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Methylglyoxal (MG) is a highly reactive R-oxo-aldehyde
produced endogenously via the nonenzymatic dephos-

phorylation of glyceraldehyde 3-phosphate and dihydroxyace-
tone phosphate.1 These reactions have been estimated to gen-
erate up to 0.1 mM MG/day in vivo, whereas the catabolism of
threonine, the P450-mediated oxidation of ketone bodies, and
the decomposition of carbohydrates and their corresponding
Amadori products constitute important secondary sources of
MG.1-4 Methylglyoxal is a mutagen in human cells5,6 and an
effective inducer of apoptosis via the p38 MAPK pathway.7,8

Levels of MG are substantially elevated in both type 1 and 2
diabetes,9,10 and it has been proposed that this may contribute
significantly to diabetes-related pathologies, including nephro-
pathy, vascular impairment, and immune suppression.11-13

Methyglyoxal covalently modifies proteins, lipids, RNA, and
DNA to form the corresponding advanced glycation end pro-
ducts (AGEs), resulting in modification of their normal func-
tion.14-20 Although there is a substantial body of literature about
the formation of protein-AGE and its potential involvement in
pathologies associated with diabetes, aging, cancer, and Alzhei-
mer’s disease,21-23 information about the potential biological
impact of DNA-AGEs is scant. In the absence of efficient removal
by repair mechanisms, the accumulation of DNA-AGE may have
genotoxic consequences and play an unrecognized role in human

disease. Recent biochemical experiments using synthetic DNA
containing the DNA-AGE N2-1-(carboxyethyl)-20-deoxyguano-
sine (CEdG) have shown that this adduct can partially inhibit
replicative DNA polymerases or induce miscoding during
replication,24,25 suggesting that glycation of DNAmay contribute
to genetic instability and mutagenesis in vivo.

Although methylglyoxal and glyoxal adducts of DNA and
RNA were initially described more than 40 years ago,17,26 it was
only recently that these adducts were shown to occur endogen-
ously in vivo. Immunological methods were initially used to
demonstrate elevated levels of CEdG in kidney and aorta of
diabetic and uremic patients relative to normal individuals.27

Recently, we described a mass spectrometric method for the
determination of levels of CEdG in biological samples and used it
to demonstrate significantly elevated levels of CEdG in diabetic
animals relative to normoglycemic controls, as well as the first
quantitative determination of a DNA-AGE in human breast
tumors and normal tissue.28 Levels of CEdG were determined
to be ∼1-10 in 107 dG residues in tissue-extracted DNA,
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ABSTRACT: Glycation of biopolymers by glucose-derived R-
oxo-aldehydes such as methylglyoxal (MG) is believed to play a
major role in the complex pathologies associated with diabetes
and metabolic disease. In contrast to the extensive literature
detailing the formation and physiological consequences of
protein glycation, there is little information about the corre-
sponding phenomenon for DNA. To assess the potential
contribution of DNA glycation to genetic instability, we pre-
pared shuttle vectors containing defined levels of the DNA
glycation adduct N2-(1-carboxyethyl)-20-deoxyguanosine (CEdG) and transfected them into isogenic human fibroblasts that
differed solely in the capacity to conduct nucleotide excision repair (NER). In the NER-compromised fibroblasts, the induced
mutation frequencies increased up to 18-fold relative to background over a range of∼10-1400 CEdG adducts/105 dG, whereas the
same substrates transfected into NER-competent cells induced a response that was 5-fold over background at the highest adduct
density. The positive linear correlation (R2 = 0.998) of mutation frequency with increasing CEdG level in NER-defective cells
suggested that NER was the primary if not exclusive mechanism for repair of this adduct in human fibroblasts. Consistent with
predictions from biochemical studies using CEdG-substituted oligonucleotides, guanine transversions were the predominant
mutation resulting from replication ofMG-modified plasmids. At high CEdG levels, significant increases in the number of ATfGC
transitions were observed exclusively in NER-competent cells (P < 0.0001). This suggested the involvement of an NER-dependent
mutagenic process in response to critical levels of DNA damage, possibly mediated by error-prone Y-family polymerases.
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indicating that DNA glycation adducts may be widely distributed
in vivo.

