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ABSTRACT: Elevated circulating glucose resulting from complications of obesity and metabolic disease can
result in the accumulation of advanced glycation end products (AGEs) of proteins, lipids, and DNA. The
formation of DNA-AGEs assumes particular importance as these adducts may contribute to genetic
instability and elevated cancer risk associated with metabolic disease. The principal DNA-AGE,
N2-(1-carboxyethyl)-20-deoxyguanosine (CEdG), is formed as a mixture of R and S isomers at both the
polymer and monomer levels. In order to examine the miscoding potential of this adduct, oligonucleotides
substituted with (R)- and (S)-CEdG and the corresponding triphosphates (R)- and (S)-CEdGTP were
synthesized, and base-pairing preferences for each stereoisomer were examined using steady-state kinetic
approaches. Purine dNTPs were preferentially incorporated opposite template CEdGwhen either theKlenow
(Kf-) or Thermus aquaticus (Taq) polymerases were used. The Kf- polymerase preferentially incorporated
dGTP, whereas Taq demonstrated a bias for dATP. Kf- incorporated purines opposite the R isomer with
greater efficiency, but Taq favored the S isomer. Incorporation of (R)- and (S)-CEdGTP only occurred
opposite dC and was catalyzed by Kf-with equal efficiencies. Primer extension from a 30-terminal CEdGwas
observed only for the R isomer. These data suggest CEdG is the likely adduct responsible for the observed
pattern of G transversions induced by exposure to elevated glucose or its R-oxoaldehyde decomposition
product methylglyoxal. The results imply that CEdG within template DNA and the corresponding triphos-
phate possess different syn/anti conformations during replication which influence base-pairing preferences.
The implications for CEdG-induced mutagenesis in vivo are discussed.

Increased glycolytic stress resulting from metabolic disease, or
elevated levels of cytoplasmic glycolysis relative tomitochondrial
oxidative phosphorylation, can result in the formation of ad-
vanced glycation end products (AGEs)1 of proteins (1), lipids (2),
and DNA (3, 4). One of the major reactive aldehydes responsible
for AGE formation is methylglyoxal (MG), a byproduct of the
triose-phosphate isomerase reaction of glycolysis and a major
carbohydrate decomposition product (5, 6). Protein AGEs have
beenwell-studied, and they are believed to play amajor role in the
pathologies associated with diabetes, aging, and Alzheimer’s
disease (7, 8). The pathological implications of lipid and DNA-
AGE accumulation are presently unknown. The reaction of MG
with DNA (Scheme 1) assumes special importance since the
resulting AGEs may contribute to genetic instability and play
an important role in elevating the risk for certain cancers
associated with metabolic disease. Information regarding the

biodistribution and pathological consequences of DNA-AGEs
has been scant owing to a prior lack of quantitative methods for
its determination in biological samples. Immunoaffinity methods
were recently used to demonstrate elevated levels of DNA-
AGEs in aorta and kidney of diabetic patients relative to normal
controls, the first demonstration of a correlation between
DNA-AGEs and human disease (9).

Recently, we described an LC-ESI-MS/MS protocol using the
isotope dilution method for quantitation of the principal DNA-
AGE N2-(1-carboxyethyl)-20-deoxyguanosine (CEdG) in bio-
logical samples. The preparation of stable isotope derivatives
of (R)- and (S)-15N5-CEdG allowed for quantitative determina-
tion of their distribution in urine and in DNA hydrolysates from
tissue extracts (10). Measurements in human breast tumors and
adjacent tissues revealed an adduct density of ∼1-10 CEdG/107

guanines, suggesting that it is a relatively common adduct in vivo.
In order to explore themiscoding potential of CEdG inDNA,we
synthesized site-specifically modified oligonucleotides containing
stereochemically pureR or S stereoisomers and characterized the
steady-state kinetics of dNTP incorporation opposite either
adduct catalyzed by two relatively high fidelity DNA poly-
merases. Kinetic data are presented which reveal a distinct
preference for CEdG/purine mispairs as well as the influence of
adduct stereochemistry on mispair formation. Stereochemically
pure (R)- and (S)-CEdGTP were also prepared, and their
suitability as polymerase substrates was examined in order to
assess whether incorporation of glycated nucleotides from the
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dNTP pool might contribute to the accumulation of CEdG in
DNA (11). The potential implications of these results for genetic
instability induced by DNA glycation are discussed.

