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ABSTRACT

Mutation in p53 tumor suppressor gene is a hall-
mark of human cancers. Six major mutational
hotspots in p53 contain methylated CpG (mCpG)
sites, and C!T transition is the most common
mutation at these sites. It was hypothesized that
the formation of 5-methylcytosine glycol induced
by reactive oxygen species, its spontaneous deami-
nation to thymine glycol and the miscoding property
of the latter may account, in part, for the ubiquitous
C!T mutation at CpG site. Here, we assessed the
kinetics of deamination for two diastereomers of
5-methylcytosine glycol in duplex DNA. Our results
revealed that the half-lives for the deamination
of the (5S,6S) and (5R,6R) diastereomers of
5-methylcytosine glycol in duplex DNA at 378C
were 37.4� 1.6 and 27.4� 1.0 h, respectively. The
deamination rates were only slightly lower than
those for the two diastereomers in mononucleo-
sides. Next, we assessed the formation of
5-methyl-2’-deoxycytidine glycol in the form of its
deaminated product, namely, thymidine glycol (Tg),
in methyl-CpG-bearing duplex DNA treated with
Cu(II)/H2O2/ascorbate. LC-MS/MS quantification
results showed that the yield of Tg is similar as that
of 5-(hydroxymethyl)-2’-deoxycytidine. Together,
our data support that the formation and deamination
of 5-methylcytosine glycol may contribute signifi-
cantly to the C!T transition mutation at mCpG
dinucleotide site.

INTRODUCTION

Mutation in p53 tumor suppressor gene is common in
human cancers, and the cytosines at CpG sites in the
p53 gene are methylated. Although CpGs are underrepre-
sented by 5-fold of their expected frequency in mammalian

DNA, six major mutational hotspots in p53, i.e. codons
175, 213, 245, 248, 273 and 282, contain CpGs (1). The
methylated CpGs (mCpG), therefore, are the most impor-
tant mutation targets in p53.
Reactive oxygen species (ROS) constitute an important

endogenous source of DNA damage (2), and an array
of ROS-induced DNA lesions have been identified and
characterized (3). The main species responsible for the
ROS-induced DNA damage in cells appear to be hydroxyl
radical generated by a Fenton-type reaction involving
the reduction of H2O2 by transition metal ions (e.g.
Fe2+ and Cu+) (4). In this context, ROS can damage
5-methylcytosine to give methyl group oxidation products
and lead to the saturation of the C5=C6 double bond,
the latter gives 5-methyl-5,6-dihydroxy-5,6-dihydro-20-
deoxycytidine (or 5-methyl-20-deoxycytidine glycol,
mdCg; Scheme 1). The saturation of the C5=C6 double
bond in mdCg renders it susceptible to deamination,
which affords 5,6-dihydroxy-5,6-dihydrothymidine (or
thymidine glycol, Tg; Scheme 1) (5). Thymidine glycol is
mostly a blocking lesion for replicative DNA polymerases
(6). It, however, can be bypassed by translesion synthesis
DNA polymerases including yeast DNA polymerases Z
and z as well as human DNA polymerase k, and all
three polymerases preferentially insert a dAMP opposite
the lesion (7–9). Therefore, the formation and subsequent
deamination of mdCg are thought to be one of the path-
ways leading to the C!T transition mutation at the CpG
dinucleotide site. However, it remains unexplored how
cytosine methylation affects the formation and deami-
nation of the ring-saturated glycol derivative in duplex
DNA.
Previous studies showed that the half-lives for the dea-

mination of one diastereomer of 20-deoxycytidine glycol
and cytosine glycol (Cg) in calf thymus DNA at 378C
are 50min and 28 h, respectively (10). On the other
hand, the half-life for the deamination of the two diaster-
eomers of mdCg in mononucleoside at 378C is �20 h (5).
If the difference in deamination rate of Cg in mono-
nucleoside and duplex DNA can be extrapolated to that
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for 5-methylcytosine glycol, then the deamination of
5-methylcytosine glycol in DNA may not contribute
significantly to the C!T mutation at the CpG dinucleo-
tide site. Therefore, understanding the implications of the
deamination of 5-methylcytosine glycol in the ubiquitous
C!T transition mutation at CpG sites necessitates the
measurement of the rate of deamination of 5-
-methylcytosine glycol in duplex DNA.
Recently, we evaluated the formation of single-nucleo-