There is some confusion in the literature regarding the
predominant adducts produced as a result of DNA glycation,
shown in Figure 1. Cyclic imidazopurinone adduct 2 was initially
described as the sole product resulting from reaction of MG with
guanine;26 however, other laboratories have reported adduct 1 as
the major isolated DNA-AGE.19,29 Still other workers have
claimed bis-adduct 3 is the nearly exclusive product of DNA
glycation.30 Large variations in the reaction conditions, particu-
larly the stoichiometric ratio of oxo-aldehyde to DNA, pH, and
reaction times, may account in part for this variability. In our
hands, time course product studies of the reaction of guanine
deoxynucleosides with MG provided evidence of the formation
of all three products; however, LC-ESI-MS/MS analyses of
reactions of MG with shuttle vector plasmid pSP189 indicated
that CEdG 1 was the predominant thermodynamic adduct,
although evidence of the kinetic formation of cyclic adduct 2
as its immediate precursor was also obtained. Adducts were quan-
tified as the number of CEdG adducts per dG and were presumed
to account for the induced biological response observed as a
function of adduct density.

’MATERIALS AND METHODS

Chemicals and Reagents. Methylglyoxal was prepared by
acid-catalyzed hydrolysis of dimethyl pyruvaldehyde (Sigma-
Aldrich, St. Louis, MO) and purified by vacuum distillation.31

Solutions were stored under argon at -80 �C prior to use.
Concentrations of MG stock solutions were determined by 1H
NMR integration of the methyl group at 2.09 ppm in d6-DMSO
relative to a tert-butyl alcohol internal standard. Bovine phos-
phodiesterase II and alkaline phosphatase were purchased from
Sigma-Aldrich. Nuclease P1 was purchased from U.S. Biologicals
(Swampscott, MA).
Plasmid Vectors and Mammalian Fibroblasts. Shuttle vec-

tor pSP189 containing the supF amber suppressor tRNA muta-
tion marker and Escherichia coli indicator strain MBM7070
[F-lacZ (am)CA7020, lacY1, hsdR-, hsdMþ, araD139Δ(araABC-
leu)7679, galU, galK, rpsL, thi] were provided byM. Seidman.32 The
pSP189 vector contains viral and bacterial genetic elements that
allow replication in both SV40 permissive mammalian cells and
E. coli. A unique 8 bp randomized “signature” sequence at the 30 end
of the supF gene allows for discrimination between clonal and
independent mutational events.33 This eliminates the inadvertent
scoring of “jackpot” mutations in the calculation of mutation
frequencies.

Plasmids were isolated by the alkaline lysis method and
purified by cesium chloride gradient centrifugation. Host cells
consisting of DNA repair deficient human fibroblasts derived
from a patient with the XP-G class 2 defect (XP3BR.SV) and
repair-competent cells corrected by c-DNA complementation
(XP2BI-pXPG1) were provided by A. Sarasin (Institut Gustave
Roussy, Villejuif, France). Cells were cultured in Dulbecco’s
modified Eagle’s high-glucose medium (Mediatech, Inc., Mana-
ssas, VA), supplemented with 4 mM L-glutamine, 100 units/mL
penicillin G, 100μg/mL streptomycin (Gibco, Life Technologies
Corp., Carlsbad, CA), and 10% fetal bovine serum (Omega
Scientific, Inc., Tarzana, CA). Cells were maintained under a 10%
CO2 atmosphere in a humidified incubator. The complemented
XP2BI-pXPG1 cells were also supplemented with 0.5 mg/mL
Geneticin (G-418 sulfate; Gibco, Life Technologies Corp.) to
ensure plasmid maintenance.
Preparation of CEdG-Substituted Plasmid DNA. Plasmid

pSP189 (200 μg) was dissolved in ddH2O and reacted with 13,
20, 26, 40, or 53 mM MG at 37 �C for 60 min in a volume of
200 μL. Reactions were stopped by the addition of 300 μL of
ddH2O, followed by the removal of excess MG using a Microcon
Centrifugal Filter Device equipped with an Ultracel YM-30
membrane (Millipore, Billerica, MA) according to the manufac-
turer’s protocol. Removal of unreacted MG from plasmid reac-
tion mixtures was monitored by quantitation of the O-(2,3,4,5,6-
pentafluorobenzyl)hydroxylamine hydrochloride (PFBOA)
derivative of MG by gas chromatography and mass spectrometry
(GC-MS) using a ShimadzuGCMS-QP5000 instrument equip-
ped with a Zebron ZB-WAX column (15m� 0.25mm� 0.5 μm)
from Phenomenex (Torrance, CA) as previously described.34

