (C10H13N5O2). ESI-MS/MS (50%
CH3CN, 2% NH4COOH) m/z (relative intensity): 236 (MH+, 10), 136 (100), 101 (10), 83
(5).
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Figure S4. Mass spectrum and MRM analysis of ddT (C10H14N2O4). ESI-MS/MS (50%
CH3CN, 2% NH4COOH) m/z (relative intensity): 227 (MH+, 20), 127 (100), 101 (20).
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Figure S5a. Formation of ddC in CT-DNA (dry) versus radiation dose (0-4224 Gy).
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Figure S5b. Formation of ddG in CT-DNA (dry) versus radiation dose (0-4224 Gy).
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Figure S5c. Formation of ddA in CT-DNA (dry) versus radiation dose (0-4224 Gy).
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Figure S5d. Formation of ddT in CT-DNA (dry) versus radiation dose (0-4224 Gy).
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Figure S5e. Formation of 8oxodGua in CT-DNA (dry) versus radiation dose (0-4224 Gy).
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Figure S6a. Formation of ddC in CT-DNA (wet-O2) versus radiation dose (0-1000 Gy).
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Figure S6b. Formation of ddG in CT-DNA (wet-O2) versus radiation dose (0-1000 Gy).
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Figure S6c. Formation of ddA in CT-DNA (wet-O2) versus radiation dose (0-1000 Gy).
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Figure S6d. Formation of ddT in CT-DNA (wet-O2) versus radiation dose (0-1000 Gy).
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Figure S6e. Formation of ddT in CT-DNA (wet-N2) versus radiation dose (0-1000 Gy).
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Figure S6f. Formation of 8oxodGua in CT-DNA (wet-O2) versus radiation dose (0-1000
Gy).
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Figure S7a. Formation of ddC in cellular DNA (dry) versus radiation dose (0-2040 Gy).
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Figure S7b. Formation of ddG in cellular DNA (dry) versus radiation dose (0-2040 Gy).

180

Adj. R-Square
Intercept
Slope

150

0.99979
Value
-0.62857
0.07825

Standard Error
0.99386
8.02889E-4

9
Lesions/10 Bases

120

90

60

30

0
0

300

600

900

1200

1500

1800

2100

Dose in Gy

Figure S7c. Formation of ddA in cellular DNA (dry) versus radiation dose (0-2040 Gy).

