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Abstract
Of the four native nucleosides, 2′-deoxyguanosine (dGuo) is most easily oxidized. Two lesions
derived from dGuo are 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodGuo) and 2,6-diamino-4-
hydroxy-5-formamidopyrimidine (Fapy)·dGuo. Furthermore, while steady-state levels of 8-
oxodGuo can be detected in genomic DNA, it is also known that 8-oxodGuo is more easily
oxidized than dGuo. Thus, 8-oxodGuo is susceptible to further oxidation to form several
hyperoxidized dGuo products. This review addresses the structural impact, the mutagenic and
genotoxic potential, and biological implications of oxidatively damaged DNA, in particular 8-
oxodGuo, Fapy·dGuo, and the hyperoxidized dGuo products.
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Introduction
Cellular DNA is subjected to a multitude of damaging agents. In particular, oxidation of
DNA can occur following exposure to a wide variety of endogenous and exogenous species.
Endogenous oxidizing agents are produced during normal cellular processes such as
respiration and as part of an inflammatory response [1, 2]. These oxidizing agents include
reactive oxygen species (ROS) such as superoxide (O2

•–), hydrogen peroxide (H2O2, singlet
oxygen (1O2), hydroxyl radical (•OH), and peroxynitrite (ONOO–). Under physiological
conditions, ONOO– reacts with CO2 to form nitrosoperoxycarbonate (ONOOCO2

–) which
homolyzes to form •NO2 and CO3

•–, and the latter oxidizes the guanine (Gua) nucleobase
[3]. 1O2 is also able to oxidize Gua whereas •OH reacts with all four nucleobases and also
the 2′-deoxyribose sugar ring [4]. O2

•– and H2O2 do not react with DNA directly [4].
However, O2

•– can react with the neutral Gua radical that arises from one electron oxidation
and deprotonation of G [5]. Furthermore, in the presence of Fe2+ or Cu2+, H2O2 can be
converted to •OH via the Fenton reaction. Exogenous sources of DNA damaging agents
include ionizing radiation [6-9], ultraviolet light [10], and chemotherapeutics such as
bleomycin [6].
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Types of oxidatively damaged DNA
Both the sugar-phosphate backbone and the nucleobases of DNA represent targets for
oxidizing agents. This review will focus on chemistry occurring at nucleobases, in particular
at Gua, and will examine the influences of the oxidatively damaged nucleobases at the
molecular, genetic, and cellular levels. As a note on nomenclature, we will follow recent
recommendations [11] in which the guanine nucleobase is referred to as Gua, the 2′-
deoxnucleoside as dGuo, and the guanine nucleobase in DNA is referred to with the single
letter G. We will use the same system when referring to oxidatively damaged nucleobases,
oxidatively damaged 2′-deoxnucleosides, and oxidatively damaged nucleobases in DNA.

Of the four 2′-deoxynucleosides, dGuo has the lowest reduction potential (E0 = 1.3, 1.4, 1.6,
and 1.7 V versus NHE for dGuo, dAdo, dCyt, and dThy, respectively) and is most
susceptible to oxidation [12]. It has been shown that solution-borne ROS show nonspecific
reaction at all guanines in a sequence [13]. In contrast, selective oxidation of the 5′-G of 5′-
GG-3′ guanine doublets or 5′-GGG-3′ guanine triplets is observed in DNA-mediated
charge transfer chemistry, in which the pi orbitals of the DNA nucleobases mediate charge
transfer between a donor and an acceptor [14]. Ab initio molecular orbital calculations
predict that in a guanine doublet or triplet, the bulk of the HOMO lies on the 5′-G, which
has a lower reduction potential than a single G [15, 16].

8-oxo-7,8-dihydroguanine (8-oxoG)
A prototypic oxidized form of G found in DNA is 8-oxoG (Figure 1A). This lesion serves as
a biomarker of oxidative stress since it is formed by reaction of G with a variety of oxidants
including, but not limited to, •OH, 1O2, and CO3

•– [17]. Older methods for determining the
amount of 8-oxoG in DNA generated artifacts during sample work up, but newer
methodology makes it possible to use this biomarker for tissue and urine analysis [18, 19].
Due to the concerted efforts of laboratories involved in the European Standard Committee
on Oxidative DNA Damage (ESCODD), recommended protocols for the extraction of DNA
from cells and tissues now exist, along with methodologies for the digestion of the DNA,
and analysis of the digestion products [20-24]. Using these protocols, which include the
addition of antioxidants, metal chelators, and/or free radical trapping agents during sample
preparation, it is now estimated that 8-oxoG is present at steady-state levels of 0.3-4.2 per
106 G and those levels are elevated under conditions of oxidative stress [24]. For more
details regarding the quantitation of 8-oxoG in genomic DNA the reader is referred to
another review in this special issue on oxidatively damaged DNA [25].

2,6-diamino-4-hydroxy-5-formamidopyrimidine (Fapy)·G
Fapy·G (Figure 1B) is believed to form from the C-8 hydroxyl radical adduct of G [26].
Notably, the hydroxyl radical adduct can be converted to 8-oxoG or Fapy·G, depending on
reaction conditions. Formation of 8-oxoG occurs via an oxidative pathway whereas Fapy·G
is generated by a reductive pathway (Figure 2). When chromatin is exposed to γ-radiolysis
in the presence of oxygen, 8-oxoG is formed preferentially whereas under anoxic conditions
Fapy·G is the major product [27]. 8-oxoG and Fapy·G are formed in comparable amounts
when DNA is irradiated with ultraviolet light [28]. Fapy·G is found in ~3-fold higher
amount than 8-oxoG in human leukemia cells exposed to ionizing radiation [9]. While a
greater number of studies have focused on 8-oxoG, the development of methods to
chemically synthesize oligonucleotides containing Fapy·G [29-33] has significantly
facilitated research on this DNA lesion and the results obtained suggest that Fapy·G may
also serve as a biomarker of oxidative stress.
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Hyperoxidized guanine products
8-oxodGuo has a reduction potential that is significantly lower than dGuo, 0.7 V versus
NHE [34, 35]. Thus, 8-oxodG is susceptible to further oxidation and this secondary
oxidation event gives rise to the hyperoxidized dG products [2, 36]. Indeed, the oxidation of
8-oxoG yields intermediates that decompose to form several hyperoxidized products as
shown in Figure 3. The first step is a one-electron oxidation to form the 8-oxoG radical
cation. Subsequent addition of water and deprotonation, and a second one-electron oxidation
and deprotonation results in the formation of 5-HO-8-oxoG. At pH > 7, diastereomers of the
hyperoxidized product spiroiminodihydantoin (Sp) are formed from 5-HO-8-oxoG by a 1,2
shift [37]. At pH < 7, hydrolysis and decarboxylation of 5-HO-8-oxoG occur to form the
diastereomers of the hyperoxidized product guanidinohydantoin (Gh) [37, 38]. The pH-
dependence of the formation of Sp and Gh has also been examined using computational
methods [39]. Furthermore, once formed, Sp can be converted to Gh in acidic conditions
[40]. Addition of H2O to 5-HO-8-oxoG can lead to formation of 4-hydroxy-2,5-dioxo-
imidazolidine-4-carboxylic acid (HICA) [41]. Notably, O2

•– can add to the neutral 8-oxoG
radical to form 5-HOO-8-oxoG, which at pH > 7 is converted to imidazolone (Iz) and its
hydrolysis product oxazolone (Oz) [42]. Alternatively, at pH ≤ 7, 5-HOO-8-oxoG is
decarboxylated to form dehydroguanidinohydantoin (DGh) [43]. DGh can undergo
hydrolysis to generate parabanic acid (Pa), and addition of H2O yields oxaluric acid (Oa).
Finally, in the presence of physiologically relevant concentrations of Mg2+ and bicarbonate,
Oa undergoes facile hydrolysis to urea (Ur) [44].