Repeated centrifugal filtration was sufficient for the removal of all
traces of unreacted MG. This was validated by the GC-MS
method within the limits of detection of the PFBOA derivative
(0.131 μM). Modified plasmids were then precipitated with
EtOH and stored at-80 �Cprior to adduct quantitation by LC-
ESI-MS/MS.
Quantification of CEdG in DNA by LC-ESI-MS/MS. Quan-

titation of CEdG in pSP189 plasmid DNA using LC-ESI-MS/
MS was accomplished using the stable isotope dilution method
with (R)- and (S)-[15N5]CEdG standards prepared as previously
described.28 Methylglyoxal-reacted pSP189 (60-100 μg) was
suspended in 125 μL of purified ddH2O containing 16 mM
sodium acetate buffer (pH 5.5), 1 mM zinc chloride, and 9.6 mM
D-penicillamine. DNA was denatured at 95 �C for 5 min and
cooled at 4 �C for 5 min and then hydrolyzed and dephosphor-
ylated with 3 units of nuclease P1 (45 �C for 1 h), followed
by 32 units of alkaline phosphatase and 1 unit of bovine

Figure 1. Three primary adducts identified from the reaction of dG with methylglyoxal (MG). Asterisks denote chiral centers. Adducts 1 and 2 possess
identical molecular weights (m/z 340), whereas adduct 3, corresponding to a bis-MG adduct, has an m/z of 412.
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phosphodiesterase II in 10mMCaCl2 (45 �C for 7 h). The digest
was diluted to a final volume of 420 μL with purified ddH2O.
A 5 μL aliquot of digest was further diluted to 100 μL prior to

quantification of dG in plasmid DNA by HPLC integration using
an Agilent 1100 HPLC system (Agilent Technologies, Palo Alto,
CA) equipped with a Waters Spherisorb ODS-2 column (250
mm � 4.6 mm � 5 μm, 80 Å). Separation of mononucleosides
was achieved using a gradient of acetonitrile in 8 mM sodium
acetate buffer (pH 6.9) as described previously.28 Calibration
curves were constructed with 20-dG standards, and good linearity
(R2g 0.99) over a range of 4-250 μg/mL was routinely achieved.
LC-ESI-MS/MS quantitation of CEdG was accomplished

using an Agilent 1100 Capillary LC system in line with a 6410
triple quadrupole mass spectrometer in positive ion and multi-
ple-reaction monitoring (MRM) modes. The detector settings
were as follows: capillary voltage, 4 kV; source gas temperature,
350 �C; gas flow, 6 L/min; nebulizer pressure, 15 psi; dwell time,
200 ms; fragmentor voltage, 100 V; collision energy, 10. The
mass transitions monitored for [15N5]CEdG and CEdG werem/
z 345fm/z 229 andm/z 340fm/z 224, respectively. Digests
were spiked with 4.76 ng/mL (R,S)-[15N5]CEdG and 10 μL of
86% phosphoric acid. Samples were loaded onto strata-X-C
cation mixed mode columns (Phenomenex) preconditioned
with a MeOH/CH3CN mixture (1:4) followed by 2% phospho-
ric acid, 0.1% phosphoric acid, and then MeOH using a flow rate
of 1 mL/min. Nucleosides were eluted with 3% ammonium
hydroxide in a MeOH/CH3CNmixture (1:4) and evaporated to
dryness in a centrifugal concentrator. Samples were resuspended
with 50 μL of 0.1% formic acid, and 20 μL was introduced via
autosampler injection. Chromatography was accomplished on a
Prodigy ODSC-18 (250mm� 2.0 mm� 5 μm) column (Pheno-
menex) using isocratic elution with a mobile phase of 30%
aqueous MeOH and 0.1% formic acid at a flow rate of 0.2 mL/
min. All samples were run in duplicate. The retention times for
the R and S diastereomers of CEdGwere 4.6 and 6.2 min, respec-
tively. Quantitative data were extracted using Agilent’s Mass
Hunter Quantitative Analysis software.
Mutagenesis Assay and Analysis of Mutations. Transfec-