base lesions, i.e. 5-(hydroxymethyl)-20-deoxycytidine
(5-HmdC) and 5-formyl-20-deoxycytidine (5-FodC), and
tandem intrastrand cross-link lesions, i.e. G[8-5m]mC
and mC[5m-8]G, emanating from the 5-methyl radical of
mC at CpG sites (11). We found that the yield of single-
nucleobase lesions is �100 times more than intrastrand
cross-links when methyl-CpG-bearing DNA was treated
with Fenton-type reagents (11). A recent theoretical study
on 5-methylcytosine predicted that the addition of �OH
radical to the double bond is more facile than hydrogen
atom abstraction from the 5-methyl group (12), which is in
agreement with the scarce experimental data (13). It has
not been examined how efficiently the mdCg can be
formed relative to the methyl group oxidation products
in duplex DNA.
8-oxo-7,8-dihydro-20-deoxyguanosine (8-oxodG) is an

abundant and well-studied oxidatively induced lesion of
20-deoxyguanosine when DNA was treated with Fenton-
type reagents (11,14). The tandem lesions, in addition to
single-nucleobase lesions, with a Tg residing on the 50-side
of an 8-oxodG [i.e. Tg-(8-oxodG)] could also arise from
ROS attack at mCpG site and contribute to CpG

mutagenesis. In this respect, vicinal or cross-linked base
damage at mCpG site has been proposed to account for
the abnormally high frequency of CG!TT double muta-
tion observed after CpG-methylated and Cu(II)/H2O2/
ascorbate-treated pSP189 shuttle vector was propagated
in nucleotide excision repair (NER)-deficient human
XPA cells (15).

In the present study, we employed LC-MS/MS with the
standard isotope dilution technique to quantify the Tg and
Tg-(8-oxodG) lesions formed at mCpG site in synthetic
duplex oligodeoxyribonucleotides (ODNs) treated with
Cu(II)/H2O2/ascorbate. We demonstrated that the yield
of Tg is comparable to those of the methyl group oxida-
tion products of mC. In addition, we developed an LC-
MS method to measure the rate of deamination of mdCg
in duplex DNA. Our results revealed that the deamination
of mdCg in double-stranded DNA is slightly slower than
that in the free nucleoside, which is significantly different
from what was observed for Cg.

MATERIALS AND METHODS

Materials

CuCl2, L-methionine, L-ascorbic acid and nuclease P1
were from Sigma–Aldrich (St. Louis, MO, USA).
Hydrogen peroxide (30%) was purchased from Thermo
Fisher Scientific (Waltham, MA, USA). Common
reagents for solid-phase DNA synthesis were obtained
from Glen Research (Sterling, VA, USA). ODNs incorpo-
rated with an isolated Tg or Tg-(8-oxodG) tandem lesion
were synthesized previously (16).

Treatment of synthetic ODNs with Fenton-type reagents

A self-complementary ODN, d(AXGTAXGTAXGTA
XGT) (‘X’ represents 5-methylcytosine), was annealed in
a buffer containing 50mM NaCl and 20mM phosphate
(pH 6.9) by heating the solution to 808C and cooling
slowly to room temperature. Aliquots of ODNs
(2.5 nmol) were incubated with CuCl2 (6.25–100mM),
H2O2 (50–800 mM) and ascorbate (0.5–8mM) in a 100 ml
buffer (Table 1), which contained 50mM NaCl and
20mM phosphate (pH 6.9), at room temperature for
60min. All chemicals were freshly dissolved in doubly
distilled water and the reactions were carried out under
aerobic conditions. The reaction was terminated by
adding an excess amount of L-methionine, and the
ODN samples were desalted by ethanol precipitation.
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Scheme 1. ROS-induced DNA lesions of 5-methyl-20-deoxycytidine and
the deamination of 5-methyl-20-deoxycytidine glycol.

Table 1. Concentrations of Fenton-type reagents employed for the

treatment of DNAa

Control A B C D E

Cu(II) (mM) 100 6.75 12.5 25 50 100
H2O2 (mM) 0 50 100 200 400 800
Ascorbate (mM) 0 0.5 1.0 2.0 4.0 8.0

aAll reactions were carried out in a 100ml solution containing 25 mM
ODN, 25mM NaCl and 50mM phosphate (pH 6.9).
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Deamination of mdCg and enzymatic digestion

A 27-mer duplex ODN, 50-ACGGGCCGAAACXGGAG
GCCCGACCGT-30/50-ACGGTCGGGCCTCXGGTTTC
GGCCCGT-30 (‘X’ represents 5-methylcytosine, 3 nmol),
was treated with Cu(II)/H2O2/ascorbate as described
above (condition E in Table 1). The resulting solution
was exchanged into a 100 ml buffer solution containing
10mM phosphate (pH 6.9) by using YM-10 Centricon
membrane filters. The solution was subsequently incu-
bated at 378C. Aliquots were removed at specific time
points, frozen immediately on dry ice and stored at
�808C. Prior to mass spectrometric analysis, 0.5U of
nuclease P1 and a 1.5 ml solution containing 300mM
sodium acetate (pH 5.0) and 10mM zinc acetate were
added to 25 ml of the ODN sample. The digestion was
continued at room temperature for 40min, and the
enzymes were removed by passing through a YM-10
Centricon membrane filter (Millipore, Billerica, MA,
USA).