Interestingly, the formation of hyperoxidized G products is dependent on the dose rate of
oxidant delivered to the system. For example, at a low dose rate of ONOO–, Sp, Gh, and
HICA are formed, while at a high dost rate Ca, Iz, and Oa are generated [37]. These two
classes of 8-oxoG-derived products, seen with high and low dose rates of ONOO–, can be
rationalized mechanistically [2]. At high dose rates, ONOO– itself acts as a nucleophile after
the initial oxidation of 8-oxoG whereas at lower dose rates water can also compete and act
as a nucleophile.

Of the hyperoxidized G products, Sp and Gh have garnered particular attention in the
literature because synthetic methods to generate these hyperoxidized G products in
olignonucleotides have been developed [45]. Furthermore, while Sp, Gh, Iz, Oz, DGh, Pa,
Oa, Ur and HICA have been identified in vitro using nucleoside and/or oligonucleotide
model systems, Sp has been detected in vivo. Using LC-MS, Hailer and co-workers
observed that Sp was generated in E. coli treated with K2CrO4 [46].

Structural and thermodynamic properties of oxidatively damaged DNA
Structural impact of 8-oxoG in DNA oligonucleotides

Studies of the structural impact of 8-oxoG were greatly facilitated by the development of
synthetic methods for oligonucleotides containing the lesion [47]. Several structural studies
of duplexes containing 8-oxoG have examined the effect of the lesion on both the local and
global duplex organization. Circular dichroism (CD) spectropolarimetry was used to
examine the impact on global DNA structure of 8-oxoG [48]. In these experiments, the 8-
oxoG was base paired to C, G, A, or T within a 13-mer duplex. Regardless of the nucleobase
to which it was paired, 8-oxoG was judged not to change the global structure of the DNA;
all four 8-oxoG-containing duplexes exhibited spectral shapes characteristic of B-form
DNA.

While CD can be informative regarding changes to DNA structure at the global level,
methods such as NMR and X-ray crystallography can provide details regarding structural
changes that occur not only globally, but also locally. It is of note that many experimental
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systems for NMR and crystallography use self-complementary oligonucleotides in order to
facilitate data analysis. In such cases the final duplex product contains two 8-oxoG:X base
pairs where X can be C, G, A, or T.

Consistent with the results obtained by CD, using a self-complementary 12-mer, NMR
studies showed little change in the global duplex structure for an 8-oxoG:C base pair relative
to the corresponding unmodified duplex with a G:C base pair [49]. The base stacking, base
pairing, and helical twist are not perturbed. However, small perturbations in the local
structure surrounding the lesion were revealed by comparison of the imino proton chemical
shifts for the modified and unmodified duplexes. Imino proton resonances also indicate that
8-oxoG is in the keto form and, furthermore, a lack of nuclear Overhauser effect (NOE)
connectivity to other protons revealed that the N7H of 8-oxoG is not involved in base
pairing [49]. Indeed, NOE connectivity indicates that 8-oxoG is paired to C in a canonical
Watson-Crick base pair with both bases in the anti conformation (Figure 4A).
Furthermore, 31P-NMR spectroscopy revealed that the phosphorus resonances from the
sugar-phosphate backbone of the 8-oxoG-containing duplex were comparable to those of
undamaged DNA [49]. An X-ray structure of a self-complementary 10-mer confirmed that
both nucleosides in an 8-oxoG:C base pair are in the anti conformation [50]. While
confirming the global structure is not altered relative to a duplex containing a G:C base pair,
the crystal structure did reveal minor perturbations, namely that the plane of the base pair is
slightly offset compared to the unmodified duplex.

More recent NMR studies have again confirmed the lack of change to the global structure
for a duplex containing an 8-oxoG:C base pair, but by monitoring line broadening of the
exchangeable protons as a function of temperature, showed that the 8-oxoG:C base pair has
increased ability to exchange with solvent, and thus opens to solution more readily than its
unmodified counterpart [51]. Additionally, the base pair located 5′ to 8-oxoG also showed
increased exchange. However, this technique represents an underestimation of the rate of
base pair opening, as it does not account for the fact that a base pair may open several times
without exchanging a proton with the solvent. In different work, when a glycine catalyst was
added to increase the rate of imino proton exchange with solvent, the apparent equilibrium
constant for base pair opening of the 8-oxoG:C pair was the same as a G:C base pair [52].
Thus, the overall time that an 8-oxoG:C base pair spends open to solution is the same as a
G:C base pair. However, it should be noted that these experiments do not separately account
for the rate of base pair opening and closing. Since the apparent equilibrium constant is
equal to the ratio of the opening and closing rates, it is possible that the rate of 8-oxoG:C
base pair opening and the rate of closing are both faster compared to G:C, or that both rates
are slower relative to G:C. Both of these scenarios could have implications for detection of
8-oxodG within the genome by DNA repair proteins.

In addition to the 8-oxoG:C base pair, NMR and X-ray crystallography have been used to
investigate the effect on duplex structure of an 8-oxoG:A base pair. DNA polymerase is
known to perform translesion synthesis past 8-oxoG and insert C or A [53]. Thus, the 8-
oxoG:A base pair is the result of a misincorporation event by polymerase. The first
structural investigation employed NMR to elucidate the impact of the 8-oxoG:A base pair in
a non self-complementary 12-mer duplex [54]. Based on NOE connectivities, it was
determined that 8-oxoG rotates about its glycosidic linkage and adopts the syn
conformation, which allows for Hoogsteen base pairing with A; in this base pair the A
remains in the anti conformation (Figure 4B). Surprisingly, this non-canonical base pairing
had little effect on the global structure of the duplex. Further investigation of the 8-oxoG:A
base pair by X-ray crystallography using a self-complementary 12-mer confirmed the
minimal structural distortion imposed by the 8-oxoG:A base pair, indicating that much like
the 8-oxoG:C base pair, the overall B-form duplex is maintained [55].
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8-oxoG alters both the thermal and thermodynamic stability of DNA duplexes
The melting temperature (Tm) of a duplex provides a measure of the thermal stability of the
DNA. Two techniques that are commonly used to obtain the Tm of a duplex are optical
spectroscopy and differential scanning calorimetry (DSC). In optical spectroscopy the
absorbance of the DNA is measured as a function of temperature. In DSC, changes in heat
capacity are measured as a function of temperature. Regardless of the technique used to
determine thermal stability, the presence of an 8-oxoG:C base pair decreases the Tm relative
to a control duplex which contains an unmodified G:C base pair; these results indicate that
an 8-oxoG:C base pair is thermally destabilizing to a duplex [48, 49, 51, 55-57]. As seen in
Table I, the sequence context of 8-oxoG, size of the duplex, and location of the damaged
nucleobase within the duplex can all affect the magnitude of the thermal destabilization.
Nevertheless, while the extent to which an 8-oxoG:C base pair is thermally destabilizing can
range from small to quite large, in all cases the presence of an 8-oxoG:C base pair in a
duplex causes a decrease in the Tm. Indeed, this thermal destabilization caused by 8-oxoG
was recently exploited in nanopore ion channel recordings in order to detect the oxidatively
damaged nucleobase in DNA [58].

Interestingly, when 8-oxoG is base paired with A, the Tm is higher relative to the
unmodified parent duplex containing a G:A base pair [48, 55]. This increase in thermal
stability is likely due to the presence of hydrogen bonding and favorable base stacking in the
8-oxoG:A base pair, compared to the G:A base pair. However, when the Tm of duplexes
containing an 8-oxoG:A base pair is compared to that of duplexes containing a canonical
G:C base pair, the effect of 8-oxoG on thermal stability becomes apparent; the Tm of the
modified duplex is lower than the unmodified parent duplex [48, 55].

These data illustrate the importance of not relying on melting temperature data to deduce the
structural impact of a DNA lesion. Indeed, while 8-oxoG:C and 8-oxoG:A base pairs do
decrease thermal stability relative to G:C, albeit modest in some cases, neither base pair
causes a change in the global DNA structure.