tion of plasmids into human fibroblasts, recovery of pSP189, and
mutant selection in bacteria were performed essentially as previo-
usly described with some recent modifications.35 XP-G or XP-
Gþ human fibroblasts were seeded at a density of 6� 105 cells/
100 mm plate 24 h prior to transfection. Plasmid DNA (6 μg)
was transfected into human cells using the FuGene 6 Reagent
(Roche diagnostics, Indianapolis, IN) and cultured for 72 h at
37 �C in a humidified incubator. Plasmid DNAwas isolated using
the alkaline lysis method. Unreplicated plasmids and RNA were
removed by digestion with DpnI (New England BioLabs, Inc.,
Ipswich, MA) and RNase A (Roche diagnostics), respectively.
DNA was recovered by ethanol precipitation with glycogen and
introduced into the E. coliMBM7070 indicator strain by electro-
poration (GenePulser II, Bio-Rad, Hercules, CA).

Bacteria were plated on LB agar supplemented with carbeni-
cillin (120 μg/mL), X-gal (5-bromo-4-chloro-3-indoyl β-D-
galactopyranoside) (120 μg/mL), and IPTG (isopropyl β-D-
thiogalactopyranoside) (40 μg/mL). The plates were incubated
at 37 �C for 12-16 h prior to scoring for normal (blue) and
mutant (white or light blue) colonies. Mutation frequency was
calculated as (number of white and light blue colonies)/(total
number of colonies). Mutant colonies were isolated and cultured
to harvest plasmids for sequencing as previously described.
Sequencing was performed by Laragen, Inc. (Los Angeles,
CA). Statistical significance was calculated using the Fisher’s
exact, two-sided test.

’RESULTS

Synthesis and Characterization of CEdG-Containing Plas-
mids.DNA shuttle vectors containing varying amounts of CEdG
were prepared for use as transfection substrates for examination
of the relationship among adduct level, induced mutation fre-
quency, and repair efficiency. The pSP189 shuttle vector was
reacted with an excess of MG (from 20- to 90-fold excess relative
to guanine) at 37 �C for 1 h to allow for the formation of DNA
containing variable levels of DNA-AGEs. Plasmids were isolated,
hydrolyzed, and dephosphorylated to mononucleosides using a
standard protocol prior to LC-ESI-MS/MS analyses for dG
adducts 1-3.
To provide chromatographic and mass spectrometric refer-

ence data for the analysis of potential AGEs in double-stranded
DNA, products obtained from reaction of dG mononucleoside
with MG were isolated and characterized by LC-ESI-MS/MS.
In addition to the previously characterized CEdG diastereomers
(1), adducts corresponding to cyclic adduct 2 and bis-MG adduct
3 were also observed in monomer reactions (Figure 1). Adduct 3
was detected as a multiplet of peaks corresponding to four
potential diastereomers by scanning the MRM m/z 412 f m/
z 296 transition. Cyclic adduct 2 had the same molecular weight
and provided the same BHþ fragment ion as CEdG 1 and was
tentatively identified as an earlier elutingmultiplet corresponding
to the common m/z 340 f m/z 224 transition. Attempts to
isolate 2 from monomer reaction mixtures by HPLC were
unsuccessful, as the diastereomeric mixture was observed to
rapidly revert to dG and unidentified non-nucleic acid products.
The presence of the cyclic diol containing 2 was confirmed by
additional in situ reaction with sodium periodate,26 which resul-
ted in nearly quantitative conversion of 2 to N2-acyl-dG 4
(Figure 2 and the Supporting Information). This was readily
identifiable in the MS spectrum by a new m/z 310 f m/z 194
transition. An authentic standard of 4 was prepared using a
modification of a previously published procedure to verify this
assignment.36

Quantitative determination by LC-ESI-MS/MS of nucleo-
side AGEs obtained from reactions of plasmid DNA with MG as