Generation of authentic Tg-containing ODNs

The ODN d(ATGGCTgGGCTAT), which contained
the (5R,6S) diastereomer of the Tg, was synthesized pre-
viously (16,17). ODNs containing the two cis diastereo-
mers of Tg were obtained by OsO4 oxidation (18). Briefly,
50 nmol d(ATGC) was dissolved in a 100 ml aqueous solu-
tion of 2% OsO4 and incubated at room temperature for
24 h before adding excess amount of NaHSO3 to reduce
the OsO4. The residual OsO4 was removed by three times
of extraction with equal volumes of carbon tetrachloride,
and the aqueous layer was dried by using a Savant Speed-
Vac (Savant Instruments Inc., Holbrook, NY, USA). The
dried residue was desalted by using HPLC and digested
with nuclease P1 (vide supra) for the subsequent LC-MS/
MS analysis.

Synthesis of ODNs containing Tg with a 3’ neighboring
dG that is uniformly labeled with 15N (ODNX)

Uniformly 15N-labeled dGTP, i.e., [2-amino-1,3,7,9-15N5]-
20-deoxyguanosine 50-triphosphate (Cambridge Isotope
Laboratories, Andover, MA, USA), was enzymatically
added to the 30-terminus of a synthetic tetrameric ODN
d(GCAT) using terminal deoxynucleotidyl transferase
(New England Biolabs, Ipswich, MA, USA) (19). The
extension products were then treated with OsO4 to
afford the Tg-containing ODNs (vide supra). The enzyme
was removed by passing through YM-10 Centricon mem-
brane filter and the ODNs were recovered by ethanol pre-
cipitation, desalted on HPLC, and used as internal
standard for LC-MS quantification.

LC-MS and MS/MS analysis of p(mdCg)pdG
and pTgpdG

The digestion mixture was analyzed by LC-MS/MS with
an Agilent 1100 capillary HPLC system and an LTQ
linear ion-trap mass spectrometer (Thermo Fisher, San
Jose, CA, USA) equipped with an electrospray ionization
source. A 0.5� 150mm Zorbax SB-C18 column (5 mm in
particle size, Agilent Technologies, Palo Alto, CA, USA)

was used for the separation of the above nuclease P1
digestion mixtures, and the flow rate was 6.0 ml/min. For
deamination analysis, a 5-min gradient of 0–15% metha-
nol in 400mM 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP,
pH was adjusted to 7.0 by the addition of triethylamine),
followed by a 35-min linear gradient of 15–35% methanol
in 400mM HFIP, was employed for the separation. The
mass spectrometer was operated in the negative-ion mode,
and the instrument was set up to acquire MS in the
high-resolution ‘ultra zoom scan’ mode in the m/z range
of 680–688 and the tandem mass spectra (MS/MS) for the
fragmentation of the [M – H]– ions of p(mdCg)pdG and
pTgpdG. The temperature for the ion transport tube of
the mass spectrometer was maintained at 3008C.
For quantitative analysis, the digestion mixtures, to

which 4 ml of ODNX was added prior to nuclease P1
digestion, was incubated at 378C for over 60 h to allow
for the extensive deamination of p(mdCg)pdG to
pTgpdG. The mass spectrometer was set up for monitor-
ing the fragmentation of the [M – H]– ions of the stable
isotope-labeled pTgpdG� as well as unlabeled dinucleo-
tides pTgpdG and pTgp(8-oxodG). The calibration
curves were constructed by subjecting, to LC-MS/MS
analysis, the same amount of the isotope-labeled ODNX
solution (4 ml) and different amounts of the authen-
tic dodecameric standard d(ATGGCTgGGCTAT) or
d(ATGGCTgGiGCTAT) (‘Gi’ represents 8-oxodG)
containing single Tg or tandem Tg-(8-oxodG) lesion,
respectively (16). A 5-min gradient of 2–20% methanol
in 400mM HFIP, followed by a 35-min gradient of
20–50% methanol in 400mM HFIP, was employed for
the separation.