While it is common practice in the literature to interpret Tm data in terms of free energy
changes, thermal melting temperature is not a thermodynamic parameter. To determine the
thermodynamic impact of a DNA lesion, the enthalpy of the melting transition must be
obtained. The enthalpy can be extracted from data obtained by optical spectroscopy using
van't Hoff analysis or obtained directly from heat capacity measurements [59]. Using a
variety of duplexes of differing lengths, and in which the 8-oxoG is in different sequence
contexts and in different positions in the duplex, it has been demonstrated that an 8-oxoG:C
base pair is thermodynamically destabilizing (Table I) [48, 51, 56, 57]. Interestingly, while
an 8-oxoG:C base pair provides an enthalpic destabilization, it also provides an entropic
stabilization. This phenomenon, called ‘enthalpy-entropy compensation’, is often observed
for melting transitions of duplexes containing a DNA lesion. As a result of this
compensation, favorable entropic effects offset some of the free energy penalty for the
enthalpic destabilization. Nevertheless, duplexes containing an 8-oxoG:C pair are
thermodynamically destabilized relative to the unmodified duplex; this is reflected in Table
1 by the more positive values for ΔG of the damage-containing duplexes.

Similar to the results obtained in studies of thermal stability, duplexes containing an 8-
oxoG:A base pair are thermodynamically more stable than the corresponding duplex
containing a G:A base pair [48, 56]. This result is reflected in the values for ΔG that are
more negative than duplexes containing a G:A base pair. However, the 8-oxoG:A base pair
is thermodynamically less stable than the duplex with a canonical G:C base pair.
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Structural, thermal, and thermodynamic impact of Fapy·G in DNA oligonucleotides
The ability to incorporate Fapy·G into oligonucleotides enabled studies of the lesion within
the context of DNA [29-33]. An important consideration with respect to Fapy·G is the
availability of a lone pair on the glycosidic nitrogen. This lone pair facilitates epimerization
at the formamidopyrimidine anomeric center with the α and β anomers shown in Figure 5.
In order to probe the distribution of anomers in duplex DNA, the selective cleavage of α-
nucleotides by endonuclease IV (endo IV) was exploited [60]. Endo IV incised less than 5%
of Fapy·G DNA, suggesting that the lesion exists predominately as the β-anomer in DNA.

Recently developed synthetic and separation strategies have allowed for the preparation of
oligonucleotides containing individual Fapy·G anomers [33]. Duplexes containing the
individual anomers exhibited distinct thermal and thermodynamic properties. The α-Fapy·G:
C base pair was considerably more thermally destabilizing to the duplex, causing a ~15
degree decrease in the Tm relative to the corresponding duplex containing a G:C base pair;
the β-Fapy·G:C base pair decreased the Tm by 6 degrees [33]. Using van't Hoff analysis the
ΔΔG for the α-Fapy·G:C and β-Fapy·G:C base pairs was –5.3 and –1.5 kcal/mol,
respectively, as compared to the G:C containing duplex. In previous work a destabilization
of –3.3 kcal/mol was observed for the Fapy·G:C base pair in DNA [61], which was likely >
95% β-anomer based on incision by endo IV[60]. The differences observed for
destabilization of duplexes by the β-Fapy·G:C base pair may be due to sequence context of
the base pair and/or length of the duplex.

As observed for 8-oxoG, the Tm of Fapy·G base paired with A is higher relative to the
unmodified parent duplex containing a G:A base pair [61]. A similar result was observed
when Fapy·G was paired with G. These results suggest that the Fapy·G lesion is more
tolerant of mispairing than G. However, when the Tm of duplexes containing a Fapy·G:A or
Fapy·G:G base pair is compared to that of duplexes containing a canonical G:C base pair,
the effect of Fapy·G on thermal stability is apparent; the Tm of the modified duplex is lower
than the unmodified parent duplex.

Structural, thermal, and thermodynamic impact of hyperoxidized guanine products
Hyperoxidized guanine products are structurally diverse with many being ring-opened,
bulky, and/or non-planar structures. As a result, one might predict that these oxidatively
damaged nucleobases would significantly perturb the structure and stability of a duplex.
While many of the hyperoxidized guanine products remain uncharacterized with respect to
their impact on a duplex, there are several reports which address the impact of Sp. While
there are some differences in the CD spectra for a duplex containing the Sp lesion as
compared to 8-oxoG or G, the spectral shapes for all three duplexes are consistent with B-
form DNA [57]. Using computational methods, the two diastereomers of Sp were shown to
favor positioning in the major groove, with both anti and syn conformations possible
depending on the base pairing partner [62]. Both diastereomers adversely impacted base pair
stacking and hydrogen bonding and resulted in a widening of the grooves. Studies using
NMR revealed that strand slippage can occur in DNA primer/template models and that Sp is
in a single base bulge instead of forming a base pair [63]. Similar primer slippage has also
been proposed to occur during primer extension of templates containing hyperoxidized G
lesions [56].

Melting temperature data reveals that Sp, Gh, and Ca dramatically decrease the thermal
stability of duplexes and primer/template pairs containing these lesions and can lower the
Tm of a duplex by up to 20 degrees [56, 57, 64]. The presence of Sp or Gh also
thermodynamically destabilizes a duplex regardless of the base pairing partner and sequence
context, with Sp being more severe [56, 57].
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Mutational and genotoxic properties of oxidatively damaged DNA
Two important parameters relating to the genetic effects of oxidatively damaged DNA are
the mutagenic and genotoxic potentials of the lesion. If a lesion is a block to replication by
DNA polymerases, with both partial and complete blockage of a polymerase possible, the
lesion is referred to as toxic. If replication occurs but the incorrect base is incorporated by
polymerase opposite the lesion, the lesion is considered mutagenic. Since 8-oxoG and the
hyperoxidized G lesions are derived from G, the ‘correct’ incorporation is C; if A, G, or T
are incorporated, the lesion would code for a mutation.

Origin of the mutational properties of 8-oxoG
When in the anti conformation, 8-oxoG is replicated by DNA polymerases as if it was G,
and C is paired with the lesion. This replication event would be non-mutagenic. However,
when in the anti conformation there is electronic repulsion between the C8 carbonyl oxygen
of 8-oxoG and the oxygen of the 2′-deoxyribose ring (Figure 4A). Rotation about the
glycosidic bond to adopt the syn conformation can relieve this repulsion. When in the syn
conformation the Hoogsteen face of 8-oxoG is available for base pairing and DNA
polymerases incorporate A opposite the oxidized nucleobase (Figure 4B). Following a
subsequent round of replication this misincorporation event results in a G → T transversion,
which is the characteristic mutation caused by 8-oxoG.

Mutational and genotoxic properties of 8-oxoG in vitro
The incorporation of dNTPs opposite 8-oxoG by several classical DNA polymerases has
been examined [65, 66]. Steady-state kinetic data for the E. coli Klenow fragment of
polymerase I exo– (KF–), polymerase II exo– (Pol II–), and bacteriophage T7 exo– (T7–) are
provided in Table II. Insertion efficiencies, which provide a measure of the specificity for
competing substrates, apparent misinsertion frequencies (f), and the corresponding percent
of misinsertion are shown. KF–, Pol II–, and T7– all show a preference for incorporating
dCTP over dATP opposite 8-oxoG. Misinsertion frequencies range from 0.3-1 which
correspond to 23-50% misinsertion of dATP opposite 8-oxoG. Furthermore, the
proofreading ability of Pol I and KF did not recognize 8-oxoG:A or 8-oxoG:C base pairs as
substrates [53]. Interestingly, with HIV-1 reverse transcriptase (RT) the preference for
incorporation is reversed and dATP incorporation is favored with a misinsertion frequency
of 14; this misinsertion frequency corresponds to 93% misinsertion of dATP opposite 8-
oxoG [66].