350

Adj. R-Square
Intercept
Slope

300

0.99991
Value
0.88857
0.16936

Standard Error
1.40495
0.00113

9
Lesions/10 Bases

250

200

150

100

50

0
0

300

600

900

1200

1500

1800

2100

Dose in Gy

67

68
Figure S7d. Formations of ddT in cellular DNA (dry) versus radiation dose (0-2040 Gy).
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Figure S7e. Formations of 8oxodGua in cellular DNA (dry) versus radiation dose (0-2040
Gy).
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Figure S8a. Formation of ddC in cellular DNA (wet) versus radiation dose (0-2000 Gy).
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Figure S8b. Formation of ddG in cellular DNA (wet) versus radiation dose (0-2000 Gy).
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Figure S8c. Formation of ddA in cellular DNA (wet) versus radiation dose (0-2000 Gy).
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Figure S8d. Formation of ddT in cellular DNA (wet) versus radiation dose (0-2000 Gy).
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Figure S8e. Formation of 8oxodGua in cellular DNA (wet) versus radiation dose (0-2000
Gy).
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Foreword: In this article, we measured the radiation-induced formation of five oxidation
products of 5-methylcytosine, together with the analogous products of thymine and
cytosine, by LC-MS/MS analysis. The formation of these products was examined in several
relevant biological systems: oligonucleotides, isolated DNA and cellular DNA. We have
used ionizing radiation as a means to induce damage by hydroxyl radicals as reactive
species. In this work, we clearly show that 5-methycytosine is ~2-fold more sensitive to
oxidation by hydroxyl radicals than normal cytosine using different sets of oligonucleotide
duplexes. In this work, we also show that the yield of two well-known oxidation products
of 5-methylcytosine (5-hydroxymethylcytosine and 5-formylcytosine) are the major
products of radiation induced reactions involving hydroxyl radicals. However, their yield
by radiation is minor with respect to endogenous amount of product induced by enzymatic
processes in cellular DNA.
Résumé: Dans cet article, une analyse LC-MS/MS nous a permis de mettre en évidence la
formation radio-induite de cinq produits issus de l’oxydation de la 5-méthylcytosine, ainsi
que les produits analogues dérivants de la thymine et de la cytosine. Nous nous sommes
intéressés à la génération de ces produits au sein de plusieurs systèmes d’intérêt biologiques
pertinents: les oligonucléotides, l’ADN isolé et l'ADN cellulaire. Les produits ont été
générés suite à un endommageant des bases de l’ADN principalement véhiculé par leur
réaction avec les radicaux hydroxyles issus de la radiolyse des solutions aqueuses.
L’irradiation de différents duplex d’oligonucléotides ont mis en exergue la sensibilité
accrue de la 5-methycytosine par rapport à la cytosine (~ x2) quant à son oxydation par les
radicaux hydroxyles. Nous avons également démontré que deux dérivés bien identifiés
issus de l’oxydation de la 5-méthylcytosine (5-hydroxyméthylcytosine et 5-formylcytosine)
constituent les principaux produits radio-induits impliquant une réaction avec les radicaux
hydroxyles. Cependant, leur rendement de production suite à une interaction avec des
rayonnements ionisants apparait mineur par rapport à leur quantité endogène issue de
processus enzymatiques au sein de l’ADN cellulaire.
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ABSTRACT
The methylation and oxidative demethylation of cytosine in CpG dinucleotides plays a
critical role in the regulation of genes during cell differentiation, embryogenesis and
carcinogenesis. Despite its low abundance, 5-methylcytosine (5mC) is a hotspot for
mutations in mammalian cells. Here, we measured five oxidation products of 5mC together
with the analogous products of cytosine and thymine in DNA exposed to ionizing radiation
in oxygenated aqueous solution. The products can be divided into those that arise from
hydroxyl radical (•OH) addition at the 5,6-double bond of 5mC (glycol, hydantoin and
imidazolidine products) and those that arise from H-atom abstraction from the methyl
group of 5mC including 5-hydroxymethylcytosine (5hmC) and 5-formylcytosine (5fC).
Based on the analysis of these products, we show that the total damage at 5mC is about 2fold greater than that at C in identical sequences. The formation of hydantoin products of
5mC is favored, compared to analogous reactions of thymine and cytosine, which favor the
formation of glycol products. The distribution of oxidation products is sequence dependent
in specific ODN duplexes. In the case of 5mC, the formation of 5hmC and 5fC represents
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about half of the total of •OH-induced oxidation products of 5mC. Several products of
thymine, cytosine, 5mC, as well as 8-oxo-7,8-dihydroguanine (8oxoG), were also estimated
in irradiated cells.
INTRODUCTION
The methylation of cytosine in genomic DNA, which takes place mainly at CpG
dinucleotides and constitutes 4–5% of the total cytosine, is an important epigenetic mark of
gene expression. CpG are frequent hot spots in the mutation spectra in mice, rats and
humans such that a majority of GC→AT transitions occur at CpG dinucleotides (1). About
one-third of mutations in human genetic diseases appear to be associated with base
substitutions at CpG dinucleotides (2). Between 25% and 50% of mutations in the tumor
suppressor p53 gene of cancer cells are GC→AT transitions at CpG dinucleotides (2–4).
Two types of epigenetic changes usually take place in cancer cells: (i) hypermethylation of
CpG island promoter regions associated with transcriptional silencing of tumor-suppressor
genes (e.g. MLH1, BRCA1, MGMT), and (ii) global hypomethylation, i.e. loss of
methylation (20–60% genome-wide) particularly within repetitive genomic sequences (5).
The reason for such hypermutability of CpG dinucleotides remains unknown. One
hypothesis suggests that 5-methylcytosine (5mC) is more susceptible to thermal
deamination than cytosine. The difference in the rate of thermal deamination of cytosine
and 5mC is about 4-fold for the monomer or single-stranded DNA (half-life = 50 and 200
y, respectively) and between 2- and 3-fold for double-stranded DNA (half-life = 38 000 and
85 000 y, respectively) (6–10). However, the difference in the thermal deamination of
cytosine and 5mC in double-stranded DNA (2–3-fold) does not explain the difference in
mutability of methylated and nonmethylated CpG (12–42-fold) (2). Another hypothesis is
that the repair of G:U base pairs by uracil DNA glycosylase (UNG) is more efficient than
the repair of G:T base pairs (11). As a complement to these hypotheses, we propose that
CpG hypermutability is due to the pathway of oxidation and the subsequent chemistry of
final products.
Recent interest in 5mC arises from the discovery of extraordinarily high levels of 5hydroxymethylcytosine (5hmC), an oxidation product of 5mC, in the DNA of brain
Purkinje and granule cells (12). The levels of 5hmC range from 0.1 to 0.7% of cytosine
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depending on the tissue (13,14). The oxidation of 5mC to 5hmC in cellular DNA involves
the ten-eleven translocation (TET1, 2 and 3) family of enzymes, which are iron (II)- and ketoglutarate dependent dioxygenases present in the nucleus. Iterative oxidation also occurs
to produce 5-formylcytosine (5fC) and 5-carboxylcytosine (15–17). Thereby, these
enzymes have been shown to oxidize 5mC in vitro, reduce the level of 5hmC in TET null
cells, and moreover, the expression of TET enzymes correlates with the differentiation of
embryonic cells during development (18,19). Thus, TET enzymes initiate the first step in
the demethylation of methylated 5mCpG dinucleotides. Other steps of demethylation may
follow including deamination of 5hmC by AID/APOBEC, removal of 5hmU by thymine
DNA glycosylase (TDG) and single-strand specific monofunctional DNA glycosylase 1
(SMUG1) to complete the demethylation of 5mC to cytosine (20,21). Interestingly, the
levels of 5hmC in the DNA of cancer cells, e.g. glioblastoma, myeloid malignancies, etc.
are considerably lower than those observed in normal cells (22,23).
Here, we apply liquid chromatography tandem mass spectrometry (LC-MS/MS) to
measure five oxidation products of 5mC (1a) as modified 2'-deoxyribonucleosides: 5,6dihydroxy-5,6-dihydro-5-methyl-2'-deoxycytidine (5mC-Gly, 2a); 5-hydroxy-5-methyl-4aminohydantoin (5mC-Hyd, 3a); 1-carbamoyl-3,4-dihydroxy-2-oxoimidazolidine (5mCImid, 4a); 5-hydroxymethylcytosine (5hmC, 5a) and 5-formylcytosine (5fC, 6a; see
structures in Figure 1). In addition, the analogous products arising from the oxidation of
cytosine (five products) and thymine (four products) in DNA are monitored in the same
analysis. The formation of these products is examined in five oligonucleotide (ODN)
duplexes containing different amounts of 5mC, calf-thymus (CT) DNA, and intact
mammalian cells exposed to ionizing radiation. These analyses demonstrate that 5mC is
more sensitive than nonmethylated C to •OH-induced oxidation. The major products of
5mC oxidation include 5mC-Hyd (3a) and 5fC (6a) while the formation of 5mC-Gly (2a),
5mC-Imid (4a) and 5hmC (5a) is minor.
MATERIALS AND METHODS
All chemicals were purchased from Sigma-Aldrich and were of reagent grade unless stated
otherwise. The purification of modified nucleosides was carried out by HPLC-UV using an
Alliance system (Waters 2795 or 2690) connected to dual wavelength UV detectors
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(Waters 2487) and controlled by Millenium workstation (Waters version 4). For HPLC
analysis with UV detection, the separation of modified nucleosides was achieved on a
reversed phase column (5 μm ODS A 250 × 6 mm; YMC) using isocratic conditions or a
gradient from 100% of mobile phase A (ammonium formate (20mM) adjusted to pH 5) and
0–20% of mobile phase B (90% acetonitrile) with a flow rate of 1 ml/min. Melting
temperatures (Tm) of ODN duplexes were determined on a spectropolarimeter (Jasco J810) at 250 nm and scan rate of 1◦C per min (10–95◦C). The experimental melting curves
were fit to a two-state transition using graphical van’t Hof analysis (24,25). 1H-NMR
analyses were performed in D2O using Bruker 300 MHz and Varian 600 MHz
spectrometers.
Irradiation of oligonucleotides, calf-thymus DNA and F98 cultured cells
Oligonucleotides (ODNs; Figure 2) were purified before oxidation by reversed phase
HPLC using a gradient of formate buffer (20 mM) to the same buffer containing 30%
acetonitrile in 25 min at a flow rate of 1 ml/min using a YMC-Pack Pro C18 column (250
length × 6.0 mm I.D.; particle size = 5 μm). The ODNs eluted between 12 and 15 min
under these conditions. The purified ODNs were subsequently desalted by passage through
a 3 kDa molecular weight filtering device (Amicon Ultra, Ultracel-3K), which lead to a
dilution of salt >100-fold (<0.2 mM). The purified ODNs were dissolved in 50 mM NaCl
and 20 mM phosphate buffer (pH 6.9) and they were annealed with their complementary
strand by heating to 90◦C for 5 min and allowing them to cool to 23◦C over a period of 2 h.
ODN duplexes and CT-DNA solutions were bubbled 10 min prior to irradiation as well as
during irradiation with a continuous and pre-hydrated flow of oxygen gas. ODN duplexes
and CT-DNA(1.2 mg/ml) were irradiated in an open 1.5 ml Eppendorf tube placed in the
center of a Gammacell 220 delivering 1.2 Gy/min for 0–2 h (0–200 Gy). The radiation dose
was determined by Fricke dosimetry as previously described (26). After irradiation, the
duplex ODNs were precipitated by the addition of 3 M sodium acetate (final concentration
0.3M) and 2.2 volumes of ice cold ethanol followed by centrifugation at 14 000 g at 4◦C for
30 min. The DNA pellet was rinsed twice with 90% ethanol.
Experiments with cells were carried out using cultured Fischer glioma cells (F98)
obtained from ATCC (Manassas, VA). Cells were grown in monolayers using Dulbecco’s
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modified Eagle’s medium supplemented with 10% fetal bovine serum (Gibco, Burlington,
ON), 26.2 mM of sodium bicarbonate, 2 mM L-glutamine and a mix of penicillin (100
µl/ml) and streptomycin (100 µl/ml) at 37◦C in a humidified environment with 5% CO2.
The cells were washed with phosphate buffered saline prior to irradiation. The cells were
pelleted by centrifugation at 1000 g and excess liquid was carefully removed from the top
of the cells. F98 cells were then irradiated in a closed 1.5 ml Eppendorf tube placed in the
center of a Gammacell (ELAN 3000, Theratronics, Ottawa, ON) emitting γ-ray from a Cs137 source (1.2 MeV) at a dose rate of 11.30 Gy/min (irradiation time = 0–6 h) as
determined by Fricke dosimetry (26).
Extraction of DNA from irradiated F98 cells
After irradiation, F98 cells (∼5 million) were suspended in 300 µl of extraction buffer (10
mM Tris-Cl (pH 8.0) + 5mM EDTA-Na2, 0.15 mM desferrioxamine pH 8.0) and subjected
to two freeze-thraw cycles in liquid N2. Total RNA was removed by digestion at 50◦C for
30 min with 20 µl of RNAse A (prepared in 1 mg/ml in 10 mM Tris-Cl (pH 8), 1mM
EDTA-Na2, 2.5mM desferrioxamine pH 7.4). Then, 15 µl of protease (20 mg/ml in water)
was added to the samples and incubated at 37◦C for 120 min with frequent vortex. After
protease treatment, DNA was precipitated by the addition of 600 µl of NaI solution (7.6 M
NaI, 40 mM Tris-Cl (pH 8.0), 20 mM EDTA-Na2 and 0.3 mM desferrioxamine) and 1 ml
of 2-propanol. The sample was kept at −20˚C for 30–60 min and followed centrifugation at
14 000 g for 30 min at 4◦C. The supernatant was removed and the pellet washed with 1 ml
of 40% 2-propanol followed by 70% ethanol. The pellet was briefly dried under vacuum
and stored in the freezer.
Enzymatic digestion of DNA
DNA samples were dissolved in 40 µl of water and 5 µl of labeled internal standard
mixture was added. For DNA digestion, 5 µl of 500 mM sodium acetate at pH 5.5 and 5 µl
(5 units) of P1 nuclease (Sigma N8630, stock solution is prepared by the addition of 1 mg
of lyophilized powder dissolved in 300 mM sodium acetate at pH 5.3) were added, and the
solution was incubated at 37◦C for 60 min. The resulting mixture of nucleotides was
digested further by the addition of 10 µl Tris-Cl (500 mM, pH 8.0), 5 µl (0.005 units) of
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snake venom phosphodiesterase (Sigma P3134, stock solution is prepared by dissolving 9
mg of lyophilized powder in 100 µl of 50 mM Tris-Cl at pH 8.0) and 5 µl (5 units) of
alkaline phosphatase (Roche, stock solution used as received in accompanied buffer
solution). The mixture was vortexed and incubated at 37◦C for 60 min. At the end of
enzymatic digestion, 10 µl of phosphoric acid (0.22 M) and 40 µl of chloroform were
added to the sample to remove excess protein by centrifugation at 10 000 rpm for 10 min.
The supernatant (∼80 µl) was carefully withdrawn for LC-MS/MS analyses. The efficiency
of enzymatic digestion was considered to be quantitative because adding additional enzyme
or extending the time of incubation did not increase the release of damage as 2'deoxyribonucleosides. Moreover, there was no evidence for the presence of nondigested
dinucleotides containing damage in the final mixture as inferred by LC-MS/MS analysis
(27,28).
Synthesis of isotopically labeled standards
Labeled thymidine (15N2; 96–98%), 2'-deoxycytidine (15N3; 96–98%) and 8-oxo-7,8dihydro-2'-deoxyguanosine (15N5; 96–98%) were purchased from Cambridge Isotope
Laboratories Inc. (Tewsbury, MD). The synthesis of natural and labeled standards for the
oxidation products of 2'-deoxycytidine (U-Gly (2d), U-Hyd (3d), C-Imid (4c), 5ohC (7c),
5ohU (7d), and thymidine (T-Gly (2b), T-Hyd (3b), 5hmU (5b) and 5fU (6b) was carried
out as described previously (28); structures 1–6 are shown in Figure 1 whereas structure 7c
and 7d are shown in Scheme 1. 5-Methyl-2'-deoxycytidine was synthesized in three steps
from labeled thymidine (15N2; 96–98%) and ammonium hydroxide (NH4–15N; 99%) using
established procedures (29–31). The synthesis of 5mC-Hyd (3a) was carried out by
ozonolysis using the same procedure as that for the synthesis of T-Hyd (3b) and U-Hyd
(3d) (28). Likewise, the synthesis of 5mC-Imid was carried out by the same procedure as
that for C-Imid via peroxidation of the 5-bromo-6-hydroxy-5,6-dihydro-5-methyl-2'deoxycytidine (28,32). All labeled compounds were purified by reversed phase HPLC, and
their identity was confirmed by MS analyses (28). MS analysis of 5mC oxidation products
(2a–6a, 2'-deoxyribonucleosides) is provided in Supplementary Figures S2–S6.
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LC-MS/MS analysis
The analysis of modified nucleosides was carried out using a conventional HPLC-UV
system (Shimadzu LC-10AD pumps, DGU-10A degasser, SIL-HTc autoinjector, CTO10AS column heater, SPD-20A UV detector) coupled to a tandem-mass spectrometer
(MS/MS; API 3000 with Turbo Ionspray; AB-Sciex, Concord, Canada). The analysis of
products with a saturated or fragmented pyrimidine ring, which includes glycol products
(2a,2b,2d), hydantoin products (3a,3b,3d) and imidazolidine products (4a,4c), was carried
out using a so-called Hypercarb column (250 length × 2.1 mm I.D.; particle size 5 µm;
Thermo Scientific), whereas the 5,6-unsaturated products (5a,5b,6a,6b), 5-hydroxycytosine
(5ohC (7c) and 5-hydroxyuracil (5ohU (7d)) were separated on an octadecylsilyl silica gel
(ODS) column (250 length × 2.0 mm I.D.; particle size = 5 µm; YMC). In the first case
(Hypercarb packed column), the products were eluted using a gradient starting with 90%
ammonium formate (5 mM, pH 5) in 10% acetonitrile going to 65% of the latter buffer in
35% acetonitrile in 15 min at a total flow rate of 0.2 ml/min. The duration of analysis was
35 min, which included the gradient program for separation (15 min), column wash with
90% acetonitrile (10 min) and equilibration for the next injection (10 min). In the second
case (ODS packed column), the products were eluted using a gradient starting with 95%
ammonium formate (5 mM, pH 5) in 5% acetonitrile going to 80% of the latter buffer in
20% acetonitrile in 15 min at a total flow rate of 0.18 ml/min. The same wash program was
used as above with the ODS column. The flow was split to the MS/MS instrument (∼85%)
and the UV detector (∼15%) by a low volume union-tee. The products were detected by
positive ionization using multiple reaction monitoring (MRM). The yield of products was
determined from the ratio of specific ion signals for the natural and synthetic isotopic
standards (added before DNA digestion). A mixture of isotopic standards and nonmodified
2'-deoxycytidine was injected every 3–4 samples in order to determine the amount of 2'deoxycytidine in digested DNA by UV detection at 260 nm. The MRM signal of modified
products in pure solution was linear over the observed levels of products in DNA samples
(Supplementary Figures S2.2–S6.2). The calibration curves for the quantification of 2'deoxycytidine and thymidine oxidation products was as previously reported (28).
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RESULTS
General considerations
The melting curves of each ODN duplex were determined under the same conditions of salt
and DNA concentration as the irradiations (Figure 2). The percentage of single-stranded
DNA can be estimated by further analyses, which indicate that, during irradiation at 23◦C,
the contribution of single-stranded DNA was minor for the 12-mer ODN duplexes
(estimated to be 3.3% for 1:1 and 6.7% for 2:2; Supplementary Figures S1.1 and S1.2) and
lower for the 19-mer ODN duplexes (estimated to be between 0.1 and 1.5%;
Supplementary Figures S1.3–S1.5). Thus, ODN molecules were predominantly double
stranded during irradiation. Three model systems were chosen to examine DNA damage:
the Dickerson-Drew dodecamer, a symmetrical 19-mer with four repeating CG sequences,
and CT-DNA (Figure 2). The complete analysis of pyrimidine oxidation products was
achieved by separate reversed phase and porous graphitic carbon ‘Hypercarb’ liquid
chromatography coupled to tandem mass spectrometry (Figure 3). Fifteen modifications of
DNA were measured as a function of radiation dose (0–200 Gy) and the corresponding rate
of formation determined by linear regression of yield-dose graphs (Figure 4).
5mC products include the corresponding glycol (2a), hydantoin (3a) and imidazolidine
(4a) products together with 5hmC (5a) and 5fC (6a). A complication in the analysis of
5mC-Gly products was their deamination to T-Gly during enzymatic digestion of DNA. For
the quantification of 5mC-Gly, we used one of the two isotopic standards that are separated
using ‘Hypercarb’ chromatography. The assumption that both isomers of 5mC-Gly give the
same response by MS is reasonable in view of the equal MRM signal observed in
chromatograms (Figure 3) and the reported close similarities between isomers of
pyrimidine glycols (33). The two isomers of 5mC-Gly also give approximately equal
signals using alternative MRM transitions (m/z 276 to 117 (loss of the base moiety), m/z
276 to 258 (loss of H2O), m/z 276 to 160 (loss of the sugar moiety) and m/z 276 to 142
(loss of the sugar and H2O)). The deamination of 5mC-Gly to T-Gly has been reported to
take place with half-lives of 5mC-Gly of about 20 h (17 and 22 h) in aqueous neutral
solution at 37◦C as 2'-deoxyribonucleosides and of about 32 h (27 and 37 h) under the same
conditions in duplex DNA (34,35). Based on changes in the amount of isotopic standard of
5mC-Gly, we estimate that 20% of 5mC-Gly undergoes deamination during enzymatic
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digestion. In addition to 5mC-Gly, 5mC-Hyd (3a) undergoes deamination to T-Hyd (3b)
during enzymatic digestion albeit to a lesser extent (<5%) than the above reaction for 5mCGly. Thus, the yields of T-Gly and T-Hyd were corrected accordingly. In contrast to 5mCGly (2a) and 5mC-Hyd (3a), the corresponding oxidation products of cytosine, C-Gly (2c)
and C-Hyd (3c) are very unstable as 2'-deoxyribonucleosides in neutral aqueous solutions
at 37◦C (half-life < 1 h) (36,37). Thus, we assume that they convert quantitatively during
DNA digestion to the corresponding uracil derivatives, U-Gly (2d) and U-Hyd (3d),
respectively (in this case, the isotopic standards of the deaminated products were used for
quantification). The lack of a CH3 substituent at C5 in the case of cytosine allows for the
efficient dehydration of initial C-Gly (2c) products to 5ohC (7c) and 5ohU (7d). Although
the glycols of 5mC and thymine are stable enough for quantification in DNA, the
corresponding products of cytosine transform to a mixture of U-Gly (2d), 5ohC (7c) and
5ohU (7d).
Effect of cytosine methylation in identical sequences
To determine the effect of methylation on DNA damage, two internal cytosine (C) residues
were replaced with 5mC (ODN 1:1 and ODN 2:2). The effect of methylation on DNA
damage was also determined in duplexes containing 19 base pairs with four repeating CG
sequences (Figure 2): nonmethylated (ODN 3:4), hemimethylated (ODN 3:6) or fully
methylated (ODN 5:6). Lastly, purified CT-DNA was used as a common model system for
DNA damage assessment. Table 1 summarizes the observed rate of formation of oxidation
pyrimidine products upon exposure of ODN duplexes and CT-DNA to gamma-radiation.
The effect of methylation on DNA damage was ascertained from the total damage at C and
5mC sites in DNA (Table 1). For the short ODNs (ODN 1 and 2, self-complementary 12mer), the total of C damage in ODN 1:1 with four C residues was 12.7, whereas the total of
C and 5mC damage in ODN 2:2 with two residues each of C and 5mC increased to 21.2 in
units of damage per million DNA bases. Similarly, the total damage at C and 5mC sites
increased from 3.9 to 5.2 to 7.4 damage per million DNA bases when C was progressively
replaced with 5mC in the series of ODN duplexes containing C only (ODN 3:4), equal
amounts of C and 5mC (ODN 3:6), and only 5mC (ODN 5:6), respectively (Table 1).
These results clearly demonstrate that when C is replaced with 5mC in DNA at the exact
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same position in DNA sequences, the total damage at that site increases by an average of
1.8-fold.
The above assessment can also be extended to CT-DNA. In this case, the effect of
sequence is averaged throughout the genome of CT-DNA. Assuming that •OH reacts
equally with C and 5mC, the difference in damage at C and 5mC should reflect the amount
of each of these bases in DNA. Hence, one can calculate as a first estimation that damage at
C will be 15.6-fold (100/6.4) higher than damage at 5mC based on the known percentage of
5mC to C in CT-DNA (6.4%; (38,39)). In comparison, the total damage at C was 5.9
lesions/106 bases and that at 5mC was 1.0 lesions/106 bases in CT-DNA (Table 1), giving a
difference of 5.7-fold (5.9/1.0). The difference between expected and observed damage in
CT-DNA is 2.7 (15.6/5.7), which is higher than that observed for ODNs but nevertheless in
agreement with the estimated greater sensitivity of 5mC to •OH-induced damage observed
for ODNs.
Distribution of products for 5mC, cytosine and thymine in isolated DNA
The distribution of oxidation products of 5mCwas 9%, 25% and 9% for 5mC-Gly (2a),
5mC-Hyd (3a) and 5mC-Imid (4a), and 54% and 3% for 5hmC (5a) and 5fC (6a),
respectively (calculated from the absolute yields given in Table 1, taking the average of
three duplexes (ODN 2:2; ODN 3:6; ODN 5:6)). The yields of 5mC products were similar
in ODN duplexes and CT-DNA except for 5mC-Gly (2a) that increased significantly in
CT-DNA (9% (average of duplexes) to 26%). In the case of cytosine, the percentage of
damage in ODN duplexes was fairly evenly distributed over five major products: U-Gly
(2d; 17%), U-Hyd (3d; 23%), C-Imid (4c; 23%), 5ohC (7c; 18%) and 5ohU (7d; 19%)
(taking the average of four ODN duplexes). Likewise, the distribution of C oxidation
products was similar in ODN duplexes and CT-DNA. Lastly, total damage to thymine in
ODN duplexes can be divided into four major products: T-Gly (2b; 26%), T-Hyd (3b; 5%),
5hmU (5b; 6%) and 5fU (6b; 63%). In comparison, 5fU appeared to increase at the expense
of T-Gly in CT-DNA. There were several interesting changes in the distribution of base
products in ODN duplexes. For example, the percentage of 5fC significantly increased
(43% to 63%) while 5mC-Imid decreased (15% to 5%) inODN5:6 compared to ODN 2:2;
the percentage of 5ohC increased (19% to 27%) and C-Imid decreased (43% to 25%) in
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ODN 1:1 compared to ODN 2:2. Surprisingly, the yield of 8oxoG varied remarkably
among the five ODN duplexes (12 to 41 lesions/million DNA bases).
Formation of 5mC, C and T oxidation damage in cellular DNA
The formation of products was measured in cells exposed to ionizing radiation (2 and 4
kGy). It was necessary to apply lethal doses of radiation to reach the appropriate levels of
damage for their quantification by LC-MS/MS (Figure 5, Table 2). The radiation-induced
rate of formation for T-Gly, 5fU, 5hmU and 8oxoG were comparable to the values reported
previously using LC-MS/MS(40–43). In some cases, there was a relatively high amount of
damage in the DNA of non-irradiated cells. This damage can be attributed to either
endogenous or artificial damage induced during the extraction of DNA from cells and
subsequent procedures. For example, the high amount of 8oxoG (2.5 lesions/106 bases) in
non-irradiated cells likely arises by autooxidation of guanine during sample preparation in
view of the generally lower level of this damage that has been previously observed in
cellular DNA (0.5–1.2 lesions/106 bases) (44,45). In contrast, the relatively high amount of
5hmC (7.5 lesions/106 bases) and 5fC (0.5 lesions/106 bases) in non-irradiated cells is most
likely due to the enzymatic oxidation of 5mC by TET family enzymes (13,14,46). Although
5-hydroxycytosine (5ohC) and 5-hydroxyuracil (5ohU) were detected in ODN duplexes
and isolated DNA exposed to ionizing radiation, the level of these products was below our
detection limit from cellular DNA. In the case of 5ohC and 5ohU, however, the recovery of
isotopic standard was poor during DNA digestion, suggesting the presence of impurities
that may selectively destroy these modified bases that have a low oxidation potential (47).
DISCUSSION
Mechanism of oxidation of pyrimidine bases
The proposed mechanism of oxidation of 5mC is depicted in Schemes 1 and 2. The
mechanism has been adapted to include analogous products of cytosine and thymine. When
an aqueous dilute solution of DNA is exposed to ionizing radiation, the main reactive
species is •OH, which rapidly undergoes addition to the 5,6-double bond of pyrimidine
bases and abstracts a hydrogen atom from the methyl group of thymine and 5mC. The
reaction of solvated electrons (eaq) with DNA is negligible because these species
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predominantly react with oxygen to generate superoxide radical anions (O2•−) in
oxygenated solutions. It may be added that pyrimidine base radical anions that arise from
the addition of eaq are easily oxidized to the parent nucleobases with the release of
unreactive O2•−. The reaction of •OH with pyrimidine bases takes place at both C5 and C6
with a bias toward C5, leading to the formation of intermediate reducing pyrimidin-6-yl
radicals (8, Scheme 1, intermediate oxidizing pyrimidin-5-yl radicals are not shown). In the
presence of O2, pyrimidin-6-yl radicals (8) convert to the corresponding peroxyl radicals
(9). The fate of pyrimidine peroxyl radicals in DNA has been proposed to involve addition
reactions to pyrimidine or purine bases, H-atom abstraction with neighboring 2deoxyribose moieties, and electron transfer to guanine although the latter reaction has been
recently questioned (48–52). It is reasonable to assume that the subsequent decomposition
reactions of peroxyl radicals in DNA involve the formation of either a hydroperoxide or the
putative formation of an endoperoxide between two DNA bases. In the case of thymidine
5(6)-hydroxy-6(5)-hydroperoxides (10) (53), the decomposition pathway can be explained
by O–O bond cleavage to give glycol products (2; Pathway I), C5-C6 bond cleavage to give
an intermediate (11) that transforms into hydantoin products (3; Pathway II), and C4-C5
bond cleavage to give an intermediate (12) that transforms into imidazolidine products (4;
Pathway III) (32,54). In addition, C-Gly (2c) undergoes deamination to U-Gly (2d) and
subsequent dehydration to 5ohC (7c) and 5ohU (7d). Thus, the pathway leading to glycol
products in the case of cytosine includes U-Gly (2d), 5ohC (7c) and 5ohU (7d) (Pathway I).
The quantitative importance of each pathway in the formation of stable products can be
compared for thymine, cytosine and 5mC (Table 1). For simplicity, we will only consider
the yields for CT-DNA. In the case of thymine, the yield of products arising from the initial
addition of •OH to the 5,6-double bond (pathways I and II) leads to a ratio of glycol to
hydantoin products of 4:1. In comparison, the ratio was 3.4:1 for cytosine and only 1:1 for
5mC. These results show that the pathway for the formation of glycol products decreases or
that the pathway to hydantoin products increases in the case of 5mC. Indeed, the ratio of
glycol to hydantoin products from 5mC appears to be even smaller in selected ODN
duplexes (Table 1).This changeover in the yield of glycol versus hydantoin products may
be attributed to an effect of the C4 substituent (carbonyl or amino group) on the
decomposition of intermediate 5(6)-hydroxy-6(5)-hydroperoxides (9,10). For example, a
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carbonyl group at C4 may favor O–O bond cleavage of the hydroperoxide leading to glycol
products (2) while an amino group at C4 leads to more efficient C5-C6 bond cleavage of
the pyrimidine ring leading to hydantoin products (3). The higher yield of hydantoin
products from the oxidation of 5mC compared to cytosine may also be due to a change in
the percentage of initial •OH addition to C5 and C6, which is 87% to 13% for cytosine, and
65% to 35% for 5mC, respectively (55). An increase in the addition of •OH at C6 may
increase the yield of pyrimidine 6-hydroxyl-5-hydroperoxides, which is known, at least for
thymidine hydroperoxides, to preferentially decompose into hydantoin products (53).
Additional pathways are proposed to account for the formation of 5hmC (5a) and 5fC
(6a) from the oxidation of 5mC as well as the formation of 5hmU (5b) and 5fU (6b) from
the oxidation of thymine (Scheme 2). The formation of methyl oxidation products likely
arises from initial H-atom abstraction from the methyl group by •OH, followed by
formation of the corresponding peroxyl radicals (14) and hydroperoxides (15) in
oxygenated aqueous solution. The hydroperoxides of thymine (5-hydroperoxymethyluracil)
and