RESULTS

Kinetics of deamination for the two cis diastereomers of
mdCg in duplex ODNs

To measure the kinetics of deamination of 5-methylcyto-
sine glycol in double-stranded DNA, we first produced the
5-methylcytosine glycol-carrying duplex DNA by treating
3.0 nmol of a 27-mer duplex ODN,

50-ACGGGCCGAAACXGGAGGCCCGACCGT-30

30-TGCCCGGCTTTGGXCTCCGGGCTGGCA-50,

where ‘X’ is a 5-methylcytosine, with Fenton-type reagents
(100mM CuCl2, 800mM H2O2 and 8mM ascorbate) in a
buffer at room temperature for 60min. The reaction was
quenched with methionine, and the solution was buffer-
exchanged into a 10-mM phosphate buffer and incubated
at 378C to allow for the deamination to occur. Aliquots
were removed at different time points, frozen immediately
on dry ice and stored in a –808C freezer. After a quick
digestion with nuclease P1, samples were subjected imme-
diately to on-line LC-MS analysis, where the dinucleotide
p(mdCg)pdG and its deaminated counterpart, i.e.,
pTgpdG, were monitored in a high-resolution ‘zoom-
scan’ mode on an LTQ linear ion-trap mass spectrometer.
In this respect, it was found that the bulky nature of thy-
midine glycol and its lack of aromaticity prohibit the
nuclease P1-mediated cleavage of its 30 phosphodiester
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linkage (18–20); thus, the digestion with nuclease P1 pro-
duces a dinucleotide containing the lesion along with its
flanking 30 unmodified nucleotide. Indeed HPLC analysis
of the nuclease P1 digestion mixture of a dodecameric
ODN harboring a single Tg showed that �89% of the
Tg was released as a dinucleotide pTgpdG (Figure S1).
It is of note that the digestion with both nuclease P1
and alkaline phosphatase has been employed by Bailey
et al. (19) for the LC-MS/MS identification of Tg
formed in cultured mouse fibroblast cells. We, however,
observed that only a small fraction of Tg is liberated as a
dinucleoside monophosphate after the lesion-carrying
ODN had been treated with both nuclease P1 and alkaline
phosphatase; the majority of the lesion is released as a
mononucleoside, which might be attributed to the pres-
ence of residual endonuclease activity in the commercial
preparation of the alkaline phosphatase (data not shown).
As there is no TG site in the 27-mer duplex sequence, the
nuclease P1-produced dinucleotide pTgpdG has to arise
from the deamination of mdCg at methyl-CpG site.
The LC-MS/MS data revealed two diastereomers of

mdCg and the two diastereomers of the corresponding
deaminated product, i.e. Tg (Figure 1). The earlier and
later eluting fractions of the deaminated products
were assigned as the dinucleotides pTgpdG housing the

(5R,6S) and (5S,6R) diastereomers of Tg, respectively.
The stereochemistry was established based on the
LC-MS/MS analysis of dinucleotides formed from the
nuclease P1 digestion of Tg-containing ODNs obtained
from chemical synthesis [the (5R,6S) diastereomer of Tg]
(16) or from the OsO4-induced oxidation of d(ATGC)
(The two cis diastereomers, Scheme 1. LC-MS/MS results
are shown in Figure 1 and Figures S2 and S3 in the Sup-
plementary Data.) The two diastereomers gave almost
identical fragmentation patterns with four major daughter
ions at m/z 346, 426, 541 and 586, where the ion of m/z 541
is slightly more abundant for the dinucleotide containing
the (5S,6R) diastereomer than that bearing the (5R,6S)
diastereomer of Tg (Figures S2 and S3).

Tg in mononucleoside is known to undergo epimeriza-
tion at C6 carbon atom to give a mixture of cis and trans
diastereomers (21). A recent nuclear magnetic resonance
(NMR) study showed that the cis-(5R,6S) diastereomer of
Tg, when paired with an adenine in duplex DNA, can
undergo ring opening at the C6–N1 bond and the subse-
quent ring closure can give rise to a mixture containing the
original cis-(5R,6S) diastereomer of Tg and the trans-
(5R,6R) diastereomer with a ratio of 70 : 30 (cis/trans)
at 308C (22). The cis-(5R,6S) diastereomer of Tg, however,
remains stable in duplex DNA when paired with a guanine
residue, and the corresponding trans-(5R,6R) diastereo-
mer is below the detection limit of the NMR method
(22). In this context, the Tg arising from the deamination
of mdCg is paired with guanine residue in duplex DNA.
It has not been assessed whether a similar cis–trans equi-
librium exists for mdCg in isolated nucleoside or duplex
DNA. Nevertheless, we were able to detect only the
two components exhibiting the same retention time and
MS/MS as the two authentic cis diastereomers of Tg even
after the nuclease P1 digestion mixture had been incubated
at room temperature for a prolonged period of time, sug-
gesting that the trans diastereomers might not be formed
in duplex DNA upon treatment with Cu(II)/H2O2/
ascorbate, although we cannot exclude formally the pos-
sibility that the trans diastereomer may co-elute with the
cis diastereomer under the chromatographic conditions
that we used.