In vitro experiments using eukaryotic DNA polymerases have shown that dNTP
incorporation opposite of 8-oxoG is polymerase dependent. The ratio of incorporation of
dCTP to dATP opposite 8-oxoG was 1:200 and 1:5 for the replicative DNA polymerases α
(human) and δ (calf thymus), respectively [53]. Indeed, these replicative polymerases
preferentially incorporate dATP opposite of 8-oxoG. However, a preference for dCTP
incorporation was observed for the yeast replicative polymerase δ [67]. The human repair
polymerase β (pol β) has a ratio of incorporation of 4:1 and preferentially pairs dC with 8-
oxoG [53]. Evolutionarily it would be advantageous for repair polymerases to be less
promiscuous when incorporating nucleotides. Additionally, the translesion polymerases η
and Dpo4 also preferentially incorporate dCTP [67, 68].

In vitro models have shown that 8-oxoG, while potentially mutagenic, does not represent a
block to most polymerases and the lesion itself lacks significant toxicity. However,
extension past an 8-oxoG:X base pair, where X = A or C, is polymerase dependent. KF–,
KF+, and E. coli Pol II– efficiently extended an 8-oxoG:A base pair, but extension of an 8-
oxoG:C base pair was greatly impaired [53, 65]. In contrast, pol η efficiently extended an 8-
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oxoG:C base pair, but not an 8-oxoG:A base pair [67]. T7– and HIV-1 RT extended both
base pairs, although faster rates were observed for 8-oxoG:A [66]. In the cases where the 8-
oxoG:A base pair does not block further replication, the polymerase will continue to
replicate the DNA, leading to a G → T mutation if the mismatch is not repaired.

Mutational and genotoxic properties of 8-oxoG in vivo
Studies performed in vitro demonstrated that 8-oxoG has the ability to miscode and cause
mutations. However, 8-oxoG is only mildly mutagenic when replicated in vivo owing to the
presence of an extensive repair system that has evolved to counter its genetic effects [69]. In
mammalian cells, the glycosylase/AP lyase OGG1 (MutM in E. coli) excises 8-oxoG from
duplex DNA when it is paired with C. A second glycosylase, MYH (MutY in E. coli),
removes A from an 8-oxoG:A mispair. By removing the A from this mispair, the cell is
given a second attempt to incorporate the correct base C opposite 8-oxoG. Finally, MTH1
(MutT in E. coli), is a phosphatase that converts 8-oxodGTP to 8-oxodGMP; this action
removes 8-oxodGTP from the nucleotide pool and prevents incorporation of 8-oxodGTP
during replication. The repair of oxidatively damaged DNA is reviewed elsewhere in this
special issue and the reader is directed there for a more detailed discussion [70].

Determining the genetic properties of 8-oxoG in vivo was greatly facilitated by the
development of methods to incorporate the lesion into a vector that could be replicated in
bacterial and/or mammalian cells. In the first studies to address the impact of 8-oxoG in
vivo, the number of transformants or antibiotic resistant colonies recovered relative to an
unmodified vector was used to assess toxicity of the lesion. A lacZ reporter assay or
nucleotide sequencing analysis in the region corresponding to the lesion site described the
mutagenicity of the lesion. When replicated in wild-type E. coli, vectors containing 8-oxoG
displayed mutation frequencies of less than 2% [71-74]. In simian kidney (COS-7) cells the
mutation frequencies were less than 5% [73]. In both systems the primary mutation observed
at the site of replication was G → T transversions. Furthermore, in both bacterial and
mammalian cells 8-oxoG was not toxic and was replicated as readily as an unmodified
vector.

Recently developed techniques have allowed for a more high-throughput analysis of the
mutagenicity and toxicity of a particular DNA lesion when replicated in E.coli. The
competitive replication of adduct bypass (CRAB) assay and restriction endonuclease and
postlabeling (REAP) analysis of mutation frequency and specificity, described in more
detail in [75], have been used to study the genetic effects of not only 8-oxoG, but also
Fapy·G and several hyperoxidized G lesions. Similar to the results obtained in earlier work,
8-oxoG was found to be readily replicated in E.coli and to be weakly mutagenic. The results
obtained with Fapy·G and the hyperoxidized G lesions are summarized in subsequent
sections of this review.

Incorporation of 8-oxodGTP from the nucleotide pool
In addition to considering the consequences of 8-oxoG when the lesion forms in DNA, one
must also consider the consequences of oxidation of dGTP to 8-oxodGTP in the nucleotide
pool. Namely, is 8-oxodGTP recognized as a substrate by polymerases, resulting in the
incorporation of 8-oxoG into the nascent strand? Indeed, 8-oxodGTP is incorporated
opposite A and C by the α subunit of E. coli DNA polymerase III [76]. Furthermore, the
relative efficiency of the potentially mutagenic event where 8-oxodGTP is incorporated
opposite A is nearly the same as pairing with C.

Subsequent work examined the incorporation of 8-oxodGTP into DNA by several other
polymerases and is reviewed in [77]. Shown in Table III are steady-state kinetic parameters
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describing the insertion efficiencies, misinsertion frequencies, and percent misinsertion of 8-
oxodGTP by Pol II–, KF–, HIV-1 RT, and T7– [78]. For all the polymerases examined, the
insertion of dGTP opposite C is more efficient than insertion of 8-oxodGTP. However, the
preference of 8-oxodGTP insertion opposite A or C varies between the polymerases with
T7– showing the highest preference for incorporating 8-oxodGTP opposite A with 97%
misinsertion.

In addition to steady-state experiments, single-turnover methods have been used to study
nucleotide incorporation reactions, and are reviewed in [79]. In a steady-state experiment,
the steady-state rate kcat is dominated by the slowest step in the reaction cycle. For DNA
polymerases this is often the dissociation of the polymerase-DNA product. Thus, kcat does
not represent the chemistry step describing the addition of a dNTP to the nascent strand. By
performing experiments under single-turnover conditions in which [polymerase]>>[DNA],
the observed rate reports the rate of the slowest step up to and including the chemistry step
in which the dNTP is covalently attached to the nascent strand [79]. Using single-turnover
methods and the mitochondrial DNA polymerase γ, 8-oxodGTP was a 12.5-times better
substrate when incorporated opposite A than opposite C [80]. Release of the pyrophosphate
product was slow in the case of incorporation opposite C and allowed for reversal of the
chemistry step. The reversibility of the chemistry step was proposed to result in 8-oxodGTP
being a poorer substrate when incorporated opposite C. However, once formed the 8-
oxoG:C base pair was extended 96% of the time whereas 8-oxoG:A was extended only 70%
of the time.

The consequences of the incorporation of 8-oxodGTP from the nucleotide pool are
highlighted by the mutation rates observed in strains of E. coli. Strains lacking MutM or
MutY, the repair enzymes that counter 8-oxoG when base paired in genomic DNA, have
~10-fold higher rate of mutation than wild type E. coli [81, 82]. However, strains lacking
MutT, which removes 8-oxodGTP from the nucleotide pool, have a 100-10,000-fold higher
mutation rate than wild type strains [83]. It is noteworthy that the extent to which 8-
oxodGTP contributes to this higher mutation rate has been questioned [84]. A detailed
discussion of the prevention of misincorporation of oxidatively damaged DNA from the
nucleotide pool is provided elsewhere in this issue [85].

Mutational and genotoxic properties of Fapy·G in vitro and in vivo
The incorporation of dNTPs opposite Fapy·G has been examined in vitro and, similar to 8-
oxoG, dCTP and dATP are incorporated opposite the lesion. Incorporation of dATP can be
rationalized when the lesion is in the syn conformation (Figure 6). Two rotamers of the
formamide group allow Fapy·G (syn) to present thymidine-like hydrogen bonding groups
and pair with A. Steady-state kinetic data for KF– and E. coli Klenow fragment of
polymerase I with active proofreading activity (KF+) are provided in Table IV [86].
Insertion efficiencies, which provide a measure of the specificity for competing substrates,
and apparent misinsertion frequencies (f) are shown. Both KF– and KF+ show a preference
for incorporating dCTP over dATP opposite Fapy·G. While this preference is maintained in
different sequence contexts, variations in insertion efficiency were observed depending on
the 3′-flanking nucleotide [61, 86]. Comparing the insertion efficiency for dCTP and dATP
incorporation opposite G reveals that the fidelity of KF+ is ~7-times greater than KF– [86].
However, the misinsertion frequency for dATP insertion opposite Fapy·G is ~3.5-fold
higher with KF+ than with KF–. Indeed, Fapy·G has a misinsertion frequency that is 500-
times higher than G, even when the polymerase has proofreading ability.