Figure 2. Oxidative diol cleavage of imidazopurinone 2 to N2-acyl-20-deoxyguanosine 4 using periodate.
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described above revealed the nearly exclusive formation of (R)-
and (S)-CEdG. The bis-MG adduct 3 was not detected in
dsDNA following reactions with MG at concentrations up to
53 mM, whereas only trace amounts of cyclic adduct 2 were
tentatively identified. Levels of this product were typically∼0.5-
1.0% of the abundance of CEdG, and the integrated intensities
for peaks potentially corresponding to the diastereomers of 2
were not observed to increase as a function ofMG concentration.
These results imply that variations in the mutation spectrum
observed following transfection with the MG-treated plasmids
were due primarily to DNA-AGE 1, (R,S)-CEdG, although some
contribution from the cyclic precursor (2) could not be rigor-
ously excluded.
The (R,S)-CEdG levels determined by LC-ESI-MS/MS

following reaction with different concentrations of MG are
shown in Figure 3. Relative to untreated plasmids, 1 h reactions
of DNA using the indicated MG concentrations resulted in
∼30-200-fold increases in CEdG adduct levels. Untreated
plasmids isolated from E. coli displayed background levels of
∼7-10 (R,S)-CEdG adducts/105 dGs, suggesting that CEdG
may be a relatively abundant DNA adduct in prokaryotes. The
yield of CEdG in plasmid DNA increased as a function of MG
concentration, and the (R) and (S) diastereomers of CEdG were
produced in approximately equivalent yields.
Dose-Dependent Induction of Mutations in Human Cells

by CEdG as a Function of NER Status. Fibroblasts from a
patient with xeroderma pigmentosum complementation groupG
(XP-G) and cells corrected for this defect by transfection of
plasmids containing the XP-G gene (XP-Gþ) were used to
examine the influence of DNA repair on CEdG-induced muta-
genesis. The XP-G fibroblasts were completely deficient in NER
while retaining alternative DNA repair pathways, whereas the
complemented XP-Gþ cells were normal in all aspects of repair.
Plasmid pSP189 DNA containing the CEdG adduct levels shown
in Figure 3 was transfected into XP-G and XP-Gþ fibroblasts and
allowed to undergo a single round of replication. This DNA was
then isolated and transformed into an E. coli indicator strain to
screen formutations in the supF tRNAmarker gene. The induced
mutation frequencies as a function of adduct dose in both classes
of human fibroblasts are shown in Figure 4. In the repair
proficient XP-Gþ cells, the mutation frequency was elevated
nearly 3-fold over background at an adduct level of∼200 CEdG
adducts/105 dGs. Increases in adduct levels up to 1400 CEdG

adducts/105 dGs yielded a maximal 5-fold increase relative to
background in repair-competent cells.
In contrast, the induced mutation frequency in the NER

deficient fibroblasts increased linearly as a function of CEdG
dose. At the highest CEdG levels examined, an 18.5-fold increase
over background mutation frequency was observed. This linear
relationship suggested that NERwas the primary, if not exclusive,
pathway for the repair of CEdG in these fibroblasts. If alternative
pathways such as mismatch repair (MMR) were able to remove
this adduct, a nonlinear correspondence with some attenuation
in mutation frequencies at higher damage levels would have been
expected, but this was not observed.
Mutation Spectra Induced by CEdG in XP-G and XP-Gþ

HumanCells.Mutants resulting from a single cycle of replication
of pSP189DNA containing elevated CEdG levels (∼1400CEdG
adducts/105 dGs) in XP-G and XP-Gþ cells were isolated from a
bacterial screen and sequenced. Corresponding data from plas-
mids with background levels of CEdG (∼7 CEdG adducts/105

dGs) were also obtained, and these results are presented in
Table 1. Base substitutions in the supF tRNA marker gene
comprised the major class of mutations in both cell lines. These
occurred almost exclusively at guanines and were primarily
transversions. A significant difference in the deletion frequencies
between cell lines that was independent of the CEdG adduct level
was observed. In the repair-competent XP-Gþ line, deletions
comprised ∼10% of all mutations, consisting predominantly of
large (>130 bp) deletions, whereas these were markedly absent
in NER deficient fibroblasts.
A significant adduct-dependent change in the transition

pattern was observed in NER proficient XP-Gþ cells. Elevated
levels of CEdG adducts induced a >2-fold increase in the level of
transitions relative to background levels in this cell line (P =
0.0002), ascribed almost exclusively to A 3T f G 3C base subs-
titutions. Transitions accounted for 44% of all mutations in XP-
Gþ

fibroblasts at high adduct levels. A 3T f G 3C substitutions
were not observed following replication of DNA containing
background levels of CEdG, in either XP-Gþ or XP-G cells.
When considering only changes in the base substitution pattern,
the NER deficient cells appeared to be remarkably insensitive to
large variations in CEdG adduct burden, even though the
mutation frequency increased by more than 18-fold at the larger

Figure 3. (R)- and (S)-CEdG adduct levels in pSP189 shuttle vectors
determined by LC-ESI-MS/MS using the isotope dilution method
following a 1 h reaction with the indicated concentrations of MG at
37 �C.