The tandem mass spectra of the [M – H]– ions of
p(mdCg)pdG differ substantially from those of pTgpdG.
The former spectra show abundant fragment ions of m/z
665, 585, 567 and 524, which are attributed to the elimina-
tions of H2O, H3PO4, [H2O+H3PO4], and 5-methylcy-
tosine glycol, respectively (Figure S4). It is worth noting
that, although all the major fragment ions observed in
Figure S4 could be assigned, the lack of pure ODN
harboring a site-specifically inserted mdCg prevents us
from excluding the possibility of the presence of
co-eluting isobaric impurities. Aside from the two major
peaks at 19.5 and 20.3min, we also observed a weak peak
at 18.3min in the selected-ion chromatogram (SIC) for
monitoring the formation of the m/z-683 ion (Figure 1a).
This peak is attributed to the [2M+Na– 2H]– ion of
20-deoxyadenosine 50-phosphate (pdA), which elutes at
the same retention time (i.e. 18.3min). This argument
is substantiated by the product-ion spectrum of the
m/z-683 ion averaged from the 18.3-min peak, which
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Figure 1. The SICs for monitoring the [M – H]– ions of p(mdCg)pdG
[m/z 683, (a)] and pTgpdG [m/z 684, (c)], as well as for monitoring the
m/z 683!524, 567 transitions of p(mdCg)pdG (b) and for monitoring
the m/z 684!541 transition of pTgpdG (d). The sample was the nucle-
ase P1 digestion mixture of 27-mer mC-containing duplex DNA after it
was treated with Fenton reagent and deaminated at 378C for 24 h
(details are described in ‘Materials and Methods’ section). Shown
also are the SICs for the m/z 684!541 transition for the analyses of
the nuclease P1 digestion mixtures of a ODN, d(ATGGCTgGGCTAT),
which contains the (5R,6S) diastereomer of Tg (e) and the nuclease P1
digestion mixture of d(ATGC) that has been treated with OsO4 (f). The
MS/MS of the deprotonated ions of p(mdCg)pdG and pTgpdG are
shown in Figures S2–S4.
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showed the formation of a dominant fragment ion of m/z
432, arising from the neutral loss of a 20-deoxyadenosine,
and an abundant fragment ion of m/z 330, being the
[M–H]– ion of pdA.

As depicted in Figure 2, we observed a time-dependent
decrease in signal intensity for the p(mdCg)pdG with a
concomitant increase in signal intensity for the pTgpdG.
Since MS/MS provides better specificity, we decided to
assess the kinetics of deamination based on MS/MS. In
this regard, we normalized the area of peaks found in the
SIC for the m/z 684!541 transition, which is character-
istic of pTgpdG, against that of peak found in the SIC
for monitoring the fragmentation of the ion of m/z 330
(which is the [M–H]– ion of pdA). This normalization can
facilitate the correction of difference in analyte loss during
various steps of sample manipulation and the variation in
instrument response. Plotting the normalized ratio versus
the deamination time gives straight lines (Figure 3), sup-
porting that the deamination follows a first-order reaction
kinetics. The slope of the line facilitates the determination
of the rate constant, which allows for the calculation of
the half-life for the deamination of 5-methylcytosine
glycol in duplex DNA (Figure 3 and the results are sum-
marized in Table 2). It turned out that the rate constants
for the deamination of the (5S,6S) and (5R,6R) diastereo-
mers in duplex DNA at 378C were 0.0186 and 0.0253 h–1,
respectively, and the half-lives for their deamination were
calculated to be 37.4 and 27.4 h, respectively.

We also assessed the kinetics of deamination mdCg
in duplex DNA by measuring the decrease in signal inten-
sity for p(mdCg)pdG, and the rate constant for the dea-
mination of the major and minor diastereomers of mdCg
were found to be 0.0177 and 0.0147 h–1, respectively
(Figure S5). It remains unclear what accounts for the
discrepancy in rate constants determined from the rise
in signal for pTgpdG and the drop in signal for
p(mdCg)pdG. However, we speculate that this might be
attributed, in part, to the presence of co-eluting isobaric
impurities with p(mdCg)pdG and/or the lack of quantita-
tive release of mdCg from duplex DNA. We have shown
that the nuclease P1-mediated release of pTgpdG from
ODN is nearly quantitative and the product-ion spectra
of the pTgpdG emanating from the deamination reaction
are very similar as those of the standard compounds (vide
supra). In addition, the increase in signal of pTgpdG has
to arise from the deamination of mdCg in duplex DNA.
Therefore, we reason that the rate constants determined
from the signal increase in pTgpdG are reliable.