With respect to extension past a Fapy·G-containing base pair, experiments using KF–

showed that extension past a Fapy·G:A or Fapy·G:C base pair is ~100-fold slower than a
G:C base pair [61]. For KF+, extension past a Fapy·G:C base pair is 3-times more efficient
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than excision by the proofreading activity; however, extension past a Fapy·G:A base pair
was not observed, indicating that proofreading is more efficient than extension.

The nucleotide pool may also serve as a source of Fapy·G lesions in DNA. Indeed,
Fapy·dGTP is incorporated opposite C and A by KF+, although much less efficiently than
dGTP is incorporated [87]. Steady-state kinetic parameters reveal that Fapy·dGTP is
incorporated opposite C ~1000-times less efficiently than dGTP, and opposite A ~40,000-
times less efficiently than dTTP. Notably, Fapy·dGTP is a poor substrate for MutT which
enhances the kinetic viability of incorporation [87].

The mutagenicity and genotoxicity of Fapy·G in vivo have also been examined. Replication
of a single-stranded vector containing Fapy·G in COS-7 cells results in 8-30% G → T
mutations, depending on the sequence context of the lesion [88]. Notably, in these
experiments Fapy·G was slightly more mutagenic than 8-oxoG, which also exhibited a
similar sequence context effect. However, the mutation frequency of Fapy·G in E. coli, as
determined by the REAP assay (vida supra) is significantly lower than in COS-7 cells, with
less than 2% G → T mutations observed [86]. The reason for this differential mutagenicity
in E. coli and COS-7 cells is unknown. In E. coli Fapy·G was also replicated less efficiently
than 8-oxoG [86].

Mutational and genotoxic properties of hyperoxidized products when replicated in vitro
In general, the hyperoxidized G lesions serve as sources of both mutations and toxicity when
replicated in vitro. In many cases the severity of the toxicity, and the extent to which the
lesions serve as a block to replication, is polymerase-dependent.

The products generated by oxidation of an 8-oxoG-containing oligonucleotide with the
oxidant [IrCl6]2– were shown to be both mutagenic and a partial block to replication by KF–,
calf thymus DNA polymerase α (pol α), and human pol β [89, 90]. Incorporation of dATP
and dGTP opposite the oxidized form(s) of 8-oxoG were observed. It is now known that the
lesions associated with this observed mutagenicity and toxicity were the diastereomers of Sp
and/or Gh.

When oligonucleotides containing authentic Sp (as a mixture of diastereomers) or Gh were
used in primer extension experiments with KF–, dATP and dGTP were incorporated
opposite the hyperoxidized guanine products instead of the correct base dCTP, suggesting
that the lesions would cause G → T and G → C mutations, respectively [56]. Although the
lesions were a significant block to replication by KF–, running start experiments showed
enhanced replication relative to a standing start replication. Furthermore, sequence context
affected replication efficiency as templates containing two guanines immediately 3′ to the
hyperoxidized lesion were replicated more readily than templates containing two adenines.
It was proposed that the additional stability provided to the duplex by the adjacent G:C base
pairs provides a better template for polymerase than the A:T base pairs [56]. In other work,
Gh was also a strong block to replication by calf thymus pol α, human pol β [56, 90, 91],
and exonuclease deficient RB69 polymerase [92] where a purine was incorporated opposite
Gh when replication did occur.

Steady-state kinetic experiments were used to determine insertion efficiencies for the
incorporation of dATP and dGTP opposite Sp and Gh [56]. Shown in Table V, when Sp is
present in the template as a mixture of diastereomers, dATP and dGTP are incorporated
opposite of Sp with similar efficiencies, while dGTP is incorporated opposite Gh ~10-times
more efficiently than dATP. When the two diastereomers of Sp were separated and studied
individually, the diastereomer that eluted first from an anion exchange HPLC column (Sp1)
had an insertion efficiency comparable to that observed for the mixture of diastereomers
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[56]. However, the insertion efficiency of the slower-eluting diastereomer (Sp2) was 3-fold
lower. These in vitro results establish that the R and S diastereomers of Sp may have
different coding properties.

A crystal structure of the RB69 DNA polymerase in complex with DNA containing a Gh
lesion provides insight into the source of toxicity and mutagenicity of the lesion [92]. In the
crystal, the R configuration of Gh was captured and the lesion was in the high syn
conformation. Additionally, in the crystal structure the Gh is extrahelical and is not
positioned to serve as a templating base; this positioning of the lesion suggests that it would
be toxic and would serve as a block to replication. However, when in the S configuration,
which was not observed in the crystal, it was proposed that Gh would be in a better position
to serve as a templating base and this configuration may allow for replication of the lesion.
Indeed, when Gh is in the high syn conformation the hydantoin group displays functional
groups similar to a pyrimidine and explains why purines are incorporated opposite Gh when
replication does occur.

In addition to the mutagenicity and toxicity of Sp and Gh, Iz is mutagenic as well as toxic,
causing G → C transversions with frequency of 4.2% compared to a non-mutagenic
replication event; notably, Pol I continued to extend only 27% of the Iz:G pair [93].
Additionally, dIzTP can be incorporated from the nucleotide pool and is paired exclusively
with G.

The lesion Oz, which is generated by the hydrolysis of Iz, is paired mainly with dATP when
replicated by KF– or Taq polymerase, suggesting that formation of Oz in DNA would lead
to G → T mutations [94]. Oz is also a block to replication by both polymerases with
inhibition of replication past Oz:A being more severe with Taq polymerase. Oz does not
serve as a substrate for the repair polymerase pol β and was a complete block to replication
with this polymerase.

In the case of Oa, different mutational properties are observed depending on the polymerase
[95]. Incorporation of dATP is observed with KF–, while both dGTP and dATP are
incorporated by Taq polymerase; these results suggest that Oa could be the source of G → T
and/or G → C mutations. While KF– could fully replicate the template in the presence of all
4 dNTPs, DNA synthesis by Taq was dramatically inhibited with only small amounts of the
fully extended primer observed. As observed for Oz, the Oa lesion was potently toxic to pol
β and no nucleotide incorporation was observed.

The lesion Ua is a block to replication by KF–, pol β, AMV reverse transcriptase, and
Sequenase with the polymerases stalling one nucleotide before the lesion, and at the lesion
site [96]. However, with prolonged incubation times the full length product was observed
indicating that these polymerases can replicate past Ua. When replication does occur, both
dATP and dGTP are inserted opposite Ua suggesting that this lesion is a source of G → T
and G → C mutations. Steady-state kinetic experiments with Ua in the template revealed an
order of magnitude difference in the insertion efficiency by KF–, favoring the incorporation
of dATP opposite Ua.

In contrast to most of the other hyperoxidized guanine products, Ca does not block
replication by KF; no termination of the primer was observed opposite Ca [64]. dATP was
predominately incorporated opposite Ca and, to a much lesser extent dGTP. These results
suggest that Ca would cause mostly G → T transversions, with small amounts of G → C
transversions.
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Mutational and genotoxic properties of hyperoxidized products when replicated in vivo
Primer extension experiments using purified polymerases have shown that most of the
hyperoxidized G lesions are partial, and in some cases severe, blocks to replication. When
replication does occur, all of the hyperoxidized lesions examined have the ability to miscode
and cause point mutations. These in vitro experiments provide a measure of the inherent
mutagenicity and toxicity of the hyperoxidized lesions when replicated by a given
polymerase. However, both prokaryotic and eukaryotic cells possess several polymerases
that can be recruited to participate in replication. Furthermore, there is the possibility that
DNA repair enzymes may remove the lesion prior to replication. Thus, replication of a
lesion-containing vector in vivo, in the presence of the full replication and repair capacity of
the cell, provides a measure of the mutagenicity and toxicity in a biological context.