that

of

5mC

(5-hydroperoxymethylcytosine)

are

fairly

stable

as

2'-

deoxyribonucleosides at room temperature and neutral pH (half-life > 10 h) (53,56). These
hydroperoxides (15) can decompose by two-electron reduction to give the alcohol (5) or by
a one-electron process to first give an alkoxyl radical (16) that in turn transforms into the
alcohol (5) by H-atom abstraction (Pathway IVa). Alternatively, the alcohol (5) can arise
from loss of superoxide radical anion from the peroxyl radical (14) giving a carbocation
(17) that converts to the alcohol by the addition of H2O (57) (Pathway IVb). The yield of
methyl oxidation products of 5mC and thymine were several fold higher than that estimated
by the percentage of H-atom abstraction from the methyl group by •OH for monomers in
solution (5–10%). For example, the yield of 5fU and 5hmUwas 69% of the total oxidation
products of thymine, taking the average of all DNA contexts; in comparison, the yield of
5fC and 5hmC was 57% of the total oxidation products of 5mC. The difference between the
2'-deoxyribonucleosides and duplex DNA contexts is likely due to the greater accessibility
of •OH to attack the methyl group of thymine and 5mC, which protrudes into the major
groove of double helix DNA. In comparison, the 5,6-double bond of pyrimidine bases is
less accessible to •OH because it is buried in the helix interior.
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Sensitivity of damage at C and 5mC
It is well known that the methylation of cytosine in DNA increases the rate of hydrolytic
deamination (6–8), the rate of photodimerization with UV light (58), the reactivity of
neighboring guanine toward electrophiles (59), and can increase base radical cation hole
transfer and damage at this site (60). Although attempts have been made to compare the
susceptibility of cytosine and 5mC to •OH-induced oxidation, these attempts fall short
because they do not measure the majority of products in biological contexts. In the present
study, the susceptibility of C and 5mC toward •OH was determined by the analysis of
several oxidation of each base using LC-MS/MS. On the basis of the majority of cytosine
and 5mC degradation products at identical sites of ODN duplexes, the methylation of C
results in a 1.8-fold increase in the sensitivity of this base to oxidation by •OH. This
difference is likely due to the presence of the methyl group that as for thymine is highly
susceptible to H-atom abstraction.
Changes in the distribution of products
The profile of products for each DNA base (5mC, cytosine and thymine) varied
substantially within the five ODN duplexes under study (Table 1). These changes can be
attributed in part to an effect of the methylation of cytosine on the conformational structure
of double-stranded DNA. The incorporation of 5mC in place of cytosine in ODN duplexes
under study stabilizes the duplexes as shown by increases in Tm of 1–3◦C of the methylated
sequences (Figure 2). The variation of products within different ODN duplexes may also be
related to the nature of the base next to damaged site. For instance, there is growing
evidence today that a large percentage of •OH-induced DNA damage arises from the
reaction of intermediate pyrimidine peroxyl radicals of DNA bases (i.e. structures 9 and 14,
Schemes 1 and 2) with neighboring bases (48,50,52,61–65). Large changes in the yield of
guanine oxidation products have recently been observed to depend on the methylation of
cytosine and the nature of neighboring bases (66). The proximity of DNA bases to the
termini may also play an important role in the formation of products. The results of 5fC and
5fU in ODN duplexes are in good agreement with previous studies using either iron
complexes and H2O2 or radiation-induced •OH as oxidizing agents (67–69).
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Formation of 5mC products in cellular DNA
Several •OH-induced decomposition products of 5mC, cytosine and thymine were
measured as a function of radiation dose in cellular DNA (Table 2). Of the 5mC oxidation
products, the main radiation-induced modified base was 5hmC followed by 5fC and 5mCHyd; in contrast, 5mC-Gly and 5mC-Imid were not detected. From the rates of formation of
5mC products, it is clear that extremely high and lethal doses of ionizing radiation (6 kGy)
would be necessary to significantly convert 5mC to 5hmC in cellular DNA; thus an acute
dose of ionizing radiation cannot directly induce epigenetic changes at physiologically
relevant doses. Interestingly, the rate of formation of 5hmC by ionizing radiation was
higher than that of 5fC in cellular DNA, whereas the reverse was true in ODN duplexes or
isolated DNA in which 5fC was from 11 to 21-fold higher than 5hmC (Table 1). In
addition, the same trend was observed for the corresponding methyl oxidation products of
T (5hmU and 5fU). This finding may be related to differences in the concentration of
oxygen in cells compared to that in an oxygen saturated solution of DNA. A proportion of
intermediate 5- (cytosyl) methyl and 5-(uracilyl) methyl radicals in cellular DNA likely do
not react with oxygen because of the low oxygen concentration and thereby they may decay
by alternative pathways, for example, by reaction with redox active agents, such as metal
ions, which can oxidize the radicals to a carbocation followed by hydration to 5hmC/U
products (Pathway IVc). The difference in the ratio of 5hmC/5fC (2.6) and 5hmU/5fU
(0.68) may reflect a difference in the rate of reaction of intermediate methyl radicals with
oxygen or a difference in the ability of redox agents to oxidize these radicals. Another
interesting finding is the amount of 5fU in non-irradiated cells observed in cellular DNA
(24.5 lesions per 106 nonmodified DNA bases (Table 2)). This suggests that there may be
relatively high levels of endogenous 5fU in the DNA of mouse F98 brain cells. Wang et al.
(70) previously reported comparable levels of 5fU (20 lesions/106 bases) in most samples of
extracted mammalian DNA.
CONCLUSIONS
We conclude that 5mC is more susceptible by 1.8-fold to •OH-mediated oxidation reactions
based on analysis of numerous products in ODN duplexes in which cytosine was replaced
with 5mC in identical sequences. The two major oxidation products of 5mC observed in the

87

88
present study were 5fC and 5mC-Hyd, which together represented from 73 to 89% of the
measured products of this base. The addition of •OH to the 5,6-double bond of 5mC yields
more hydantoin than glycol products while the comparable reaction with thymine leads to a
higher amount of glycol products. The final distribution of stable products ultimately
depends on the sequence and structure of ODN duplexes. In addition, there may be
different nearest neighbor effects that direct the oxidation of CG and methylated
dinucleotides. The nature and importance of tandem base lesions whose formation may be
initiated by the generation of pyrimidine hydroperoxyl radicals will require further
investigation.
FIGURES, TABLES and SCHEMES
Figure 1. Structures of pyrimidine oxidation products. Each structure includes derivatives
with different substituents for R1 and R2: 5-methylcytosine (5mC (1a): R1 = NH2; R2 =
CH3), thymine (T (1b): R1 = OH; R2 = CH3), cytosine (C (1c): R1 = NH2; R2 = H) and
uracil (U (1d): R1 = OH; R2 = H). Abbreviations for the different products are denoted by
the nucleobase-modification, e.g. 5mC-Gly (2a) is the glycol product of 5-methylcytosine,
T-Hyd (3b) is the hydantoin product of thymine, C-Imid (4c) is the imidazolidine product
of C, etc. The 5-hydroxymethyl derivatives are denoted as 5hmC (5a) and 5hmU (5b) and
the 5-formyl derivatives as 5fC(6a) and 5fU (6b). Pyrimidine bases are attached by a
squiggly line indicating that they are either attached to a 2-deoxyribose moiety (i.e. 2'deoxyribonucleosides) or are part of a DNA chain (Figure 2).
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Figure 2. Sequences and melting temperatures of ODN duplexes.
ODN
duplex
1:1
2:2
3:4
3:6
5:6

Sequence (X=5mC)
5’-CGC GAA TTC GCG-3’
3’-GCG CTT AAG CGC-5’
5’-CGX GAA TTX GCG-3’
3’-GCG XTT AAG XGC-3’
5’-ATA TCG ACG TCG ACG TAT A-3’
3’-TAT AGC TGC AGC TGC ATA T-5’
5’-ATA TCG ACG TCG ACG TAT A-3’
3’-TAT AGX TGX AGX TGX ATA T-5’
5’-ATA TXG AXG TXG AXG TAT A-3’
3’-TAT AGX TGX AGX TGX ATA T-5’