LC-MS/MS quantification of pTgpdG and
pTgp(8-oxodG) lesions induced in duplex DNA
by Cu(II)/H2O2/ascorbate

To quantify the total amount of Tg formed from the dea-
mination of mdCg, we treated a self-complementary
duplex ODNs with different concentrations of Cu(II)/
H2O2/ascorbate (Table 1), digested the resulting ODNs
with nuclease P1 to release the lesions as dinucleotide
and analyzed the digestion mixtures by LC-MS/MS with
stable isotope-labeled lesions as internal standard.
Prior to LC-MS/MS analysis, the digestion mixture was

incubated at 378C to allow for the extensive deamination
of mdCg to Tg. In this context, it has been observed that
the deamination of mdCg leads to its complete conversion
to Tg without other degradation product at neutral pH,
where the half-life is around 20 h for mononucleoside (5).
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described in ‘Materials and Methods’ section, and the initial extent of
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are the ratios of peak area found in the SIC for the m/z 684!541
transition (for pTgpdG) over that found in the SIC for monitoring the
fragmentation of the ion of m/z 330 (for pdA) versus the deamination
time. The solid square and triangle represent the results based on the
formation of pTgpdG containing the (5R,6S) (the 19.5-min peak in
Figure 1d) and (5S,6R) (the 20.1-min peak in Figure 1d) diastereomers
of Tg (Scheme 1), respectively. The deamination reaction conditions
were described in ‘Materials and Methods’ section.

Nucleic Acids Research, 2009, Vol. 37, No. 19 6639



A fast chromatographic gradient was applied to allow
for the two diastereomers to co-elute (Figure 4). The SIC
for the m/z 684!346, 541 transitions, which monitor the
losses of thymidine glycol 50-phosphate and the C5H5NO4

component, respectively (Figure S6), showed a fraction
eluting at the same retention time as the labeled
pTgpdG at 18.2min. Similarly, the SIC for the m/z
700!362, 557 transitions showed a peak at 17.8min,
which supported the formation of the pTgp(8-oxodG)
tandem lesion. It is worth noting that the elimination of
C5H5NO4 is a characteristic neutral loss from thymine
glycol-containing dinucleotides and ODNs (Figure S6)
(18). The quantification results showed that the pTgpdG
exhibited a linear dose-responsive increase when the con-
centration of H2O2 was up to 800 mM; however, the yield
of pTgp(8-oxodG) exhibits a nonlinear response over
the dose range of Fenton-type reagents used (Figure 5,
and calibration curves for LC-MS/MS quantification
are shown in Figure S7). The yields of pTgp(8-oxodG)
at low-dose range increase slowly with the rise in the con-
centrations of Cu(II)/H2O2/ascrobate. However, when
DNA was treated with the Fenton-type reagent at the
three higher doses, the yield of pTgp(8-oxodG) increased
sharply. At the highest dose, the yield of pTgp(8-oxodG)

is �10% of that of pTgpdG. The exact reason for the
disproportionally high yield at higher doses remains
ambiguous, though it is possible that the formation
of the tandem lesion requires two oxidation events; the
formation of mdCg at the 5-methyl-20-deoxycytidine site
may promote the oxidation of its neighboring 20-deoxy-
guanosine, and vice versa.

Hydroxyl radical can be added to C5=C6 double bond
of mC to form the glycol lesions, and it can also abstract a
hydrogen atom from the methyl group of mC to generate
an allyl radical. The allyl radical can result in the forma-
tion of two other single-nucleobase lesion, i.e. 5-HmdC
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Figure 5. Cu(II)/H2O2/ascorbate-induced formation of pTgpdG (a) and
pTgp(8-oxodG) (b) lesions in ODN d(AXGTAXGTAXGTAXGT) (‘X’
represents 5-methylcytosine). The values represent the means� SD
from three independent oxidation and quantification experiments.
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Figure 4. SICs for monitoring the m/z 684!346,541 [(a), for unlabeled
pTgpdG], m/z 689!351, 546 [(b), for labeled pTgpdG] and m/
z 700!362,557 [(c), for unlabeled pTgp(8-oxodG)] transitions
obtained from the LC-MS/MS analyses of the nuclease P1 digestion
mixture of Fenton-reagent-treated ODNs under reaction condition C
(Table 1).