Using the CRAB and REAP assays (vida supra) the toxicity, mutation type, and frequency
of mutation for several hyperoxidized dG lesions has been determined when replicated in E.
coli [75]. Both assays use an M13 single-stranded vector containing a single hyperoxidized
lesion in a well-defined location. The CRAB assay measures the bypass of a lesion relative
to a G-containing control vector. In this case, bypass of a lesion refers to replication past the
lesion and is an indication of toxicity. The REAP assay takes advantage of the fact that the
hyperoxidized lesion is positioned at a known site in the M13 vector. Therefore, following
replication of the vector to produce progeny, the site that originally contained the lesion can
be interrogated to reveal the type and frequency of mutations. Presence of a G at the site that
originally contained the hyperoxidized guanine lesion indicates the lesion is non-mutagenic.
In contrast, if this nucleobase is A, C, or T, the lesion codes for a mutation.

A summary of the bypass efficiencies, mutation type, and mutation frequencies for 8-oxoG,
the two diastereomers of Sp, Gh, Iz, Oz, Ca, Oa, and Ur when the lesions are replicated in
wild type E. coli is provided in Table VI [44, 97-102]. As described previously, 8-oxoG is
readily bypassed in both bacterial and mammalian cells and is weakly mutagenic causing
~5% G → T transversions [71-74]. The bypass efficiencies of the hyperoxidized lesions
range from 10-100%. Ur is the most significant block to replication with only 10% bypass
efficiency relative to dG [44]. In contrast, Oa could be replicated just as readily as the G
control [100, 102]. Notably, REAP and CRAB experiments for some hyperoxidized lesions
have been performed in two different sequence contexts: 5′-dTXG-3′ and 5′-dGXA-3′. In
these two sequence contexts most lesions are bypassed with comparable efficiencies,
however, significant sequence context effects are observed for Gh and Oa [97, 98, 100, 102].

In contrast to the weakly mutagenic 8-oxoG, the hyperoxidized G lesions are potently
mutagenic with mutation frequencies of 90-100% [44, 97-102]. The hyperoxidized lesions
induce predominately G → T and G → C transversions although the frequency of each
mutation is lesion dependent. As observed for bypass efficiency, the type of mutations
caused by some of the lesions, in particular Gh and Ur, is dependent on the sequence context
of the lesion [97, 98, 100, 102].

Using strains of E.coli deficient in a particular polymerase or DNA repair enzyme has
provided insight into the processing of the hyperoxidized lesions in vivo. With the exception
of Oa, which was readily bypassed, the bypass efficiencies of Sp, Gh, and Ur were
dramatically reduced in polymerase V (Pol V) deficient cells [102]. These results indicate a
critical role for Pol V in replicating these hyperoxidized dG lesions. When replicated in cells
lacking MutY, no change in the mutation type or frequency was observed for Sp, Gh, Oa, or
Ur [100]. These results are in contrast to those obtained with 8-oxoG, which is a known
substrate for MutY when mispaired with A, where an increase in mutation frequency from 3
to 44% G → T mutations was observed in cells lacking MutY. These results indicate that
MutY does not have glycosylase activity on Sp, Gh, Oa, or Ur. However, the Sp lesions are
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bypassed less efficiently in cells that possess MutY; thus, MutY may play a protective role
by limiting the survival of cells that contain these lesions [100]. It is noteworthy that while
MutY does not appear to have glycosylase activity on the hyperoxidized lesions studied, the
glycosylase Nei does play a role in reducing the level of Sp in E. coli exposed to [Cr2O7]2-

[46]. The level of Sp was 20-fold higher in E. coli lacking Nei than in wild-type cells.

The ability of hyperoxidized G lesions to be incorporated into the genome via the nucleotide
pool has also been examined. Interestingly, in contrast to the potent mutagenicity of Gh and
Sp when the lesions are replicated by polymerases in vitro and in vivo, when dGhTP and
dSpTP were introduced to the nucleotide pool of wild-type E. coli, no increase in mutation
frequency was observed [103]. Furthermore, MutT was not able to hydrolyze the
hyperoxidized triphosphates in vitro suggesting that the absence of mutagenicity of dGhTP
and dSpTP might be due to the inability of E. coli polymerases to incorporate the lesions in
vivo, or that the lesions are incorporated opposite G to form the ‘correct’ base pair [103].
Further studies are needed to understand the lack of mutagenicity of hyperoxidized lesions
when the lesions are part of the nucleotide pool.

To date the mutational and genotoxic properties of hyperoxidized products in mammalian
cells have not been examined and, with respect to carcinogenicity, it will be important to
determine if the potent mutagenicity and toxicity observed when the lesions are replicated in
E. coli are also observed in mammalian cells.

Biological implications of oxidatively damaged DNA
Similar to experiments which explored the biochemistry and mutagenicity of Fapy·G and the
hyperoxidized lesions, studies to address the biological implications of these oxidatively
damaged DNA lesions have lagged behind those for 8-oxoG and remain future work. For
this reason, this section highlights the biological implications of 8-oxoG. Selected topics are
described below, and the reader is directed to other reviews in this special issue that focus on
the contributions of oxidatively damaged DNA to cancer [104], aging [105], cardiovascular
health [106], neurological disease [107], and epigenetic regulation [108].

The role of 8-oxoG in Huntington's disease
In general, the repair of oxidatively damaged DNA nucleobases minimizes their
mutagenicity and/or toxicity and is beneficial to an organism [109]. Indeed, removal of 8-
oxoGua from an 8-oxoG:C base pair by OGG1 minimizes the G → T transversion
mutations caused by this DNA lesion. However, the repair of 8-oxoG by OGG1 within a
cytosine-adenine-guanine (CAG) trinucleotide repeat (TNR) sequence has been linked to
expansion of the repetitive sequence [110, 111]. This TNR expansion is the pathogenic
signature of several neurodegenerative disorders including Huntington's disease (HD). In
healthy individuals the number of CAG TNR repeats falls in the range of 5-35; in patients
afflicted by HD the TNR sequence is expanded and includes greater than 40 CAG repeats
[112].

Using an R6/1 mouse model of HD, the degree of TNR expansion correlated with the level
of 8-oxoG [110]. Furthermore, TNR expansion was abrogated in somatic cells of OGG1-/-

HD mice [110]. Thus 8-oxoG, and its repair by OGG1, is implicated in HD by facilitating
TNR expansion. This result is counterintuitive as repair of DNA damage is usually
advantageous, but in this case the OGG1 repair event is implicated in a disease-initiating
TNR expansion.

OGG1 is a glycosylase that is known to initiate the BER process in mammalian cells by
excising 8-oxoGua from the sugar-phosphate backbone via cleavage of the N-glycosydic
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bond [109]. The product generated by OGG1 is DNA containing an abasic site, and the
subsequent actions of several enzymes including apurinic/apyrimidinic endonuclease 1
(APE1), pol β, and DNA ligase complete the repair event to replace the damaged nucleobase
with an unmodified Gua [113, 114]. It is noteworthy that while OGG1 is typically associated
with short-patch BER, in which pol β incorporates a single nucleotide as part of the repair
event, it has been shown that CAG TNR DNA can also undergo long-patch BER (LP-BER)
[111]. In LP-BER, instead of incorporating a single nucleotide, pol β performs strand
displacement synthesis and incorporates two or more nucleotides. Flap endonuclease
(FEN1) removes the displaced single strand of DNA and ligase completes the repair event.
LP-BER is typically utilized when the abasic site is chemically modified by alkylation or
oxidation [115, 116]. However, it has been shown that LP-BER occurs on CAG TNR DNA
even in the presence of an unmodified abasic site [111].