Tm (C)
64.2 ± 0.3
65.9 ± 0.3
66.1 ± 0.4
66.8 ± 0.6
69.9 ± 0.5
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Figure 3. LC-MS/MS analysis of 5-methylcytosine (5mC) oxidation products in DNA.
ODN 5:6 duplex was exposed to 50 Gy of ionizing radiation in oxygenated aqueous
solution. The sample was digested enzymatically to its component 2'-deoxyribonucleosides.
The equivalent of 35 µg of digested DNA was injected onto a Hypercarb column (top
panel) for the analysis of 5mC-Gly (2a), 5mC-Hyd (3a) and 5mC-Imid (4a), and as well
onto a reversed phase column (bottom panel) for the analysis of 5hmC (6a) and 5fC (5a).
The natural products are shown in black and the isotopic standards in red. The amount of
isotopic standards injected for 2a, 3a and 4a was 3.0 pmol while that for 5a and 6a was 8.3
pmol.
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Figure 4. Rate of formation of oxidation products from isolated DNA. The formation of
products of ODN 5:6 duplex was monitored as a function of radiation dose (Figure 3). The
rate of formation was calculated from a linear fit of the points (r2 > 0.95). Results obtained
from three independent experiments (n = 3).
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Figure 5. Rate of formation of oxidation products from cellular DNA. F98 cells were
exposed to ionizing radiation (0–4 kGy), DNA was extracted and digested, and the
modified 2'-deoxyribonucleosides were quantified by LC-MS/MS analyses. The formation
of 5,6-unsaturated products is shown in the upper panel and that of saturated products in the
lower panel. Results obtained from five independent experiments (n = 5). The values for
the rate of formation of each product in cellular DNA are given in Table 2.
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Table 1. Radiation-induced base damage in naked DNA
Oxidation
products

ODN1:1a
(C)

ODN2:2a
(C+5mC)
%

%

5mC-Gly (2a)

-----

b

1.49 ± 0.10

5mC-Hyd (3a)

-----b

3.28 ± 0.23

5mC-Imid (4a)

-----

b

5hmC (5a)

-----

b

0.55 ± 0.04

5fC (6a)

-----b

5.45 ± 0.38
12.65 ±0.89

100

1.88 ± 0.13

Total 5mC (1a)

ODN3:6a
(C+5mC)
%

ODN5:6a
(5mC)
%

CT-DNAa
%

%

12

-----

b

0.23 ± 0.04

8

0.43 ± 0.04

6

0.27 ± 0.02

26

26

-----b

0.77 ± 0.05

27

1.70 ± 0.12

23

0.27 ± 0.03

26

15

-----

b

0.17 ± 0.02

4

-----

b

43

-----b

6

0.38 ± 0.10

0.08 ± 0.01

3

1.56 ± 0.44

56

2.81 ± 0.56

c

5

<0.02

0

0.24 ± 0.05

3

0.03 ± 0.01

3

4.67 ± 0.47

63

0.45 ± 0.03

44

100

7.42 ± 0.78

100

1.04 ± 0.09

100

U-Gly (2d)

1.35 ± 0.09

11

1.44 ± 0.10

17

0.76 ± 0.10

19

0.52 ± 0.10

22

-----b

0.83 ± 0.06

14

U-Hyd (3d)

1.88 ± 0.13

15

1.17 ± 0.08

14

1.32 ± 0.39

34

0.72 ± 0.09

30

-----b

1.08 ± 0.08

18

11

-----

b

1.23 ± 0.15

21

b

1.47 ± 0.10

25

1.27 ± 0.09

22

5.88 ± 0.48

100

C-Imid (4c)

a

ODN3:4a
(C)

5.38 ± 0.38

43

2.15 ± 0.15

25

0.48 ± 0.04

12

0.28 ± 0.07

5ohC (7c)

2.38 ± 0.17

19

2.28 ± 0.16

27

0.54 ± 0.09

14

0.31 ± 0.07

13

-----

5ohU (7d)

1.48 ± 0.10

12

1.53 ± 0.11

18

0.80 ± 0.07

21

0.57 ± 0.05

24

-----b

Total C (1c)

12.47±0.87

100

8.57 ± 0.60

100

3.90 ± 0.69

100

2.40 ± 0.38

100

T-Gly (2b)

1.69 ± 0.12

17

1.43 ± 0.10

18

2.60 ± 0.20

32

2.68 ± 0.38

32

3.31 ± 0.23

29

1.89 ± 0.13

16

T-Hyd (3b)

0.45 ± 0.03

5

0.16 ± 0.01

2

0.56 ± 0.07

7

0.45 ± 0.11

5

0.60 ± 0.04

5

0.53 ± 0.04

4

5hmU (5b)

0.51 ± 0.04

5

0.87 ± 0.06

11

0.42 ± 0.05

5

0.33 ± 0.02

4

0.55 ± 0.14

5

0.95 ± 0.07

8

5fU (6b)

7.21 ± 0.50

73

5.38 ± 0.38

69

4.65 ± 0.60

56

4.95 ± 0.35

59

6.79 ± 0.48

60

8.70 ± 0.61

72

Total T (1b)

9.86 ± 0.69

100

7.84 ± 0.55

100

8.23 ± 0.92

100

8.41 ± 0.86

100

11.25 ±0.89

100

12.07±0.85

100

8oxoG

40.8 ± 2.9

18.6 ± 1.3

14.4 ± 1.2

11.8 ± 2.8

16.2 ± 1.1

11.8 ± 0.8

Yields are given in units of lesions/million DNA bases. They were obtained from the rate of formation of lesions as a function of radiation exposure (Figure 4). The initial
concentration of ODN duplexes and CT-DNA was 0.80 mg/ml. The S.D. for total damage was taken as the sum of individual S.D. for each product.
b
Not detected because the parent DNA base was absent.
c
A small increase above baseline was observed at the highest dose.

Table 2. Radiation-induced base damage in cellular DNA
Product/DNA

5mC (1a)

C (1c)

T (1b)

Gly (2)

n.d.

1.48 ±0.14

7.75 ±0.10

Hyd (3)

0.37 ±0.01

5.71 ±0.48

0.85 ±0.14

a

base

Imid (4)

n.d.

5hmC/5hmU (5)

1.20 ±0.14

13.26 ±1.64

5fC/5fU (6)

0.47 ±0.05

19.47 ±1.15

8oxoG
a

b

Guanine

2.12 ±0.06

8.72 ±0.72

Rate of formation of pyrimidine oxidation products in cellular DNA in units of lesions per
106 non-modified DNA bases per kGy of ionizing radiation. The values were obtained from
the graphs presented in Figure 5. Levels of modifications in non-irradiated cells were 7.5
5hmC, 0.5 5fC, 5.6 5hmU, 24.5 5fU, 3.7 T-Gly and 2.5 8oxoG lesions per 106 nonmodified
DNA bases modifications; the other lesions were not detected in non-irradiated cellular
DNA (<0.1).
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Scheme 1. Proposed mechanism of formation of glycol, hydantoin and imidazolidine
products.

Scheme 2. Proposed mechanism of formation of methyl products of thymine and 5methylcytosine.
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S1.1. Melting curve of ODN duplex 1:1
5’-CGC GAA TTC GCG-3’
3’-GCG CTT AAG CGC-5’
Tm = 64.2 ± 0.3oC
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S1.2. Melting curve of ODN duplex 2:2
5’-CGX GAA TTX GCG-3’
3’-GCG XTT AAG XGC-5’; X=5mC
Tm = 65.9 ± 0.3oC
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S1.3. Melting curve of ODN duplex 3:4
5’-ATA TCG ACG TCG ACG TAT A-3’
3’-TAT AGC TGC AGC TGC ATA T-5’
Tm = 66.1 ± 0.4oC
-8
-11

Signal CD (mdeg)

-14

-17
-20
-23
-26
-29
-32
10

20

30

40

50

60

70

80

90

Temperature (oC)
Population of single strand is 0.3 and double strand is 99.7% at 23°C.

100
90

Population ratio %

80
70
60

Population singlestrand
Population doublestrand

50
40
30
20
10
0
10

20

30

40

50

60

70

80

90

Temperature (°C)

106

107
S1.4. Melting curve of ODN duplex 3:6
5’-ATA TCG ACG TCG ACG TAT A-3’
3’-TAT AGX TGX AGX TGX ATA T-5’; X=5mC
Tm = 66.8 ± 0.6 oC
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S1.5. Melting curve of ODN duplex 5:6
5’-ATA TXG AXG TXG AXG TAT A-3’
3’-TAT AGX TGX AGX TGX ATA T-5’; X=5mC
Tm = 69.9 ± 0.5oC
-12
-15

Signal CD (mdeg)

-18
-21
-24

-27
-30
-33

-36
-39
-42
10

20

30

40

50

60

70

80

90

Temperature (oC)

Population of single strand is 0.1 and double strand is 99.9% at 23°C.
100
90

Population ratio %

80
70
60
50

Population singlestrand
Population doublestrand

40
30
20
10
0
10

20

30

40

50

60

70

80

90

Temperature (°C)

108

109
Figure S2.1. MS analysis of 5mC-Gly 2’-deoxyribonucleoside (2a)
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Figure S2.2. MRM analysis of 5mC-Gly 2’-deoxyribonucleoside (2a)
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Figure S3.1. MS Analysis of Hyd-5mC 2’-deoxyribonucleoside (3a)
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Figure S3.2. MRM analysis of Hyd-5mC 2’-deoxyribonucleoside (3a)
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Figure S4.1. MS Analysis of Imid-5mC 2’-deoxyribonucleoside (4a)
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Figure S4.2. MRM analysis of Imid-5mC 2’-deoxyribonucleoside (4a)
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Figure S5.1. MS analysis of 5hmC 2’-deoxyribonucleoside (5a)
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Figure S5.2. MRM analysis of 5hmC 2’-deoxyribonucleoside (5a)
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Figure S6.1. MS analysis of 5fC 2’-deoxyribonucleoside (6a)
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Figure S6.2. MRM analysis of 5fC 2’-deoxyribonucleoside (5a)
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Generation of Guanine−Thymine Cross-Links in Human Cells by One-Electron
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Foreword: In this article, we have detected the (G*-T*) crosslink for the first time in
cultured human HeLa cells using our mass spectrometry based approach. It is well
established that high intense light induce two photon ionization of nucleobase in double
stranded DNA, as a result of the predominant localization of radical cations at guanine sites
leading to deprotonated guanine radical intermediate (G(-H).). In turn, these radicals readily
react with nearby thymine bases to form the intrastrand guanine-thymine cross-links.
Résumé: Dans cet article, notre approche basée sur l’utilisation de la spectrométrie de
masse nous a permis pour la première fois de mettre en évidence la présence du pontage (G
* -T *) au sein de l’ADN d’une ligné cellulaire humaine HeLa. Une excitation biphotonique provoquée par une illumination intense est reconnue comme étant responsable
de l’ionisation des nucléobases au sein de l’ADN doubles brins. La guanine constitue alors
un site privilégié pour la localisation du cation radicalaire, conduisant ainsi à la formation
d’un radical guanine déprotoné intermédiaire (G(-H).). De tels radicaux sont caractérisés
par une importante réactivité à l’égard des bases thymine. Ainsi, leur présence à proximité
d’une thymine voisine favorise la formation de pontages intra-brins guanine-thymine.

119

120
Generation of Guanine -Thymine Crosslinks in Human Cells by One-Electron
Oxidation Mechanisms
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ABSTRACT: The one-electron oxidation of cellular DNA in cultured human HeLa cells
initiated by intense nanosecond 266 nm laser pulse irradiation produces cross-links between
guanine and thymine bases (G*-T*), characterized by a covalent bond between C8 guanine
(G*) and N3 thymine (T*) atoms. The DNA lesions were quantified by isotope dilution
LC-MS/MS methods in the multiple reaction-monitoring mode using isotopically labeled
[15N, 13C]-nucleotides as internal standards. Among several known pyrimidine and 8-oxo7,8-dihydroguanine lesions, the G*-T* cross-linked lesions were detected at levels of ∼0.21
and 1.19 d(G*-T*) lesions per 106 DNA bases at laser intensities of 50 and 280
mJ/cm2/pulse, respectively.