Table 2. Kinetic parameters for the deamination of 5-methylcytosine and 5-methylcytosine glycol at 378C

mdCg in nucleosidesa Duplex DNA mC in Duplex DNAb

(5S,6S) (5R,6R) (5S,6S) (5R,6R)

t1/2 (h) 17.1� 0.1 22.4� 0.3 37.4� 1.6 27.4� 1.0 3.3� 108

k (h–1) (406� 2)� 10–4 (309� 4)� 10–4 (186� 8)� 10–4 (253� 10)� 10–4 2.1� 10–9

aData from ref. (5).
bData from ref. (28).
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and 5-FodC (Scheme 1), as well as two intrastrand cross-
links, i.e. G[8-5m]mC and mC[5m-8]G (11,23,24). To com-
pare the damage products from different mC radicals, we
also measured yields of 5-HmdC in the same ODN
sequence. It turned out that the yield of Tg is comparable
to that of 5-HmdC under the same experimental condi-
tions, but was 5–6-fold lower than that of 8-oxodG
(Figures 5a and Figure S8, and calibration curves are
depicted in Figure S9). It is worth noting that the quanti-
fication results for 5-HmdC and 8-oxodG are consistent
with the data that we obtained earlier for ODNs in differ-
ent sequence contexts (11).

DISCUSSION

After the saturation of the C5=C6 double bond, cytosine
derivatives are susceptible to hydrolytic deamination.
It was observed recently that the half-life of Cg is greatly
enhanced in DNA, which is increased by 34-fold from
50min in free nucleoside to 28 h in calf thymus DNA
(10). A more recent study indicated that the half-life of
Cg is 6.5 h in poly(dG-dC) (25). Even though it is shorter
than what was previously reported, the half-life of Cg in
duplex structure is still approximately eight times longer
than Cg in free nucleoside. On the other hand, we
observed that the deamination of the (5S,6S) diastereomer
of mdCg in duplex DNA is merely 2-fold slower than the
same compound in mononucleoside, whereas the place-
ment of the (5R,6R) diastereomer in duplex DNA only
increases the lifetime of the lesion by approximately
20% (Table 2). The striking difference in the effect
of duplex structure on the deamination of Cg and
5-methylcytosine glycol suggests that the presence of a
methyl group on the C5 carbon in 5-methylcytosine
glycol, along with the saturation of the C5-C6 bond,
may facilitate the lesion to adopt an extrahelical confor-
mation in duplex DNA, thereby enabling the facile dea-
mination of the lesion. Along this line, a previous NMR
structural study demonstrated that the structurally related
thymidine glycol is largely extrahelical (26). It is of note
that, in isolated nucleoside, the (5S,6S) diastereomer
is deaminated at a slightly slower rate than the (5R,6R)
diastereomer, whereas the opposite is true when the two
diastereomers are in duplex DNA. The difference might
be due to the different steric hindrance experienced by
the two diastereomers in duplex DNA, which may affect
the nucleophilic attack of mdCg by a water molecule and
its subsequent deamination to Tg. Future structural
studies of duplex DNA housing the two diastereomers
of mdCg or Tg will offer important insights about the
difference of the two diastereomers of mdCg toward
hydrolytic deamination.

As the presence of Tg inhibits the cleavage of its
30 phosphodiester linkage by nuclease P1, which results
in the liberation of the lesion as a dinucleotide bearing
the 30-flanking nucleotide (18–20), we quantified the Tg
lesions formed at mCpG site as pTgpdG dinucleotide
using negative-ion mass spectrometry. This also allows
us to quantify the Tg-(8-oxodG) tandem lesion formed
at mCpG site. In our study we used synthetic ODN

containing an isotope-labeled 50-pTgpdG�-30 sequence
(‘dG�’ represents the uniformly 15N-labeled 20-deoxygua-
nosine) as internal standard, this method can effectively
eliminate the error introduced by the potential lack of
quantitative release of the lesion as a dinucleotide by
nuclease P1 and spontaneous dephosphorylation during
various stages of sample manipulation.
Previous experimental data obtained for poly(dG-mdC)

upon exposure to g rays (13) and theoretical calcula-
tions at the mononucleoside level (12) indicated that
the hydroxyl radical can attack 5-methylcytosine at the
C5=C6 double bond and the 5-methyl group, with
preference being on attack at the double bond to yield
5-methylcytosine glycol. The latter can deaminate to
afford thymine glycol. However, the yield of thymine
glycol in ODNs treated with Fenton-type reagents
amounts to about five to six lesions per 1000 nucleosides
at the highest dose, and is in a similar range as the other
two single-nucleobase lesions arising from the 5-methyl
radical of mC, i.e. 5-hydroxymethylcytosine (Figure 5a,
Figure S8, and Table S1) and 5-formylcytosine (11).
This result may indicate that the theoretical calculation
at the mononucleoside level does not reveal completely
the reactivity of the nucleoside in duplex DNA, where
the methyl group in 5-methylcytosine, locating in the
major groove, can be more accessible to hydroxyl radical
attack than the C5=C6 double bond.
The efficient formation of mdCg and its facile deamina-