Figure 4. CEdG-induced mutation frequencies in the supF tRNA gene
following replication of pSP189 containing the indicated CEdG adduct
densities in NER deficient XP-G (red) or repair-competent XP-Gþ

(blue) human fibroblasts. The dotted line is the calculated linear
regression (R2 = 0.998).
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dose. No change in the pattern of deletions, transversions, or
transitions (P > 0.05) was observed at high adduct levels relative
to background in the XP-G fibroblasts.
Sequence Map of supF tRNA Base Substitutions. A com-

plete map of base substitutions within the supF tRNA gene
observed in this study is shown in Figure 5.Mutations induced by
high CEdG levels are presented above the supF tRNA sequence,
whereas mutations resulting from transfection of plasmids with
background adduct levels are shown below. Several prominent
mutation hot spots, defined as three or more base substitutions at
a single site, were observed. A few appear to be strongly induced
at elevated CEdG adduct levels in NER deficient cells (colored
red), such as those observed at G43, C46, and G87. Other
potential CEdG-induced hot spots in XP-G fibroblasts were
observed at G30-32 andG50.With the exception of the hot spot
at G87, all base substitutions at these sites consisted of G 3C f
T 3A/C 3G transversions, consistent with the pattern of mispairing
predicted from in vitro polymerase studies with CEdG containing
oligonucleotides.24,25 Six of eight A 3T f G 3C transitions identi-
fied in NER-competent cells at high adduct doses were uniquely
induced; i.e., there were no other mutations observed at those
positions within the supF tRNA gene following replication in either
XP-G or XP-Gþ cells [A56 (�2), 63 (�2), 94, 108].

’DISCUSSION

Several complementary analytical methods, including 32P post-
labeling,37 indirect immunostaining,27 and quantitative MS/MS,28

have been used to establish the presence of CEdG in human DNA.
Initial measurements of adduct levels in human tissue using isotope
dilution mass spectrometry range from 1 to 10 CEdG adducts/107

dGs, suggesting it is a relatively abundant adduct in vivo.28 These
values are similar to those measured for the oxidative stress marker
8-hydroxy-20-deoxyguanosine in urine and tissue.38

The miscoding properties of CEdG have been investigated using
synthetic oligonucleotides and replicative bacterial polymerases to
measure the steady-state kinetics of dNTP incorporation opposite
this adduct.24,25 These experiments revealed the preferential pairing
of purines opposite CEdG in a polymerase-independent manner,
suggesting a preferred geometry of base pairing likely to favor
transversions in vivo. These data support a role for CEdG in the
mutations resulting fromMG treatment of bacteria andmammalian
cells, reported to be predominantly G transversions.5,39

Reaction of dG mononucleoside with MG resulted in the
formation of the three previously reported adducts (Figure 1). At
neutral pH, cyclic adduct 2 was formed rapidly, although it seemed
to partially degrade over a period of 70 h (see the Supporting
Information). The attempted isolation of 2 in our hands by HPLC
resulted in the recovery of only dG. Frischmann et al. have shown
that 2 is not noticeably formed during the reaction of MG with dG
under conditions where unreacted MG is scavenged in situ using
o-phenylenediamine.20 These observations suggest that cyclic ad-
duct 2, formed from the direct condensation ofMGwithN1 andN2
of guanine, is likely formed as a kinetic product in equilibrium with
MG and dG. We also found that addition of alkaline phos-
phate buffer to the MG/dG reaction mixture resulted in the rapid
and quantitative conversion of 2 to the more thermodynamically
stable CEdG (see the Supporting Information). A plausible me-
chanism for this transformation is shown in Figure 6. Consistent
with these observations, the analogous cyclic adduct of glyoxal with
dG has also been reported to be unstable.40,41 At pH >7, we

Table 1. CEdG-Induced Mutations in Human Fibroblasts Differing in NER Status

NER Deficient (XP-G) NER Proficient (XP-Gþ)