It has been proposed that LP-BER on these repetitive sequences may be facilitated by the
ability of TNR DNA to adopt non-canonical structures [111]. For example, single-stranded
DNA containing CAG repeats has been shown to adopt a stem-loop hairpin both in
vitro[117-122] and in vivo [123]. Furthermore, formation of a stem-loop hairpin by the
displaced strand generated in LP-BER has been shown to render the strand refractory to
cleavage by FEN1 [111]. Thus, following ligation, the entire length of the stem-loop hairpin
is incorporated into the DNA to cause an expansion of the CAG repeat sequence.

Additionally, we have shown recently that the stem-loop hairpin formed by CAG repeats is
hyper-susceptible to oxidative DNA damage, yet is inefficiently repaired by OGG1 [124,
125]. Thus, damage is expected to accumulate in the stem-loop hairpin. If this damage-
containing hairpin is ligated into DNA and reincorporated into duplex, a bone fide substrate
for OGG1 is regenerated, and the cycle of repair and expansion can be restarted. Indeed, a
‘toxic oxidation cycle’ has been proposed in which a reiterative cycle of repair and
expansion works to incrementally expand the region of TNR DNA [110, 125] (Figure 7).
Considering this proposed cycle, the role of OGG1 in TNR expansion is to remove 8-
oxoGua and initiate a LP-BER repair event; due to the propensity for the repetitive DNA to
form non-canonical structures, the displaced single strand is not removed as it should be
and, instead, is incorporated into the DNA to cause the TNR expansion.

Telomeres may protect the genome from oxidatively damaged DNA
The linear chromosomes of eukaryotic organisms have at their termini repetitive DNA
sequences called telomeres. These are non-coding regions that serve to protect the genome
from the ‘end replication problem’ that arises during lagging strand DNA synthesis [126,
127]. Human telomeric DNA is composed of ~10 kilobases of double stranded (5′-
TTAGGG-3′/5′-CCCTAA-3′)n repeats [128]. The extreme 3′-end is a 200-300 base single-
stranded overhang of the G-containing strand [129]. It is known that in vitro this single-
stranded G-rich sequence has the ability to form highly-ordered structures called guanine
quadruplexes [130]. Quadruplexes consist of stacked tetrads where each tetrad is a planar
array of four Hoogsteen-bonded guanines [131]. Support for the formation of these
structures in vivo has been demonstrated using an antibody that is specific for guanine
quadruplexes [132].

Given the high G content of telomeric DNA, and the relative ease of oxidation of dGuo as
compared to the other 2′-deoxynucleosides, it has been proposed that telomeric DNA may
serve as a hot spot for oxidation within the genome. Several reports have shown that
oxidative stress and UVA/UVB irradiation induces oxidatively damaged DNA in
oligonucleotides with telomeric repeats in vitro [133, 134]. Recently, it has also been shown
that the telomeric regions of DNA isolated from mouse kidney cells are more susceptible to
the oxidative stress induced by H2O2/Cu2+ treatment than non-telomeric DNA [135].
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However, when U2OS osteosarcoma cells were treated with menadione, which generates
ROS, the frequency of MutM-sensitive sites in telomeric DNA was the same as in non-
telomeric DNA immediately following the menadione exposure [135]. MutM is the bacterial
homolog of OGG1 and removes 8-oxoGua from DNA; thus, the number of MutM-sensitive
sites directly correlates with the number of oxidatively damaged guanines. In contrast to the
comparable amount of DNA damage immediately following exposure to menadione, 6 h
after the treatment no MutM-sensitive sites were detected in the non-telomeric DNA,
indicating that they had been repaired, whereas MutM-sensitive sites were detected in the
telomeric DNA. These results suggest that while telomeric DNA may not be more
susceptible to oxidative damage in vivo, repair may be less efficient in telomeres and can
lead to an accumulation of oxidative damage over time in telomeric DNA in vivo.

Considering the ability of DNA to mediate long-range charge transfer reactions [14],
telomeric DNA or other G-rich regions of the genome might provide regions to which
oxidizing equivalents are funneled. Indeed, the number of 5′-GGG-3′ triple guanine sites
was shown statistically to be elevated in the regions flanking protein-coding exons, and thus
it was suggested that oxidizing charges injected into DNA might be funneled to these
sacrificial G-rich introns or to the non-coding sequences of telomeric DNA. Heller has
proposed a means of cathodic DNA protection similar to the way in which Zn2+ protects
steel [136]. In support of this proposal, using an in vitro model of human telomeric DNA
which contains both a duplex region and single-stranded overhang capable of forming a
quadruplex, it was shown that long-range charge transfer to quadruplex structures could trap
oxidative DNA damage, such as 8-oxoG [137].

8-oxoG and colorectal cancer
Recently, mutations in the gene that encodes MYH have been linked to an individual's
predisposition for colorectal cancer [138-141]. This genetic disposition is referred to as
MYH-associated polyposis (MAP) and is illustrated by biallelic-inherited mutations that
result in defective activity of MYH [142]. MYH is an adenine-specific DNA glycosylases
that removes adenine from an 8-oxoG:A base pair [143]. Removal of 8-oxoGua from this
base pair is not beneficial, as it would result in a C → A mutation. MYH activity gives the
cell a chance to place the proper base, C, opposite 8-oxoG, which would then allow OGG1
another opportunity to remove the lesion prior to replication.

The two most prevalent mutations observed in MAP-affected individuals are Y165C and
G382D and these two altered amino acids are highly conserved in MutY enzymes across
phylogeny [140, 144]. These MYH variants fail to complement the activity of the E. coli
MutY protein in MutY– E. coli [145]. Furthermore, in vitro analysis of the E. coli [145] and
mouse [146, 147] enzymes corresponding to the MYH variants observed in humans revealed
a reduction in the adenine glycosylase activity of the mutant enzymes. Using a non-
cleavable substrate analog, 2′-deoxy-2′-fluoroadenosine, both substrate affinity and the
ability to differentiate between 8-oxoG and G were greatly reduced for the mutant enzymes
[148].

Interestingly, analysis of the adenomatous polyposis coli (APC) gene of individuals
producing the Y165C and G382D MYH variants identified a specific sequence context, 5′-
GAA-3′, in which there was a significant increase in the number of C → A mutations [140].
In vitro kinetic experiments using two DNA duplex substrates, one containing the 5′-
GAA-3′ sequence context and one with 5′-GAG-3′, found that the reduced activity
observed for the mutant MYH enzymes relative to the wild type enzyme was magnified in
the ‘hotspot’ 5′-GAA-3′ sequence [145, 146].
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8-oxoG as a regulator of gene expression
Altering of the state of chromatin organization at a gene promoter provides a means to
regulate gene expression. Epigenetic modification of the DNA and/or histone proteins has
been linked to reorganization of chromatin from tightly packaged and transcriptionally-
silenced heterochromatin to the more loosely packaged and transcriptionally-active
euchromatin and vice versa [149]. Interestingly, it has also been shown that oxidatively
damaged DNA can regulate gene expression and, in particular, estrogen-induced gene
expression.

Following hormone activation, estrogen receptors interact with transcription co-activators,
which modify histones [149] and contribute to the control of gene expression [150].
Specifically, demethylation of lysine 9 of the histone 3 (H3K9) nucleosomal histone is
required for efficient transcription in vivo. Perillo and co-workers investigated the molecular
mechanism by which demethylation of lysine affects estrogen-induced transcription [151].
The demethylation is known to be performed by lysine-specific demethylase 1 (LSD1)
which is a flavin-dependent oxidase [152]. In order to complete the catalytic cycle the flavin
cofactor is re-oxidized using oxygen as the electron acceptor, resulting in the production of
H2O2. This localized production of H2O2 leads to formation of 8-oxoG, presumably by
conversion of H2O2 to ROS that can react directly with G. Additionally, chromatin
immunoprecipitation (ChIP) analysis revealed that OGG1 and topoisomerase IIβ
accumulated at these sites of DNA damage in an estrogen-dependent manner [151]. Perillo
and co-workers proposed that removal of 8-oxoGua by OGG1 and the initiation of the BER
pathway would generate a nick that could be utilized by topoisomerase IIβ and cause the
chromatin relaxation necessary to accommodate the transcription initiation complex. This
proposed mechanism highlights how a cell may use controlled production of oxidatively
damaged DNA to regulate gene expression and suggests that 8-oxoG should not be regarded
solely as an undesired damage product.