HeLa cells
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irradiation
1. Extraction damaged DNA
2. Addition of isotope standards
3. Enzymatic digestion
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The initiation of many human cancers is closely associated with chronic inflammation.1 At
sites of chronic inflammation, cellular DNA is under continuous attack from free radicals,
electrophiles, and other reactive species that generate a wide spectrum of DNA base
modifications.2 Failure to remove these lesions by the DNA repair machinery, which
maintains the integrity of the human genome, increases the risk of malignant cell
transformation and further cancer development.3 A major target of oxidizing species
overproduced during persistent oxidative stress associated with chronic inflammation is
guanine, the most easily oxidizable natural DNA base.4
The mechanisms of initiation of the oxidation of guanine in cellular DNA are of
significant current interest.5−7 The best known and most ubiquitous stable oxidation product
is 8-oxo-7,8-dihydroguanine, 8-oxoGua (Chart 1), derived from free radicals or singlet
oxygen attack on DNA.8 Guanine radical formation in vitro can occur by two principle
pathways: (i) reaction with the hydroxyl radicals (•OH)9 and (ii) one-electron oxidation of
guanine.10,11 The 8-hydroxy-7,8-dihydroguanyl radical, 8-HO-G•, arising from the addition
of •OH to C8 of guanine is reduced and is rapidly oxidized by oxygen, or other weak
oxidants, to yield the 8-oxoGua lesion.12 The guanine radical cation, G•+, derived from the
one-electron oxidation of guanine is a strong electrophile that can react with nucleophiles
such as water10 and amino acids13 and deprotonates to yield the neutral guanine radical
intermediate, G(-H)•.14 In double-stranded DNA, reaction of G•+ with water is dominant,
and the 8-HO-G• radical intermediate is then oxidized to yield 8-oxoGua.12 The G(-H)•
radical is a long lived,

15

relatively strong electrophile. We have found16 that in single-

stranded DNA, the G(-H)• radicals readily react with nearby thymine bases to form the
intrastrand guanine−thymine cross-links, G*-T* with a covalent bond between guanine C8
(G*) and thymine N3 (T*) (Chart 1). These cross-links are also formed in double-stranded
native DNA when exposed to oxidizing carbonate radical anions that are derived from the
spontaneous decomposition of nitrosoperoxycarbonate, an important chemical mediator of
inflammation, that arises from the combination of peroxynitrite and CO2 in aqueous
solutions.17 Enzymatic digestion of ···G*pT*··· cross-links yields the d(G*pT*) dimer,
while digestion of ···G*NT* forms the full digestion product d(G*-T*).16,17
The formation of G*-T* lesions is base-sequence-context dependent, and their levels
should be significantly lower than the formation of 8-oxoGua, which has an abundance of
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the order of one 8-oxoGua lesion per approximately a million guanines.18 However, there is
as yet no evidence that G*-T* cross-links are formed in human cells.
In this work, we demonstrate that, in principle, G•+ radical cations and/or their G(-H)•
deprotonation products15 can react with nearby thymine nucleophilic centers other than
with water in a cellular environment. Specifically, we demonstrate that G*-T* cross-linked
products are produced in cultured human HeLa cells when G•+ radicals are generated. The
one-electron oxidation of guanine in DNA in HeLa cells was initiated by intense
nanosecond 266 nm Nd:Yag laser pulses. It is well established that this mode of irradiation
induces two-photon ionization of nucleobases in isolated native double-stranded DNA; as a
result, the oxidatively generated DNA damage is predominantly localized at guanine sites.19
The HeLa S3 cells (ATCC, Manassas, VA) were grown in culture using standard methods.
The cells were harvested by trypsinization followed by centrifugation at 1,000 rpm for 5
min at 4 °C. The cell pellets were washed with cold 20 mM phosphate buffer at pH 7.8. The
samples of HeLa cells (∼107 cells) were resuspended in this buffer solution (1.5 mL),
placed in a 1 × 1 cm square quartz cell equipped with a magnetic stirrer, and exposed to a
266 nm Nd:Yag laser pulse (∼6 ns duration) train (10 Hz) to deliver a total energy of 120 J.
To explore the effect of laser pulse intensity, the samples were irradiated at two different
laser intensities of 50 and 280 mJ/cm2/pulse. The irradiated samples were placed in liquid
nitrogen to terminate any ongoing DNA repair processes. The DNA was extracted using the
NaI method20,21 and subsequently digested by the protocols described in Supporting
Information. The lesions produced by laser excitation were quantified by isotope dilution
LC-MS/MS methods22 using isotopically labeled [15N,13C]-internal standards (for details,
see Supporting Information). These results are summarized in Table 1.
We found, as expected, that the major product is 8-oxoGua, detected at a level of 263 ±
85 8-oxoGua/106 DNA bases at a laser intensity of 50 mJ/cm2/pulse that is considerably
higher than 4.8 ± 3.4 8-oxoGua/106 DNA bases in control nonirradiated samples (Table 1).
The level of 8-oxoGua lesions increases up to 936 ± 28 8-oxoGua/106 DNA bases when the
laser intensity is increased to 280 mJ/cm2/pulse at the same total energy dose of 120 J. This
is a clear indication that the precursor of the 8-oxoGua lesion is a guanine radical cation
produced by two-photon ionization of guanine bases.19 The hydration of guanine radical
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cations leads to the formation of the 8-hydroxy-7,8-dihydroguanyl radical, which is rapidly
oxidized by O2 or other weak oxidants to the 8-oxoGua lesion.8
The G*-T* cross-linked lesions were detected at a level of 0.21 ± 0.11 d(G*-T*) per 106
DNA bases at the weaker laser intensity of 50 mJ/cm2/pulse. This level increased to 1.19 ±
0.12 d(G*-T*) per 106 DNA bases when the laser intensity was increased to 280
mJ/cm2/pulse (Table 1). This enhancement in d(G*-T*) levels is correlated with the
increase in 8-oxoGua levels; this is consistent with the assumption that guanine radicals,
derived from the two-photon ionization of guanine, are common intermediates in the
formation 8-oxoGua and the G*-T* cross-links. In contrast, we were unable to detect
d(G*pT*) lesions that might have arisen from neighboring ···GT··· bases in the irradiated
and the controlled samples. This d(G*pT*) lesion is resistant to enzymatic digestion under
our conditions and cannot be a precursor of the d(G*-T*) lesion formed in the ···GpT···
sequence context.16,17
We also measured the levels of some other representative pyrimidine lesions, such as 5hydroxycytosine (4), 5-(hydroxymethyl)uracil (5), 5-formyluracil (6), and 5,6-dihydroxy5,6-dihydrothymine (7), all shown in Chart 1. The levels of cytosine lesions increase from
∼21 to ∼51 5-OHCyt per 106 DNA bases when the laser intensity is increased from 50 to
280 mJ/cm2/pulse and is significantly greater than the background level of ∼0.1 5-OHCyt
per 106 DNA bases in the unirradiated control samples. In turn, variations in the levels of
thymine lesions are in the range of 28−70 5-HmUra and 28−71 5-ForUra per 106 DNA
bases. These levels are also significantly higher than the background levels of ∼1.9 HmUra
and ∼1 5-ForUra per 106 DNA bases, respectively, in the unirradiated control samples. The
levels of thymine glycols were in the range of 11−22 Tg per 106 DNA bases that are lower
by a factor of ∼3 than the levels of 5-HmUra and 5-ForUra lesions. A similar product
distribution was reported in the DNA of human monocytes upon exposure to high-intensity
266 nm pulses.23 The higher than expected amount of 8-oxoGua in nonirradiated cells may
be attributed to autooxidation of Gua during sample preparation likely because we did not
prepurify nuclear DNA before extraction. The much higher yield of 8-oxoGua relative to
pyrimidine oxidation products may be at least partly rationalized in terms of preferential
hole transfer to guanine bases.
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The formation of oxidatively generated pyrimidine damage may, potentially, arise from
two different pathways: (i) the direct photoionization of pyrimidine bases or (ii) by
hydroxyl radical-mediated mechanisms. Guanine has the lowest ionization potential among
the four natural DNA bases, but pyrimidines can also be ionized by intense 266 nm laser
pulse irradiation, although with lower efficiencies than guanine.19 Highly reactive •OH
radicals, which rapidly and unselectively react with all DNA bases,9 may also have
contributed to the observed oxidatively generated pyrimidine damage in cellular DNA.5,24
In our experiments, the precursor of •OH radicals may be the unreactive superoxide radical
anion (O2•−) that arises from the reduction of molecular oxygen by hydrated electrons
derived from the two-photon ionization of DNA bases and/or by the photoexcitation of
diverse endogenous cellular chromophores that are capable of absorbing light in the UV
spectral range.5−8
Box and co-workers25,26 discovered that •OH radicals produced by ionizing radiation
generate intrastrand crosslinks between guanine and adjacent pyrimidine (C or T) bases. In
these so-called tandem lesions, C8 of guanine is covalently linked either to C5 of cytosine
or to the methyl group carbon atom of thymine. Tandem lesions produced by •OH radicals
have been investigated in detail in vitro27 and detected in HeLa S3 cells.28,29 Since the
existence of these d(G[8-5m]T) lesions has already been demonstrated in HeLa cells by the
Y. Wang group,28,29 we focused here on the detection of the recently discovered G*-T*
(G[8-3]T) lesions. Furthermore, our previous work suggests that the d(G[8-5m]T) crosslinks are not observed when one-electron oxidants16 are used to oxidize guanine in DNA,
while the d(G[8-5m]) cross-links are generated by the hydroxyl radical mechanism.25,26
In summary, we show here for the first time that the nucleophilic addition of thymine
bases to guanine radicals can lead to the formation of detectable levels of G*-T* cross-links
in cultured human cells.
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Chart 1. Structures of DNA Lesions
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Table 1. DNA Damage (in Units of Damage per 106 Bases) Detected in HeLa Cells
Exposed to Intense Nanosecond 266 nm Laser Pulse Excitation (120 J)a
Laser Intensity, mJ/cm2/pulse

a

DNA damage

280

50

Unirradiate control

G*-T*

1.19±0.03

0.21±0.11

0.02±0.05

8-oxoGua

936±28

263±85

4.8±3.4

5-OHCyt

51.0±6.7

21.0±7.2

0.08±0.19

5-HmUra

70.2±4.8

28.4±3.7

1.9±0.4

5-ForUra

71.3±5.1

28.4±3.8

1.0±2.0

Tg

22.3±2.8

11.9±2.4

1.9±1.2

The results are averages derived from five samples
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Supplementary Data
Generation of Guanine-Thymine Crosslinks in Human Cells by One-Electron
Oxidation Mechanisms
Guru S. Madugundu, Richard Wagner, Jean Cadet, Konstantin Kropachev, Byeong Hwa Yun,
Nicholas E. Geacintov, and Vladimir Shafirovich

Experimental methods
Synthesis of the Isotope-Labeled Standards. The 5’-d(15N5,13C10-G)pT and 5’d(15N5,13C10-G)pCpT sequences were synthesized by standard automated phosphoramidite
chemistry technique using uniformly labeled 2’-deoxyguanosine phosporamidites
(Cambridge Isotope Laboratories), and then oxidized by photochemically generated CO3.radicals to form the 5’-d(15N5,13C10-G)*pT* and 5’-d(15N5,13C10-G)*pCpT* cross-linked
products (Yun, B. H., et al. (2011) Chem. Res. Toxicol. 24, 1144-1152). All isotope-labeled
standards were isolated, purified, and desalted by HPLC methods and their identities were
confirmed by LC/MS/MS methods.
Extraction of DNA from cells. Cellular DNA was extracted using the NaI
method. HeLa cells (10 million) were suspended in 350 µL of extraction buffer (10 mM
Tris-Cl (pH 8.0) + 5 mM EDTA-Na2, 0.15 mM desferrioxamine pH 8.0 and 1% Sodium
dodecyl sulfate) and subjected to two freeze-thaw cycles in liquid N2. RNA was removed
by digestion with 20 µL of RNAse A (stock solution: 1 mg/mL in 10 mM Tris-Cl (pH 8), 1
mM EDTA-Na2, 2.5 mM desferrioxamine pH 7.4 containing 1% Sodium dodecyl sulfate)
at 50°C for 30 min. Then 15 µL of protease (stock solution 20 mg/ml in water) was added
to the samples and incubated at 37˚C for 120 min with frequent vortex. After protease
treatment, DNA was precipitated by the addition of 600 µL of NaI solution (stock solution:
7.6 M NaI, 40 mM Tris-Cl (pH 8.0), 20 mM EDTA-Na2, 0.3 mM desferrioxamine)
followed by the addition of 1 ml of 2-propanol. The sample was centrifuged at 14000 g for
30 min at 4˚C. The supernatant was removed and the pellet was washed first with 1 ml of