7 CEdG adducts/

105 2-dGsa
1413 CEdG adducts/

105 2-dGsb
7 CEdG adducts/

105 2-dGs

1413 CEdG adducts/

105 2-dGs

no. of independent plasmids analyzedc 28 (100) 68 (100) 32 (100) 40 (100)

no. of base substitutions 28 (100) 67 (99) 29 (91) 34 (85)

single 26 (93) 61 (90) 27 (85) 34 (85)

tandem 0 1 (1) 1 (3) 0

multiple 2 (7) 5 (8) 1 (3) 0

no. of deletions 0 1 (1)e 3 (9)f 6 (15)

single-base 0 1 (1) 0 2 (5)

larged 0 0 3 (9) 4 (10)

others 0 0 0 0

types and no. of base substitution mutations

transitions 7 (23)g 13 (16)h 6 (19)i 15 (44)

G 3C f A 3T 7 (23) 10 (12) 6 (19) 7 (20.5)

A 3T f G 3C 0 3 (4)j 0 8 (23.5)

no. of transversions 23 (77) 67 (84) 25 (81) 19 (56)

G 3C f T 3A 17 (57) 48 (60) 16 (52) 12 (35)

G 3C f C 3G 4 (13) 15 (19) 6 (19) 4 (12)

A 3T f T 3A 2 (7) 0 1 (3) 1 (3)

A 3T f C 3G 0 4 (5) 2 (6) 2 (6)

total 30 (100) 80 (100) 31 (100) 34 (100)
aBackground level of (R,S)-CEdG adducts. b Level of (R,S)-CEdG adducts obtained following reaction with 53 mM MG for 1 h. cNumber of
independent plasmids with alterations (percentage). d Large deletions encompassmore than 130 bp, including and flanking the supF gene. e P = 0.0003 vs
a high level of CEdG lesions in XP-Gþ cells. f P > 0.05 vs a high level of CEdG in XP-Gþ cells. g P > 0.05 vs a high level of CEdG in XP-G cells. h P < 0.0001
vs a high level of CEdG in XP-Gþ cells. i P = 0.0002 vs a high level of CEdG in XP-Gþ cells. j P < 0.0001 vs a high level of CEdG in XP-Gþ cells.
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additionally observed the rapid formation of bis-MG adduct 3 (see
the Supporting Information).

LC-ESI-MS/MS analyses of hydrolyzed and dephosphory-
lated nucleoside DNA-AGEs resulting from 1 h reactions of MG
with plasmid DNA revealed that only (R,S)-CEdG was formed in
a dose-dependent manner. No evidence of bis-MG adduct 3 in
plasmid DNA was obtained. Because the bis-MG adduct of the
dG monomer was stable for >40 h at pH 9.0 (see the Supporting
Information), the failure to observe this product in plasmid DNA

was not likely due to inherent chemical instability, but rather an
insignificant rate of formation in double-stranded DNA. It is
possible that trace amounts of 2 may have contributed to the
observed mutation spectrum. However, the exhaustive removal
of unreacted MG from plasmid reaction mixtures as well as the
slightly alkaline conditions used for transfection would tend to
drive the conversion of 2 to 1. We considered the possibility
that the alkaline phosphatase protocol used to prepare DNA for
MS/MS analyses may have resulted in underestimation of the

Figure 5. Sequence map of mutations detected in the supF tRNA gene of pSP189 in XP-G and XP-Gþ cells. Base substitutions above the sequence were
observed following replication of plasmids containing 1.45 CEdG adducts/102 dGs, whereas those below were obtained using DNA containing
background levels of 7 CEdG adducts/105 dGs. Tandem mutations are underlined.

Figure 6. Proposed mechanism for formation of (R,S)-CEdG 1 via the cyclic adduct 2 arising from the equilibrium reaction of dG with MG. Modified
from ref 20.
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amount of 2 in plasmidDNA;40 however, the use of an alternative
acidic procedure42 did not reveal the presence of additional 2.
Taken together, these observations indicate that the dose-
dependent mutagenic effects observed were due to (R,S)-CEdG.
Moreover, measurements of the intracellular pH of a variety of
human cell lines have revealed that the nuclear compartment is
slightly alkaline, ranging from pH 7.5 to 8.0.43 This would suggest
that alkali labile 2 is not likely to persist in the nucleus in vivo,
even under conditions that would favor its initial formation.