tion to Tg, together with the production of 5-HmdC and
5-FodC, may account for the prevalent C!T transition
mutation found at CpG site in human p53 gene, a hall-
mark for many types of human tumors (27). In this con-
text, several mechanisms have been proposed to account
for the ubiquitously observed C!T transition mutation
at CpG site (1). Two of them involve the deamination
processes. One is the direct deamination of 5-methylcyto-
sine to thymine. In support of this mechanism, Shen et al.
(28) found that the rate for the deamination of 5-methyl-
cytosine in duplex DNA at 378C is 3.3�108 h–1, which
is twice as fast as the corresponding deamination of cyto-
sine. The other involves the formation of mdCg and its
subsequent deamination to Tg, and we showed that this
latter deamination is about 7 orders of magnitude faster
than the spontaneous deamination of 5-methylcytosine in
duplex DNA (Table 2). For the two deamination path-
ways to be equally important in contributing to the
C!T transition mutation at CpG site, mdCg has to
form at a frequency of one lesion per 107 5-methyl-20-
deoxycytidine. Our quantification results showed that
the rate for the formation of mdCg is about 5–6-fold
lower than that of 8-oxodG, and a recent careful study
showed that the basal level of 8-oxodG in human cells is
approximately 2.2 lesions per 107 20-deoxyguanosine (29).
Thus, the two deamination pathways may make a similar
extent of contribution to the frequently observed C!T
mutation at CpG site. It is worth noting that the above
analysis is under the assumption that the product arising
from the spontaneous deamination of 5-methylcytosine,
i.e. a G : T mismatch, and the product generated from
the deamination of mdCg, i.e. a G : Tg pair, are repaired
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in cells at a similar efficiency. Further studies are required
to assess whether this is indeed the case.
It is also important to discuss how the presence of an

additional methyl group on the C5 carbon affects the
ROS-induced damage to cytosine residues in DNA. The
results presented in this article, together with our recently
published data (11), revealed that the total yield of the
single-nucleobase lesions, Tg, 5-HmdC and 5-FodC, ema-
nating from mCpG in duplex DNA upon exposure
to Cu(II)/H2O2/ascorbate is several fold higher than
the major single-nucleobase lesion, 5-hydroxy-20-deoxycy-
tidine (5-OHdC), formed at unmethylated cytosine at
CpG sites. A mutation frequency of 0.05% was reported
for 5-OHdC after the lesion-bearing single-stranded M13
genome was propagated in Escherichia coli cells (30), and
a mutation frequency of 0.03–0.28% was found for
5-FodC after the damage-harboring double-stranded
shuttle vector was replicated in simian COS-7 cells (31).
The mutagenic properties of 5-HmdC and mdCg have not
yet been examined; however, the deaminated product of
mdCg (i.e. Tg) is known to direct the predominant incor-
poration of adenine nucleotide during DNA replication
(7–9). Together, the enhanced formation of oxidatively
generated lesion from methylated cytosine, combined
with the facile deamination of mdCg and the high muta-
genic potential of the deaminated product, may render
5-methylcytosine more susceptible to produce C!T tran-
sition mutation than its unmethylated counterpart.
We also observed that the yield for the formation of the

tandem lesion, i.e. Tg-(8-oxodG), is only about 10-fold
less than that found for Tg that is 50 neighboring to an
unmodified dG (Figure 5). Therefore, the high yield for
the formation of this tandem lesion at mCpG sites and the
inefficient removal of 8-oxodG from Tg-(8-oxodG) site by
human 8-oxoguanine DNA glycosylase (hOGG1) (32)
may account for the high frequency of mCG!TT muta-
tion observed after the CpG-methylated and Cu(II)/H2O2/
ascorbate-treated pSP189 shuttle vector has been repli-
cated in NER-deficient XPA cells (15). Along this line,
both NER and long-patch BER repair pathway have
been proposed for the repair of another type of tandem
lesions composed of a thymine glycol and a neighboring
50 2-deoxyribonolactone (33).
Copper plays a pivotal role in maintaining the structure

and integrity of chromatin (34,35). Our results suggest
that transition metal ion, copper or iron (11), can induce
significant amount of DNA damage, thereby posing a
great challenge for people suffering from Wilson’s disease
and primary hemochromatosis, which cause abnormal
accumulation of copper and iron in various organs
(36,37). The tandem and/or cluster lesions, whose bio-
chemical effects are largely unknown, constitute a major
family of DNA damage products produced by Fenton-
type reagents and ionizing radiation (38). The mutagenic
properties of this particular type of tandem lesions are
currently investigated in our laboratory.
Methylation pattern of cytosine residue at CpG sites is

crucial for maintaining the epigenetic signal in human cells
(39). The ROS-induced nucleobase modification at CpG
sequence may also result in disturbed gene regulation and
heritable epigenetic changes in chromatin (40).
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