129

130
50% 2-propanol followed by 70% ethanol. The pellet was briefly dried under vacuum and
stored in the freezer until enzymatic digestion and analysis.
Enzymatic digestion of DNA. DNA samples were dissolved in 40 µL of water.
To the sample was added 5 µL of labeled standard mixture of 8-oxo-7,8-dihydroguanine
(Cambridge Isotope Laboratories Inc., Andover, MA), 5-hydroxy-2'-deoxycytidine (4), 5hydroxymethyl-2'-deoxyuridine (5), 5-formyl-2'-deoxyuridine (6), 5,6-dihydroxy-5,6dihydrothymidine (7), together with 5 µL of d(G*CT*) (1), d(G*pT*) (2) labeled standard
and 5 µL of 5-hydroxycytosine to prevent autooxidation of products with a low oxidation
potential (5-hydroxy-2’-deoxycytosine and 8-oxo-7,8-dihydro-2’-deoxyguanosine). The
resulting DNA was digested first by P1 nuclease by the addition of 5 µL of 500 mM
sodium acetate at pH 5.5 and 5 µL of P1 (5 units in 5 µL; Sigma N8630 (1 mg), stock
solution contained 1 mg in 300 mM sodium acetate at pH 5.3) followed by incubation at
37°C for 60 min. The resulting solution of nucleotides was digested further by the addition
of 10 µL Tris-Cl (500 mM, pH 8.0), 5 µL of snake venom phosphodiesterase (SVP; 5 µL
containing 5 units; Sigma, P3134; the stock solution was dissolved in 50 mM Tris-Cl at pH
8.0) and alkaline phosphatase (5 µL containing 5 units; Roche; dissolved in the
accompanied buffer solution). The solution was vortexed and incubated at 37˚C for 60 min.
At the end of enzymatic digestion, 10 µL of phosphoric acid (0.22 M) and 40 µL of
chloroform were added to the sample to remove excess protein by centrifugation at 10,000
rpm. The supernatant was carefully withdrawn and placed in a plastic autosampler vial for
LC-MS/MS analyses (about 85 µL).
LC-MS/MS analysis. The analysis of modified crosslink nucleosides was carried
out using a conventional HPLC-UV system (Shimadzu LC-10ADvp pumps, DGU-14A
degasser, SIL-HTc autoinjector, CTO-10AS column heater, SPD-20A UV detector)
coupled to a tandem mass spectrometer (MS/MS; API 3000 with Turbo Ionspray; ABSciex, Concord, Canada). The analysis of products were separated using an octadecylsilyl
silica gel (ODS) column (250 length x 2.0 mm I.D. particle size =5um; YMC). The
products eluted with a gradient starting from 97% ammonium formate (5 mM, pH 5) going
to 80% of the latter buffer in 20% acetonitrile in 40 min at a total flow rate of 0.18 mL/min.
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The eluent was split with a zero volume Tee union to the MS/MS instrument (~85%) and
UV detector (~15%). The products were detected by positive ionization using multiple
reaction monitoring (MRM). The transitions and collision energies were optimized for the
detection of modified nucleosides.
Interpretation of LC-MS/MS data. Complete enzymatic digestion of cyclic 5'd(G*CT*) cross-link by the enzyme cocktail containing endonuclease P1, snake venom
phosphodiesterase, and alkaline phosphatase excises pCp fragment to yield the 5'-d(G*-T*)
cross-link. The total ion spectrum of the HPLC-purified 5'-d(G*-T*) is shown in Figure S1.
The MS/MS data (Figure S2) show that ions, [M + H - 116]+ and [M + H - 232]+ with m/z
392 and m/z 276, respectively, derived from the consecutive detachment of two 2deoxyribose residues from the molecular ion, [M + H]+ with m/z 508 are formed with good
yields and can be used for MRM monitoring of 5'-d(G*-T*) lesions.
The 5’-d(G*-T*) cross-linked product in digested DNA from HeLa cells was
quantified using calibration curves shown in Figure S3. The calibration curves of the other
products were published in Supporting Information of the previous article (SamsonThibault et al. (2012) Chem. Res. Toxicol. 25, 1902-1911).
The ion-current chromatograms recorded in the positive mode using selective
reaction monitoring of the transition: m/z 508 → m/z 276 for the unlabeled 5’-d(G*-T*)
cross-link show that these lesions are formed in HeLa cells excited by intense nanosecond
laser pulses (280 mJ/cm2/pulse) because the nucleoside excision product co-elute with the
[15N5,13C10]-labeled 5’-d(G*-T*) cross-link (transition: m/z 523 → m/z 286) as shown in
Figure S4. resence of 5’-d(G*-T*) cross-links in digested DNA isolated from HeLa cells
excited by intense nanosecond laser pulses (280 mJ/cm2/pulse) was confirmed by selective
reaction monitoring of two transitions: m/z 508 → m/z 276 (MRM1) and m/z 508 → m/z
392 (MRM2) for the unlabeled 5’-d(G*-T*) cross-link and m/z 523 → m/z 286 (MRM1)
and m/z 523 → m/z 402 (MRM2) for the 15N5,13C10-labeled 5’-d(G*-T*) cross-link (Figure
S5).
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A more detailed investigation of Figure S4 and S5 shows appearance of the
additional peak eluted after 5'-d(G*-T) with retention time of ~36.5 min. This product,
which is clearly observed using both transitions (MRM1 and MRM2), appears to be a
structural isomer of 5’-d(G*-T*). Analysis of the literature data showed that this product
might be a guanine - thymine cross-link, in which the bases are linked by a covalent bond
between the guanine C8 and thymine C5 methyl group as shown in Figure S6 (Bellon et al.
(2002) Chem. Res. Toxicol. 15, 598-606). The mass of these products is smaller by 2 Da
than the mass of the precursor G-T sequences and the mechanism involves the formation of
the C-centered 5-(2′-deoxyuridinyl)methyl radical intermediate. The latter is the product of
H-atom abstraction from C5 methyl group by .OH or more likely arises from the
deprotonation of thymine radical cation and hence can form under our conditions in HeLa
cells.
Figure S1. MS total ion spectrum of 5’-d(G*-T*). Approximately 7.5 μg of 5’d(15N5,13C10-G)pCpT was digested with endonuclease P1, SVP and alkaline phosphatase,
following our digestion protocol. After digestion 5’-d(G*-T*) was purified by HPLC
before MS analysis. ESI-MS: 508 [M+H]+, 525 [M+NH3]+, 530 [M+Na]+, 392 [M + H 116]+.
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Figure S2. ESI-MS/MS analysis of 5’-d(G*-T*) in 30% CH3CN: 70% H2O containing 20
mM ammonium formate; m/z (relative intensity) data were obtained using a collision
energy of 30 eV: 508 ([M+H]+, 5), 392 (70), 276 (100), 193 (4).
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Figure S3. Calibration curves for the quantification of 5’-d(G*-T*). Non-labeled
compound (x-axis in pmol) was plotted as a function of the ratio of non-labeled peak area
to labeled peak area (y-axis). The amount of 5’-d(15N5,13C10-G)pCpT standard added to
samples was 2.0 pmol. anel A: MRM1 of 5’-d(G*-T*) using m/z 508 to 276. Panel B:
MRM2 of 5’-d(G*-T*) using m/z 508 to 392.
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Figure S4. LC-MS/MS analysis of the 5’-d(G*-T*) cross-linked product in digested DNA
(~40 μg) from unirradiated and irradiated (280 mJ/cm2/pulse) HeLa cells spiked with 2.1
pmol of 5’-d(15N5,13C10-G)pCpT standard. Signals shown for isotope (red line) and natural
product (black line). The signal to noise ratio was 10 for the peak at about 35.7 min (blue
arrow) corresponding to natural 5’-d(G*-T*).
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Figure S5. LC-MS/MS analysis of the 5’-d(G*-T*) cross-linked product in digested DNA
(~40 μg) from irradiated HeLa cells (280 mJ/cm2/pulse) spi ed with 1.6 pmol of 5’d(15N5,13C10-G)pCpT standard using two different MRM transitions. Signals shown for
isotope (red line) and natural product (black line).
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Figure S6. Guanine[8 – 5m]thymine cross-link.
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5. UNPUBLISHED RESULTS
5.1. Formation of oxidative base modifications in DNA by different sources:
Hydroperoxides or peroxyl radicals play an important role in the formation of
base modifications in cellular DNA, including single oxidation damage, tandem lesions
DNA-DNA and DNA-protein crosslinks. Several studies have demonstrated the formation
of hydroperoxides in aqueous solutions of nucleosides exposed to ionizing radiation (IR),
MQ (menadione)-photosensitization (Carine Bienvenu et al., 1996), (Wagner JR et al.,
1987), and a peroxyl radical generating system using AAPH (Goto M et al., 2008). In fact,
IR, MQ-photosensitization, and AAPH all give common intermediates, thereby leading to
similar end products (Scheme 1). In addition to my Article 2, we have carried out several
other experiments, to investigate the formation of methyl oxidation intermediates, such as
methyl hydroperoxides measured in isolated CT-DNA by gamma radiation, MQphotosensitization. We also measured the final end products of methyl oxidation products
by AAPH reactions. These hydroperoxides have not been measured in cellular DNA, due to
the

short

half-life

of

hydroperoxymethyluracil

hydroperoxides
nucleoside

but
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less

to

than

be
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hydroxyhydroperoxide nucleosides in aqueous solution (Wagner JR, et al., 1994). It should
be noted that DNA is a good metal chelator, and thus, during the DNA extraction,
enzymatic hydrolysis, reactive metal ions such as Fe2+ and Cu+ might induce the
decomposition of intermediate hydroperoxides and give rise to the same stable end
products: 5-hydroxymethyluracil and 5-formyluracil nucleoside products. In this section I
will describe in detail, the formation of thymine and 5-methylcytosine derived
hydroperoxymethyl hydroperoxides of thymine and 5-methylcytosine by 1) Ionizing
radiation, 2) MQ photosensitization and 3) AAPH generated peroxyl radicals. In addition,
we have exposed DNA containing hydroperoxides to Fenton reagents to examine the fate of
these intermediates that likely takes place in cellular DNA.
5.1.1 Ionizing radiation (IR):
We measured the methyl hydroperoxides of thymine and 5-methylcytosine in
purified CT-DNA (0.5 mg/mL) exposed to ionizing radiation in aqueous oxygen saturated
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solution using the Gammacell 220 at a dose rate of 0.75 Gy/min. Aliquots were pooled at
different doses of 0, 50, 100, 250 and 500 Gy (0-12 h). Irradiated CT-DNA was
precipitated with acetate buffer and EtOH, and further enzymatic digestion was carried out
to give a mixture of 2’-deoxyribonucleosides. We used the LC-MS/MS approach to
measure the methyl hydroperoxides and their final end products along with the
corresponding 5,6-addition products and 8oxoG (using protocols that were published in
Article 2). We achieved a nice separation with a high sensitivity of detection using reversed
phase (C18) chromatography (Figure 1). Figure 1 illustrates the separation of methyl
oxidation products of thymine and 5-methylcytosine together with 8oxoG in isolated CTDNA after mild enzymatic digestion. The formation of methyl oxidation products, which
are formed by •OH-mediated H-abstraction from the methyl group at C5, was 2-fold higher
than either 5,6-addition products pyrimidines or 8oxoG (Table 1, page no. 138). The yields
are given in nM/mM/Gy in units of 1 modified base per million non-modified base (data
was normalized to the number of cytosine residues in CT DNA) considering that cytosine
represents 22.5% of DNA bases. The yields of formation were found to be a linear within
the dose range. However, a small decrease was observed in the rate of formation of methyl
hydroperoxides (HypU and HypC) after 300 Gy. This may be explain by the partial
decomposition of methyl hydroperoxides during the relatively long time irradiation (12 h),
leading to the formation of stable end products (5fU and 5hmU from the methyl
hydroperoxides of thymine, and 5fC and 5hmC from the methyl hydroperoxides of
cytosine).
Figure 1: LC-MS/MS analysis of thymine (top panel) and 5-methylcytosine (lower panel)
methyl oxidation products in DNA. DNA was irradiated with 50 Gy of ionizing radiation in
oxygenated aqueous solution. The equivalent of 22 µg of digested DNA was injected onto a
C18 column. The natural products are shown in blue and the isotopic standards in red. The
amount of isotopic standards injected for 5hypU - 6.6 pmol, 5fU - 33.3 pmol, 5hmU – 22.2
pmol, 8oxoG – 44.5 pmol, 5hmC – 11.1 pmol, and 5fC – 11.1 pmol, 5hypC was quantified
by using 5hypU labeled standard.
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5.1.2 MQ-photosensitization:
As described in the introduction, MQ (2-methyl-1,4-napthoquinone, menadione)
is a model system for the direct effect of ionizing radiation. Near-UV photolysis of an
aerated aqueous solution containing DNA and menadione allows the efficient formation of
methyl oxidation products of the pyrimidine moiety. This reaction takes place by efficient
electron transfer between pyrimidine bases and MQ in its triplet excited state, which leads
to the formation of methyl oxidation products in presence of oxygen. CT-DNA (0.8
mg/mL) was photolyzed in the presence of MQ (1.0 mM) for 10, 20, 30 min with near-UV
light generated from a Black-Ray medium pressure Hg lamp, which emits UV light
primarily at 366 nm with a photon fluence of approximately 1016 photons/cm2. Continuous
oxygen

bubbling

was

maintained

during

the

entire

photolysis.

Following

photosensitization, DNA was precipitated and digested into its components for analysis.
(digestion and analysis protocol is described in Article 2). We have measured the
oxidatively-induced base modifications of cytosine, thymine, 5-methylcytosine and guanine
(8oxoG). Interestingly the results showed that the methyl oxidation are the major products,
which are approximately 4-fold higher than 5,6-addition products and 8oxoG. The yield of
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products by MQ photosensitized oxidation were found to be linear within the dose range
applied.
5.1.3 Alkylperoxyl radicals by AAPH:
As described in the introduction, AAPH is a good peroxyl radical generation
system. The carbon centered free radical is generated by the spontaneous thermal
decomposition of AAPH and it is converted to peroxyl radical under aerobic conditions.
Many research groups have reported the formation of 8oxoG by alkylperoxyl radicals. In
our laboratory, we treated purified DNA with AAPH to show other oxidative base
modifications including methyl oxidation of thymine and 5-methylcytosine. CT-DNA (0.8
mg/mL) solution was saturated with oxygen and incubated with 1 mM of AAPH in 20 mM
phosphate buffer pH 7.0 at 37°C for 2 h 30 min. Each 30 min, 100 μl of solution containing
80 μg DNA was withdrawn from the reaction mixture and precipitated by the addition of
acetate buffer and cold EtOH to remove unreacted AAPH and small molecule by-products.
The formation of DNA damage was monitored by mild enzymatic digestion of DNA
followed by LC-MS/MS analysis. As mentioned previously our focus was on methyl
oxidation products. The results indicate that the major products were indeed the methyl
oxidation of thymine and 5-methylcytosine, which represented more or less 50% of the
total damage. The formation of methyl oxidation products and pyrimidine 5,6-addition
products was found to give a linear response with the concentration of peroxyl radical
generator. In contrast, 8oxoG formation reached a plateau after 30 min. This can be
explained by the reaction of alkylperoxyl radicals with 8oxoG in view of the relatively low
oxidation potential of this product. To confirm this, we measured oxazolone (Oz) which is
known to arise from the oxidation of 8oxoG (Ravanat JL et al., 2003). As expected, Oz
formation increased after 30 min of reaction.
5.1.4 Fenton and Fenton-like reactions:
It is well known that redox active endogenous metals such as iron and copper can
rapidly generate reactive oxygen species (ROS). Among the various species, •OH are the
most reactive toward DNA. Here, we established that the Fenton reaction with DNA gives
a similar profile of oxidatively-induced base modifications compared to ionizing radiation.
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This can be explained by a slight deviation in the reaction mechanism such that metal ions
reduce intermediate peroxyl radicals or hydroperoxides (Luo Y et al., 1996). The oxidation
of CT-DNA (0.8 mg/mL) was carried out by Fenton reagents either with CuCl2, or
(NH4)2Fe(SO4)2 (100, 25, 50 µM), ascorbate (0, 2, 4 mM) and H2O2 (0, 200, 400 µM),
respectively, followed by the addition of 5 mM methionine to stop the reaction after 1 hr at
room temperature. CT-DNA was precipitated by acetate buffer and cold EtOH. After
digestion of DNA, LC-MS/MS analysis was carried out for the oxidatively modified
nucleosides including pyrimidine 5,6-addition products, methyl oxidation products and
8oxoG. Interestingly, the results of the Fenton reactions were slightly different than those
of ionizing radiation. In the presence of copper and iron transition metals, the formation of
5,6-addition products was the major reaction and in comparison to other oxidants methyl
oxidation products were minor. The formation of 5,6-addition products, methyl oxidation
products and 8oxoG were found to give a linear response with the concentration of H2O2.