The availability of an ensemble of shuttle vector plasmids
containing precisely defined levels of DNA damage made it
possible to examine the effects of CEdG adduct density on muta-
tion induction and the repair response. Moreover, this strategy
obviated the potential issue of sequence context-dependent
effects that can arise using single-adduct substituted plasmids,
because DNA damage was randomly distributed throughout the
marker gene. Transfection of pSP189 vectors bearing defined
CEdG levels into fibroblasts differing solely in the ability to
conduct NER revealed dramatic differences in induced mutation
frequencies that indicated that NER is the primary, if not
exclusive, pathway for repair of this adduct in DNA. It is striking
that even though other DNA repair mechanisms were presum-
ably active in the XP-G deficient cells, no attenuation of mutation
frequency was observed with increasing adduct levels.

In the absence of alternative mechanisms for its removal,
CEdG is predicted to accumulate to genotoxic levels in indivi-
duals with somatic or inherited defects in NER. This might be
particularly important in patients with poor glucose control as a
result of metabolic disease who display elevated levels of
MG.10,11,44,45 Recent reports linking adiposity and diabetes with
impairment of NER and DNA repair in general46,47 lend
credence to a potential role for CEdG in contributing to somatic
mutagenesis in these individuals. The accumulation of CEdG in
patients compromised in their ability to repair it suggests a
molecular mechanism that may explain in part the increased
incidence of certain cancers associated with diabetes.48,49

Comparison of mutation spectra induced by high and low
CEdG adduct levels in human fibroblasts differing in NER
capacity indicated a secondary, indirect mutagenic pathway
induced by this adduct. A >2-fold increase in the transition
frequency was observed in XP-Gþ cells at high adduct levels, a
change ascribed solely to the sudden appearance of A 3TfG 3C
base substitutions (Table 1). In contrast, in NER deficient XP-G
cells, the induced pattern of base substitutions and deletions was
unchanged relative to background following transfection of
plasmids with elevated levels of CEdG, in spite of a >18-fold
increase in the overall mutation frequency. Thus, the changes in
the base substitution pattern observed in the XP-Gþ cells at high
adduct densities appeared to require a functional NER apparatus.

It initially appeared puzzling that the sole changes in the base
substitution pattern induced by high CEdG adduct levels
occurred at A 3T rather than G 3C base pairs. It was formally
possible that this mutation arose as a result of replication past an
adenine adduct(s) produced during reaction with high concen-
trations ofMG. Frischmann et al. have described the formation of
carboxyethyl-20-deoxyadenosine (CEdA) in DNA in low yield
following prolonged (1 week) reaction with a 20-fold excess of
MG.20 However the fact that A 3TfG 3C transitions were not a
significant feature of the mutation spectra when identically
substituted plasmids were transfected into repair deficient XP-
G cells suggests that this base substitution did not arise from
replication past adenine adducts.

We considered the possibility that recruitment of an error-
prone Y-family polymerase with poor fidelity opposite T or A
could lead to the observed result. Evidence of the involvement of
Y-family polymerases in the gap filling step of NER has recently
been presented.50 However, most Y-family polymerases charac-
terized to date induce mispairs at relatively low frequencies
opposite undamaged DNA.51,52 An important exception to this
general trend is pol ι, which exhibits a 10-fold preference for the
incorporation of dGTP over dATP opposite T in template
DNA.53-55 Recruitment of pol ι during “repair crisis” induced
by high levels of CEdG could result in the observed increase in
the level of A 3Tf G 3C mutations as a result of this mispairing
event during the gap-filling step of NER. The fact that significant
increases in this level of base substitution only occurred in XP-
Gþ but not XP-G fibroblasts could imply a potential role for XP-
G in the recruitment of pol ι.

Although CEdG is only modestly mutagenic in human cells
possessing a fully functional NER pathway, it can induce muta-
tions at high frequencies when this repair mechanism is ablated.
It has become clear in recent years that substantial interindividual
variability in the efficiency of NER exists, with the various xero-
derma pigmentosum phenotypes representing one extreme of
the range. It has been suggested that these NER polymorphisms
may be biomarkers for cancer susceptibility.56,57 Because it
appears that NER may be the primary, if not exclusive, mech-
anism for repair of CEdG in human cells, any loss of efficiency in
NER cannot be offset by other repair pathways. Thus, the presence
ofNERpolymorphisms that limit the efficiency ofNERwould tend
to render these individuals susceptible to CEdG-induced genetic
instability and possibly increase their risk for cancer.
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