A prebiotic role for 8-oxoG in the repair of thymine dimers
It has recently been proposed that prior to the evolution of more sophisticated enzyme
cofactors, 8-oxoG may have served a role in catalyzing reactions [153]. In particular, the
ability of 8-oxoG to act as a primordial flavin cofactor and as a substitute for the DNA repair
enzyme photolyase was examined. Photolyase is known to repair cyclobutane pyrimidine
dimers via a one electron reduction, with a photoexcited FADH– cofactor serving as the
source of the electron [154]. The redox potential of 8-oxoG is closer to that of the flavin
than the canonical DNA bases and suggested that 8-oxoG may be able to mimic the behavior
of the flavin.

Using DNA duplexes that contain 8-oxoG and a cyclobutane pyrimdine dimer, it was shown
that 8-oxoG acts in a mechanism consistent with photolyase; photoexcited 8-oxoG donates
an electron to the pyrimidine dimer to catalyze bond cleavage [153]. A subsequent back
electron transfer regenerates 8-oxoG and two pyrimidine monomers in DNA. Notably, 8-
oxoG was effective in catalyzing the photorepair of both a thymine dimer and a uracil dimer.
These results suggest that the oxidatively damaged guanine product 8-oxoG may have
played a role in catalyzing the repair of another type of damage, the pyrimidine dimer.

Conclusions
The ease of oxidation of G gives rise to several types of oxidatively damaged DNA. The
primary oxidation product 8-oxoG has been studied extensively. While 8-oxoG does not
affect the global structure of DNA, it is mildly mutagenic in cells and the source of this
mutagenicity is well understood. Despite our understanding of the mutagenic potential of 8-
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oxoG, the full biological consequences and roles of 8-oxoG are still being unraveled.
Indeed, while 8-oxoG is known to play detrimental roles in cells and to contribute to onset
of several diseases, this oxidatively damaged DNA lesion has also been shown to play a
specialized role in cellular processes such as gene expression and DNA repair.

In addition to 8-oxoG, the Fapy·G lesion has begun to emerge as an important component of
oxidatively damaged DNA that under some conditions is formed in amounts comparable to
8-oxoG. Furthermore, initial studies in mammalian cells have revealed that Fapy·G is
slightly more mutagenic than 8-oxoG. Further studies are needed to elucidate the full
biological consequences of Fapy·G.

Similar to Fapy·G, the hyperoxidized G products have been less extensively characterized
than 8-oxoG, however it is known that some of these oxidation products have a more
dramatic structural impact than 8-oxoG. Additionally, in contrast to 8-oxoG, many of these
DNA lesions are genotoxic and potently mutagenic in cells. Nevertheless, our understanding
of the consequences of the hyperoxidized G products is in its infancy. Elucidating the levels
of these hyperoxidized G products in cells will be a first step towards revealing their true
cellular and biological consequences.

Abbreviations

APC adenomatous polyposis coli

APE1 apurinic/apyrimidinic endonuclease 1

T7– bacteriophage T7 exo–

ChIP chromatin immunoprecipitation

CD circular dichroism

CRAB competitive replication of adduct bypass assay

CAG cytosine-adenine-guanine

DGh dehydroguanidinohydantoin

dGuo 2′-deoxyguanosine

pol α DNA polymerase α

FEN1 flap endonuclease

8-oxodGuo 8-oxo-7,8-dihydro-2′-deoxyguanosine

DSC differential scanning calorimetry

ESCODD European Standard Committee on Oxidative DNA Damage

Fapy formamidopyrimidine

Gh guanidinohydantoin

HICA 4-hydroxy-2,5-dioxo-imidazolidine-4-carboxylic acid

HD Huntington's disease

Iz imidazolone

KF– E. coli Klenow fragment of polymerase I exo–

LP-BER long-patch base excision repair

LSD1 lysine-specific demethylase 1
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MAP MYH-associated polyposis

NOE nuclear Overhauser effect

Oa oxaluric acid

Oz oxazolone

Pa parabanic acid

Pol II– polymerase II exo–

pol β polymerase β

ROS reactive oxygen species

REAP restriction endonuclease and postlabeling assay

RT reverse transcriptase

Sp spiroiminodihydantoin

TNR trinucleotide repeat

Ur urea
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Figure 1.
Structure of (A) 8-oxoG and (B) Fapy·G.
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Figure 2.
Formation of 8-oxoG and Fapy·G from a common precursor.
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Figure 3.
Summary of the 8-oxoG-derived hyperoxidized G products.
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Figure 4.
Structure of (A) 8-oxoG(anti):C(anti) and (B) 8-oxoG(syn):A(anti) base pair.
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Figure 5.
Structure of (A) α-Fapy·G and (B) β-Fapy·G.
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Figure 6.
Structure of Fapy·G(syn):A(anti) base pair with two rotamers of the formamide group of
Fapy·G shown (top and bottom).
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Figure 7.
Toxic oxidation cycle. (1) Genomic DNA is oxidized to generate 8-oxoG and (2) OGG1 and
APE1 initiate BER by removing the oxidatively damaged nucleobase from duplex TNR
DNA (shown as dotted lines) and cleaving the backbone at the abasic site. (3) The resulting
gap is repaired via LP-BER, producing a TNR flap that (4) is refractory to FEN1 and
ligation occurs, trapping a stem-loop hairpin in the duplex. (5) The resulting stem-loop
hairpin is highly susceptible to DNA damage in the loop region and the lack of efficient
repair of this damage by OGG1 results in (6) its being incorporated into the expanded
duplex. The final product of the cycle now contains DNA damage that will be recognized by
OGG1. Therefore, the cycle is repeated and the DNA can be processed again, incrementally
expanding the TNR tract of DNA.
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Table IV

Steady-state kinetic parameters for the incorporation of dNTPs opposite Fapy·G.

dNTP: template base Insertion Efficiency Vmax/Km (%·min-1·M-1)
a

f
a Reference

KF– dCTP:G 3.5 ± 2.5 × 108 [86]

dATP:G 1.5 ± 0.9 × 104 4.3 × 10–5 [86]

dCTP:Fapy·G 7.5 ± 2.6 × 107 [86]

dATP:Fapy·G 6.1 ± 2.0 × 104 8.1 × 10–4 [86]

KF+ dCTP:G 4.7 ± 0.1 × 108 [86]

dATP:G 2.8 ± 1.7 × 103 6.0 × 10–6 [86]

dCTP:Fapy·G 2.1 ± 0.1 × 107 [86]

dATP:Fapy·G 5.9 ± 0.9 × 104 2.8 × 10–3 [86]

a
Apparent misinsertion frequency, defined as f = [(Vmax/Km)A/(Vmax/Km)C].
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Table V

Steady-state kinetic parameters for the incorporation of dNTPs opposite Sp and Gh.

dNTP: template base Insertion Efficiency kcat/Km (μM-1sec-1) Reference

dCTP:G 0.70 [56]

dCTP:8-oxoG 0.04 [56]

dATP:8-oxoG 0.019 [56]

dGTP:8-oxoG 18 × 10-5 [56]

dATP:Sp
a 8.3 × 10-5 [56]

dGTP:Sp
a 10 × 10-5 [56]

dATP:Gh
a 8.2 × 10-5 [56]

dGTP:Gh
a 79 × 10-5 [56]

a
Present as a mixture of diastereomers.
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