Yields

Gamma (1)
in % (Yield)

MQ (2)
in % (Yield)

AAPH (3)
in % (Yield)

5,6-addition products

22 (8.8)

16 (42.1)

Methyl Oxidation products

50 (20.3)

8oxoG
Total in percentage (Total yield)

Fenton reaction (4)
Cu+
in % (Yield)

Fe2+
in % (Yield)

25 (14.5)

48 (32.6)

46 (13.8)

67 (174.2)

50 (29)

14 (9.9)

26 (7.8)

29 (11.8)

17 (44.7)

25 (14.8)

38 (25.9)

28 (8.5)

100 (41)

100 (261)

100 (58.3)

100 (68.4)

100 (30.1)

Table 1: Comparison of the yield of formation in total percentage from different sources of
ROS generating systems, which includes gamma irradiation, menadione, AAPH and Fenton
reactions. The products are separated into three groups based on the type of radical
interaction with DNA (1-3). 1) 5,6-addition products: These products are formed by •OH
addition to 5,6-double bond of pyrimidine bases, which include 5,6-glycols, hydantoin and
imidazolidine from cytosine, 5-methylcytosine, and thymine (thymine doesn't give any
imidazolidine modifications due to the lack of an exocyclic amine group). 2) Methyl
oxidation products: These products are formed by •OH-mediated H-abstraction from the
methyl group of thymine and 5-methylcytosine, which include methyl hydroperoxides and
stable methyl oxidation products with a hydroxymethyl or formyl group. 3) 8oxoG: 8oxoG
is an oxidation product from guanine, which has been studied by many research groups and
used as a biomarker for oxidatively-induced base modification. 8oxoG arises from initial
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•OH addition to the 7,8-double bond of guanine in DNA. The formation of products were
represented in percentages followed by total yields formation in nM/mM/Gy in brockets
respectively.
5.2 Discussion:
5.2.1 Distribution of oxidative base modifications:
Using LC-MS/MS with isotope dilution, we demonstrate that the treatment of CTDNA with different oxidants can lead to the formation of oxidatively modified base lesions
arising from oxidation of the pyrimidine 5,6-double bond and the methyl group next to the
double bond. In comparison, the rate of formation of 8oxoG was 12/Gy (29% of total
products) in units of lesions per million DNA bases by gamma irradiation, MQ + hv was
45/min (17% of total products), 15/nmol AAPH (25% of total products), 26/µM of H2O2
Cu+ (38% of total products) and 8.5/µM of H2O2 Fe2+ (28% of total products), respectively.
These results indicate that 8oxoG formation makes a sizable contribution to ROS-induced
damage, likely due to the relatively low oxidation potential of guanine compared to the
other DNA bases. Interestingly, several oxidants (IR, MQ and AAPH, Table 1) gave higher
levels of methyl oxidation products, suggesting that the methyl oxidation products plays an
important role in the formation of C - T transitions and the higher mutation rate at CpG site.
This may be explained by1) deamination of methyl oxidation products or 2) 5,6-double
bond oxidation products. For example the methyl oxidation product of 5-methylcytosine,
5fC, may deaminate and form 5fU, which can miscode with adenine instead of guanine
during DNA replication. Another example involves the 5,6-double bond oxidation product
5mC-Gly, which can undergo deamination quickly to form T-Gly. The latter lesion is
mainly a blocking lesions during replication with polymerase depending on the sequence of
DNA. Deamination of 5mC-Gly to T-Gly will change the base-pair preferences from that
with guanine to that with adenine, and thus, entail C to T transition mutations in cellular
DNA. Similar consequences can also arise from the hydantoin product of cytosine and 5hydroxyuracil. However, 5mC is in close proximity to guanine, the methyl radical can add
to the C8 position of guanine, which leads to G(8-5m)5mC or 5mC(5m-8G) intra- and
inter-strand crosslinks (Cao and Wang, 2007). The mechanism of formation and
distribution of these products is explained in more detail in the following sections.
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Scheme 1: Proposed mechanism for the formation of methyl hydroperoxide and other base
modifications induced by ionizing radiation, photosensitization, peroxyl radicals and
Fenton reagents to CT-DNA. For representative purposes, we only show the oxidation of 5methylcytosine. The reaction pathways are similar for thymine nucleoside as well. For
cytosine and guanine, another reaction pathway (Pathway 1, non methylated,
endoperoxides leads to 5,6-addition products of cytosine and guanine) involving
endoperoxides (5,6-addition products) takes place to a certain extent.
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5.2.2 Ionizing radiation (IR):
Upon radiolysis of an aqueous oxygenated solution, the main reactive species are
•OH; these radicals can react with pyrimidines or purines either by addition or by Habstraction in the case of pyrimidines with an exocyclic methyl group (Scheme 1). Scheme
1 shows the mechanism of •OH addition to 5,6-double bond, which initially involves the
formation of C5-OH-6-yl or C6-OH-5yl radical intermediates. In turn, these radical
intermediates in the presence of oxygen, can transform into endoperoxides, which are less
stable and can further transform into 5,6-saturated products, such as glycols, hydantoin,
imidazolidine products. By way of an •OH addition pathway, the yields were 22% of the
total products. On the other hand, H-abstraction from the methyl group of pyrimidines
generates allylic methyl radicals, which in the presence of oxygen transform into methyl
peroxyl radical and methyl hydroperoxides. The methyl hydroperoxides from 5methylcytosine are less stable than the corresponding hydroperoxide from thymine; the
half-life is less than 9.5 h at room temperature. Recently, we measured the hydroperoxides
of 5-methylcytosine in our laboratory after mild enzymatic digestion of DNA (Table 1).
Finally, the methyl hydroperoxides of thymine and 5-methylcytosine transform into stable
methyl oxidation products. Based on the distribution of final products, the major pathway
of damage to thymine and 5-methylcytosine involves •OH-mediated H-atom abstraction
from the methyl group accounting for 50% of the total measured products. There may be
two reasons why methyl oxidation products predominate: first, the methyl group protrudes
into the major groove and thus •OH are more accessible to this site compared to the 5,6double bond, which is inside the helix; second, the formation of methyl oxidation products
is greatly favored in reactions that involve the formation of the base radical cation, noting
that deprotonation from the methyl group of base radical cations is a major pathway in their
transformation. Furthermore, the formation of 8oxoG arises from addition of •OH radical at
C4 or C5 or C8 which generate guanine(-H)• radicals that further transform into 8oxoG.
5.2.3 MQ-Photosensitization:
Menadione was used in this work to establish the distribution of DNA base
modifications obtained under one-electron oxidation conditions (Pathway 2 in Scheme 1).
The mechanism of MQ and UV light involves electron transfer from the ground state DNA
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to the singlet or triplet excited state of MQ leading to the formation of DNA base radical
cations (Pathway 2) and MQ radical anions. The radical cations subsequently undergo
either deprotonation to form neutral radicals or nucleophilic addition with water leading to
the same radical adducts that are formed by the reaction of •OH. In the case of thymine, the
addition of H2O at C6 of the thymine radical cation was confirmed by isotopic labeling
with H218O and analysis of the eight possible diastereomers of thymine 5,6hydroxyhydroperoxides nucleosides (Decarroz et al. and Wagner et al.). A similar reaction
also occurs with guanine as shown by Kasai et al in 1992 by the incorporation of H2O18 in
the formation of 8oxoG upon hydration of guanine radical cations (G• +) (Kasai H et al.,
1992).

In

contrast,

the

methyl

radicals

likely

incorporate

oxygen

to

give

hydroperoxymethyl radicals, which can be reduced to the hydroperoxide or can undergo
addition with a neighboring base; for example, the reaction with guanine may give an
endoperoxide cross-link intermediate (Hong IS et al., 2007). The formation of the methyl
hydroperoxide of thymine in DNA is only about 1%, suggesting that the majority of this
reaction pathway likely involves reaction with a neighboring base and formation of an
intermediate endoperoxide cross-link. On the other hand, the nucleophilic addition of water
can produce C5 or C6 -yl radicals, which subsequently transform into peroxyl radical and
hydroperoxides, eventually leading to the formation of 5,6-addition products (Pathway 1).
We observed a small quantity of 5,6-addition products (16 %) of the total product yield. In
general, the structure of products formed by MQ-photosensitization and •OH radical
reactions are the same because the same intermediate species are formed by both pathways.
However, the MQ-photosensitization reaction is more favorable for methyl oxidation
products representing 67% of the total products.
5.2.4. AAPH Peroxyl radicals:
Peroxyl radical (ROO•) mediated reactions with DNA is similar to ionizing
radiation mediated by •OH addition and H-atom abstraction reactions. AAPH thermally
produces tertiary carbon centered tert-amidinopropyl radicals, which react rapidly with
oxygen to give peroxyl radicals. These radicals are positively charged and react with
negatively charged DNA to form oxidative base damage. Kazuki and his group (Goto M et
al., 2008) reported that oxidized or peroxidized thymine plays a mediator role in 8oxoG
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formation, in particular, exposure of CT-DNA with AAPH led to the formation of 8oxoG
while exposure of 2’-deoxyguanosine alone did not give 8oxoG. This is in agreement with
our results in which methyl oxidation of thymine and formation of 8oxoG were the major
products of peroxyl radicals generated by AAPH. In addition, Shafirovich and his group
(Shao J et al., 2010) suggested that the RO• radicals arising from the bimolecular decay of
alkylperoxyl radicals induce fast one-electron oxidation of 2′-deoxyguanosine (dG) to form
guanine radical cations although ROO• radicals do not react with observable rates with 2′deoxyguanosine (dG). They proposed the major pathway for formation of the end products
of guanine oxidation is combination of the G(-H)• and O2•- radical to form imidazolone (Iz),
and confirmed this by the analysis of end products produced by two different substrates 1)
guanosine

derivative

2′,3′,5′-tri-O-acetylguanosine

(tri-O-Ac-G),

and

2)

the

5′-

d(CCATCGCTACC) sequence. This may explain why 8oxoG formation reached a plateau
after 30 min. As described for ionizing radiation, the intermediate radicals are similar by
•OH-mediated and ROO• mediated H-abstraction from the pyrimidine methyl group, both
giving methyl radicals (Pathway 2). In the presence of oxygen, these methyl radicals
transform into hydroperoxides and final stable methyl oxidation products. The methyl
oxidation products of thymine (5hmU, 5fU) and 5-methylcytosine (5hmC, 5fC) were 50%
of the total products. As described by Greenberg and his group (Hong IS et al., 2007) a
major pathway appears to be the formation of a peroxyl radical which then can react as
much as (82%) of the time with either 5'- or 3'- adjacent nucleotide in DNA to form tandem
lesions. Based on this, methyl peroxyl radicals from thymine and 5-methylcytosine might
form tandem lesions (Pathway 2) with an adjacent nucleoside such guanine. We have
attempted to identify tandem lesions by exposing dinucleotides (TpG, 5mCpG) to AAPH.
However, we did not detect any putative tandem lesions in this system with the exception
of a small amount of formamide-8oxoG tandem lesions. Nevertheless, a tandem lesion
involving a peroxide bond may have decomposed under our conditions. In general, peroxyl
radical generating system is a good and simple system to study the formation of
oxidatively-induced base modification (mostly via methyl oxidation), tandem lesions in
model targets.
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5.2.5 Fenton and Fenton-like Reaction:
The oxidation of CT-DNA by a Fenton reaction (Fe2+/ascorbate/H2O2) or a
Fenton-like reaction (Cu+/ascorbate/H2O2) most likely involves •OH addition reactions
(Pathway 1). A similar profile of products was observed with Fe2+ and Cu+. Formation of
the major products involved •OH radical addition to 5,6-double bond of pyrimidines
leading to 5 or 6-yl radicals that subsequently transform into hydroperoxides in the
presence of oxygen. The hydroperoxides will likely further undergo reduction to the
corresponding alcohol or carbonyl derivative by reaction with metal ions, Fe2+ and Cu+.
Alternatively, other species have been also proposed in Fenton and Fenton-like reactions,
such as metal-oxygen complexes and singlet oxygen, depending on the composition of the
system,. Wang and his group (Cao and Wang, 2007) reported that the yield of methyl
oxidation products such as 5hmC and 5fC was lower compared to5,6-addition products and
8oxoG in CpG oligonucleotide duplexes containing a mixture of 5mC and C using Fenton
reagents. We obtained similar results with our analysis in CT-DNA. The major products
were 5,6-addition products (46-48%), suggesting that the reaction pathway in the presence
of metal ions leads to greater products arising from oxidation of the 5,6 -double bond of
pyrimidines (i.e., 5,6-glycol and hydantoin products) than the oxidation of the 7,8 double
bond of guanine to give 8oxoG. This may be related to the ability of copper (Cu+) or iron
(Fe2+) to bind to CpG base pairs in double stranded DNA and increase the formation of
•OH in a site specific manner. In this scenario, •OH would be formed in close proximity to
DNA leading to more favorable reactions with the lack of competing reactions. The specific
metal mediated reactions are more likely to form crosslinks such as d(G[8-5m]mC), d(G[85m]T), d(mC[5m-8]G) and d(T[5m-8]G), which in the double standard DNA were reported
by Wang and his group using small oligonucleotides exposed to Fenton reagents.
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Figure 2: Yield of products from different source of ROS generating systems, such as
gamma irradiation, menadione, AAPH and Fenton reaction. The yields are represented in
total percentage.
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6. DISCUSSION
6.1. Distribution of DNA damage in different target molecules.
As described in Articles 1-3, we measured oxidatively-induced base lesions, sugar
modifications and crosslink modifications with different target molecules, which included
2'-deoxyribonucleosides, oligonucleotides, isolated CT-DNA and cells exposed to ionizing
radiation. This damage was determined by LC-MS/MS. To summarize our work, based on
the analysis of single products, the formation of DNA lesions arising from the indirect
effect, the direct effect and LEEs were classified into three groups of products: 1) 5,6addition products 2) methyl oxidation products and 3) 8oxoG. Measuring these products in
cellular DNA, one can estimate the contribution of direct and indirect effect from radiation.
6.1.1 Distribution of 5,6-addition products.
5,6-Addition products are formed by the indirect effect of ionizing radiation via
the addition of •OH-mediated reactions in oxygenated aqueous solution. As described in the
introduction, the formation of 5,6-addition products involves the addition of •OH to the 5,6double bond of pyrimidines either at the 5 or 6 position. This leads to the initial formation
of C5-OH-6yl or C6-OH-5yl carbon radical intermediates. In turn, these radical
intermediates transform in the presence of oxygen into several final products: the products
from cytosine include 5,6-dihydroxy-5,6-dihydrouracil (U-Gly), 5-hydroxyhydantoin (UHyd),

1-carbamoyl-4,5-dihydroxy-2-oxoimidazolidine

(C-Imid),

5-hydroxycytosine

(5ohC), 5-hydroxyuracil (5ohU); the products from thymine include 5,6-dihydroxy-5,6dihydrothymine (T-Gly), 5-hydroxyhydantoin (T-Hyd); the products from 5-methycytosine
include

5,6-dihydroxy-5-methyl-5,6-dihydrocytosine

(5mC-Gly),

5-hydroxyhydantoin

(5mC-Hyd), 1-carbamoyl-4,5-dihydroxy-5-methyl-2-oxoimidazolidine (5mC-Imid). The
distribution and formation of these products are given in Article 2 (Table 1). These single
base modifications were analyzed using different target molecules including 2’deoxyribonucleosides, double stranded oligonucleotides (19 mer) containing cytosine (C)
only, a mixture of cytosine and 5-methycytosine, and 5-methylcytosine (5mC), isolated
CT-DNA and finally within cellular DNA of F98 cells. In a mixture of 2’deoxyribonucleosides, the formation of 5,6-addition products is the major pathway (Table
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1, showed in percentage of total damage, 70%), which explains why a mixture of
nucleoside monomers is more prone to the addition reaction of •OH. In oligonucleotides
and purified CT-DNA, the addition reaction was smaller than for individual nucleosides
because the double helical DNA structure protects the target from •OH addition reactions.
In cellular DNA, the addition of •OH is protected even more (~500 times) due to the
compact structure of chromatin, the presence of histone proteins and antioxidants such as
glutathione. In contrast, changing the DNA structure from cytosine to methylated cytosine,
the formation of 5,6-addition decreased to a small extent, with a concomitant increase of
methyl oxidation products involving H-abstraction by •OH (Table 1).
6.1.2 Distribution of methyl oxidation products.
Methyl oxidation products are formed by both the direct and indirect effects of
ionizing radiation. As described in the introduction, oxidation of the methyl group of
thymine and 5-methycytosine arises from H-abstraction from the exocyclic methyl group
by •OH (indirect pathway) as well as from deprotonation of pyrimidine radical cations
(direct pathway) to form the corresponding 5-(uracilyl)methyl and 5-(cytosinyl)methyl
radicals. In turn, these methyl-centered radical transforms into methyl peroxyl radicals and
hydroperoxides in the presence of oxygen. The hydroperoxides subsequently decompose
into stable methyl oxidation products. The formation of products and mechanisms are
showed in Article 2 (Scheme 2). The final methyl oxidation products include 5hydroxymethyluracil (5hmU), 5-formyluracil (5fU) that arise from thymine, and 5hydroxymethylcytosine (5hmC) and 5-formylcytosine (5fC) that arise from 5methycytosine.
On the other hand, the formation of 5hmU and 5fU exposed to LEEs can be
explained by dissociative electron attachment (DEA) mediated pathways. This reaction
involves LEE (<10 eV)-induced cleavage of the C-H bond of the exocyclic methyl group of
thymine, leading to 5-(uracilyl)methyl radicals that subsequently convert into 5hmU and
5fU. In our laboratory, (Park Y et al., 2013) the formation of these products was first
demonstrated using TpTpT as a target, which showed a higher formation 5hmU than 5fU
(3:1). In contrast, methyl radicals in solution give a much lower amount of 5hmU than 5fU
(1:10 as calculated from Article 2), which can be explained by the specific conditions of
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irradiation. Exposure of DNA to LEEs must be carried out in the solid state under ultrahigh
vacuum conditions in order to generate and manipulate LEEs for reaction. Under these
conditions, 5-(uracilyl)methyl radicals may undergo competitive reactions to give 5hmU in
the solid state while a certain percentage will survive in the solid state at room temperature
and react with oxygen when the sample is dissolved in water for analyses after irradiation.
5fU is likely the main product arising from the reaction of 5-(uracilyl)methyl radicals in
air-saturated or oxygen-saturated aqueous solution. In a mixture of nucleoside, the
formation of methyl oxidation products is much lower, the addition reaction is more
favored. In going from ODNs with nonmethylated to mixed methylated cytosines, the
formation of products increased 1.4 fold, while in going from nonmethylated to methylated,
the products increased 2.4 fold. This indicates that ODNs containing 5-methylcytosine are
more sensitive to ionizing radiation by ~2 fold largely due to the formation of methyl
oxidation products. In cellular DNA methyl oxidation products decrease by 300-fold
compared to the irradiation of DNA in aqueous solution because of greater protection
afforded by DNA structure and environment.
6.1.3 Distribution of 8oxoG:
8oxoG is a biomarker for oxidatively-induced DNA damage, both •OH and one
electron oxidants have been found to give rise to 8oxoG. As already mentioned, guanine is
the preferential target of one electron oxidation because this base has the lowest oxidation
potential of the four essential bases. The formation of 8oxoG by the direct effect involves
one-electron oxidation of guanine to give the guanine radical cations, which undergoes
hydration with H2O to give 8-hydroxy-7,8-dihydroguan-8-yl radicals. In addition, the
formation of 8oxoG may be explained by initial •OH addition to C8 of the guanine base
generating 8-hydroxy-7,8-dihydroguan-8-yl radicals. The latter radical subsequently
undergoes either one-electron oxidation to give 8oxoG or one-electron reduction to give
FapyG. Interestingly, there is compelling evidence to suggest an additional pathway in the
formation of 8oxoG involving vicinal pyrimidine peroxyl radicals in double stranded DNA.
Our results show that in going from the nucleoside to CT-DNA, the formation of 8oxoG
consistently increases upon exposure to ionizing radiation. Furthermore, ODNs containing
methylated cytosines increase more than nonmethylated ODN, suggesting that the
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formation of 8oxoG is mediated in part by peroxyl radicals of 5-methylcytosine (CpG,
ODNs). The formation of 8oxoG was estimated in dry CT-DNA (more direct effect) and
wet CT-DNA (more indirect effect), showing that this product increases 170-fold in wet
CT-DNA compared to dry CT-DNA. This suggests that the contribution of direct effect
(1%) is much lower than the indirect effect (99%) of radiation in aqueous solution (Article
1, Table 1). Whereas in cellular DNA, the formation of 8oxoG is 1300-fold lower
compared to isolated CT-DNA, and in dry cells, the formation 8oxoG is 1.7-fold lower than
in wet cells. Thus, on the basis of the yield of products, one can estimate that the
distribution of the direct and indirect effects is 36% and 64% respectively, upon exposure
of cells to ionizing radiation. These ratios are calculated in cellular DNA under the different
irradiation conditions such as dry and wet conditions for example considering that the yield
of 8oxoG in cellular DNA of dry cells exposed to radiation is entirely from the direct effect
(the yield of 8oxoG was 5.4, Article 1, Table 1), while in the cellular DNA of wet cells
exposed to radiation considering that the yield of 8oxoG is entirely from the indirect effect
(the product formation is 9.4, Article 1, Table 1). Taking the ratio of 5.4 and 9.4, one can
calculate that the direct effect is 36% and the indirect effect is 64% in cellular DNA.
Yields

Nucleoside
Oligonucleotides (ODNs)
CT-DNA
F98-Cells
s in %
Only dC Mix C&5mC Only 5mC
in % (Yield) in % (Yield)
(Yield)
in % (Yield) in % (Yield) in % (Yield)

5,6-addition products

70 (36.2)

27 (7.1)

26 (6.7)

18 (6.4)

29 (8.8)

30 (0.018)

Methyl Oxidation products

7 (3.5)

19 (5.1)

27 (6.9)

35 (12.3)

33 (10.1)

56 (0.034)

8oxoG

24 (12.2)

54 (14.4)

46 (11.8)

46 (16.2)

38 (11.8)

15 (0.009)

Total in percentage (Total yield)

100 (51.9)

100 (26.6)

100 (25.4)

100 (34.9)

100 (30.7)

100 (0.1)

Table 1: The yields of products in total percentage from different target molecules by
ionizing radiation (direct effect and indirect effect). The products from 5,6-addition
represent •OH addition to 5,6-double bond of pyrimidines. Methyl oxidation products and
8oxoG are formed by include a mixture of indirect and direct effects of ionizing radiation.
The products were represented in percentages followed by total yields formation in
nM/mM/Gy in brockets respectively.
6.1.4 Distribution of DNA damage in cells:
When cells are exposed to ionizing radiation, DNA damage is produced by both
direct effect and indirect effects, which one can assume to represent about 36% and 64%
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respectively, based on the percentage of water in cells. Based on our results in cellular
DNA the formation of products was compared with respect to 5,6-addition products,
methyl oxidation products, 8oxoG and 2',3'-dideoxy products to estimate the direct effect
(mainly DNA base ionization), the indirect effect (mainly •OH) and specific reactions
involving LEEs. Our results indicate that cellular DNA is more protected from ionizing
radiation by between 300-1300 fold depending on the type of damage. The formation 5,6addition products, which arises mainly from the indirect effect of ionizing radiation through
•OH mediated addition reactions, is smaller than the formation of methyl oxidation
products. In Article 3, the model system for the direct effect of ionizing radiation, high
intensity laser photolysis indicates that the formation of •OH-mediated 5,6-addition
products (Article 3, Table 1, Tg) is minor, and in particular, the methyl oxidation products
from thymine such as 5hmU, 5fU is lower by a factor of ~3. This suggests that pyrimidine
5,6-addition products are more specific to the indirect effect. The percentage of 5,6addition products was 29% of the total products including all measured single base
modifications.
A major contributor to DNA damage in cells involves methyl oxidation of
thymine and 5-methylcytosine, which can arise from both the direct and indirect effect of
ionizing radiation. Interestingly the formation of methyl oxidation products of thymine
such as 5fU is much higher (90%) compared to 5hmU (10%) of the total of methyl
oxidation products in purified CT-DNA, whereas in cellular DNA the formation of 5fU is
only 60% of the total of 5hmU and 5fU. In addition, a similar trend was observed for the
corresponding methyl oxidation products of 5-methylcytosine, 5fC formation, which were
about 93% in isolated DNA but only 28% in cellular DNA. This difference might be due to
the fact that methyl radicals of thymine and 5-methylcytosine in cellular DNA may not
react entirely with oxygen because of the relatively low concentration of oxygen in cells
compared to aerated DNA solutions. It should also be noted that redox active agents such
as metal ions might in cellular components be involved such that they oxidize the methyl
radicals to a carbocation followed by hydration to either 5hmU or 5hmC products in the
case of thymine and 5-methycytosine, respectively. Similar results were observed in Fenton
reactions (unpublished results). In addition to these differences, there might be a small
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contribution of DEA process involved in the formation of 5hmU and 5hmC, as showed by
(Park Y et al., 2013) in oligonucleotide trimers by LEE (0-10eV).
The mechanism of formation of 8oxoG in cellular DNA is well established by
many research groups. Initially, it was proposed that 8oxoG was produced by the addition
of •OH (indirect effect) onto the C8 atom of guanine. To the contrary, it was later suggested
that the addition of the •OH at C8 of guanine is a minor process (only 5%) (Bergeron F et
al., 2010). It was suggested that 50% of the formation of 8oxoG can be attributed to the
addition of a pyrimidine peroxyl onto C8 of an adjacent guanine base, preferably when the
purine is located at the 5' position of a pyrimidine peroxyl radical and the remaining 45% of
the 8oxoG is produced by electron transfer reactions and subsequent chemistry of guanine
radical cations. Ravanat and his group (Bergeron F et al., 2010) reported that when CTDNA was irradiated in 95% of

18

O labeled H218O aqueous aerated solution, only 50% of

8oxoG incorporated an 18O labeled atom into its structure. This explains why the formation
of 8oxoG is much lower than other products. In addition, it suggests that the direct
ionization of DNA is minor although other reactions may be important such as the addition
of lysine to guanine radicals cations (Silerme S et al., 2014). In contrast, in the absence of
oxygen, a direct reaction of the pyrimidine radical with a purine base could also occur to
generate intrastrand crosslinks (Article 3). The formation of 8oxoG is reduced in cellular
DNA by 1300 fold and the distribution of direct effect (36%) gives almost same
contribution as indirect effect (64%) of radiation in cellular DNA.
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Figure 1: Product analysis by ionizing radiation in cellular DNA
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The formation of base release, strand breaks and base modifications by LEE (0-10
eV) has been described in detail with nucleosides, ODNs and plasmid DNA under UHV at
room temperature. Here, we identified a series of sugar modifications that arise from
specific reactions involving LEE, and that can contribute to non-ligable strand breaks by
ionizing radiation in cellular DNA. According to Park Y et al., using a oligonucleotide
trimer (TpTpT) as a model target, the major base modification by LEE was 5,6dihydrothymine (Park Y et al., 2013), which was 1.7 fold higher than methyl oxidation
products under UHV conditions. Our results also indicate that 2',3'-dideoxyribose is a
minor product in isolated and cellular DNA. Based on these findings, we assume that LEE
is also a minor contributor to DNA damage by ionizing radiation in cellular DNA. We
estimate that this pathway of damage is lower than <2% including –5,6-dihydrothymine.
However, the true amount of damage by LEE will be much higher if we consider that the
formation of 2’,3’-dideoxyribose containing nucleosides represents a smaller percentage of
total products by LEE driven pathways of damage in DNA. Overall, based on our product
analysis in cellular DNA, the indirect effect appears to be the major contributor (estimated
to be 64% of the total). The rate of formation of these products in cellular DNA was linear
as a function of dose with a linear regression fitting of 0.99.
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Figure 2: Rate of formation of 5,6 addition products, methyl oxidation products, 8oxoG and
2', 3'-dideoxy products as a function of dose (in Gy) from cellular DNA.
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7. CONCLUSIONS
In this thesis, we developed the analysis of several oxidation products of thymine
(4), cytosine (5), 5-methylcytosine (5), guanine (1), crosslink (GT crosslink) and sugar (4)
modifications in purified and cellular DNA using high sensitive mass spectrometry
methodology.

We

analyzed

the

radiation

induced

formation

of

2’,3’-

dideoxyribonucleosides in isolated and cellular DNA, which are potential biomarkers of
low energy electrons. In the later study, we investigated differences in the yield of products
under wet (indirect effect) and dry (direct effect) conditions with purified DNA and cellular
DNA. Based on our analysis these products are likely formed by the reaction of LEEs with
DNA emanating from C-O bond cleavage.
Based on our approach and results, we conclude that the major pathway of DNA
damage by hydroxyl radical attack (indirect effect) involves the formation of methyl
oxidation products of thymine and 5-methylcytosine. These measurements in DNA clearly
indicate that radiation at physiologically relevant doses cannot alter the methylation of
cytosine and therefore does not bestow any epigenetic effect itself on gene expression. Our
results strongly suggest that 5-methylcytosine is more susceptible by ~2 fold to hydroxyl
radical reactions, in which cytosine is replaced with 5-methylcytosine in identical sequence.
This suggest that oxidation contributes but does not explain entirely the high mutation rate
at methylated CpG sites (C - T transition) observed in cellular DNA. Furthermore, cellular
DNA provides a greater protection against damage caused by ionizing radiation by about
300-1400 fold depending on the type of damage. In addition, using our approach and
methodology we have identified nucleophilic addition products between thymine bases to
guanine radicals that can form crosslinks (G*-T*) in cultured cells exposed to high
intensity laser UV-light.
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