EXPERIMENTAL PROCEDURES

Reagents. 50-Dimethoxytrityl-2-fluoro-O6-(p-nitrophenyl)-
ethyl-20-deoxyinosine 30-[(2-cyanoethyl)-(N,N-diisopropyl)]pho-
sphoramidite (2-F-dI-CE-phosphoramidite) and 30-phosphate
CPG support were purchased from Glen Research (Sterling,
VA), dGTP was from Chem-Impex (Wood Dale, IL); Klenow
enzyme was from USB (Cleveland, OH), Thermus aquaticus
(Taq) polymerase was from Roche Diagnostics (Indianapolis,
IN), and calf intestinal alkaline phosphatase (CIP) andassociated
buffers were from New England Biolabs (Ipswich, MA). All
other reagents and solvents were obtained from Sigma-Aldrich
(St. Louis, MO) unless otherwise indicated.
Preparation of (R)- and (S)-CEdG-Containing Oligo-

nucleotides. Oligonucleotides were prepared using an ABI394
DNA synthesizer equipped with either standard or 2-F-dI-CE
phosphoramidites (0.2 μM scale). For the preparation of CEdG-
substituted oligonucleotides, F-dI-containing fully protected
oligomers bound to the CPG support were suspended in an
aqueous solution of 1 M D- or L-alanine in 250 mM potassium
carbonate (50 �C, 40 h). Complete removal of all protecting
groups was achieved by extended reaction in concentrated
ammonia (50 �C, 7 days). Separation of the desired oligonucleo-
tide from failure sequences and other impurities was achieved
by ion-pairing chromatography in 100 mM triethylammonium
acetate (TEAA; Fluka, Milwaukee, WI) on a 10 mm � 250 mm
XBridge C18 5 μm column (Waters, Milford, MA) using a
9.0-9.5% gradient of acetonitrile (40 min, 45 �C column
temperature). All purified oligonucleotides were characterized
by rechromatography under the indicated conditions and ana-
lyzed by ESI-FT/MS on an LTQ-FT instrument (Thermo-
Finnigan, San Jose, CA) in the Mass Spectrometry Core of the
City of Hope Cancer Center (see Supporting Information). The
maximum contamination by dG at the CEdG-substituted posi-
tion (generated by deprotection of unreacted 2-FdI containing
oligo in ammonia) was <1.4% as assessed by relative intensities
of the FT-MS signals. 30-CEdG-terminated oligonucleotides
were prepared in essentially the same fashion, with the exception
that synthesis was begun using 30-phosphate CPG support,
followed by the addition of the 2-F-dI-CE phosphoramidite.
The resulting oligos were treated with CIP to remove the
30-phosphate prior to final purification by HPLC.
Synthesis of (R)- and (S)-CEdGTP. To 1.8 mL of purified

water in a 15 mL polypropylene tube were added 96.7 mg

(168.7μmol) of dGTP, 115.9mg (1.29mmol) of D,L-glyceraldehyde,
360.5 mg of potassium phosphate monobasic, and 729.4 mg of
sodium phosphate dibasic. The suspension was vortexed and
placed in a water bath (65 �C, 40min) and then agitated to yield a
clear, pale yellow solution. This was allowed to react at
65 �C for an additional 220 min with periodic vortexing. The
solution was stored at -80 �C until purification. An XK16/20
column (Pharmacia) was packedwithDEAE-cellulose (Whatman
DE32) and fitted to an HP 1100 HPLC system. Absorbance was
monitored at 280 nm. A 100 μL aliquot of the reaction was
injected and eluted with 5% aqueous ethanol at a flow rate of
1 mL/min. An initial 25 min desalting gradient of 0-400 mM
ammonium acetate (pH 7) was followed by a gradient of 400-
600 mM ammonium acetate from 25 to 140 min. A single broad
peak with several small shoulders eluted from 30 to 130 min. This
was collected in 20 � 5 mL fractions. Analysis by ESI-MS
indicated that fractions 1-5 were predominantly inorganic salts,
whereas the majority of CEdGTP eluted in fraction 18. Mass
spectrometry data indicated the major impurities were consistent
with CEdGDP, unreacted dGTP, and traces of CEdG tetrapho-
sphate. This fraction was rechromatographed until all remaining
traces of dGTPwere removed (<0.0001%relative toCEdGTPby
FT-MS). Additional purification, including separation of the
diastereomers of CEdGTP, was carried out on a 10 � 250 mm
XBridge column (Waters Corp., Milford, MA) using a 20 min
gradient of 2-4% acetonitrile in 50 mM TEAA at 2.5 mL/min.
The two diastereomers of CEdGTP were incompletely resolved,
and the peaks containing themwere collected in three fractions. A
sample of each fraction was digested with CIP, and the config-
urations of the released nucleosides were determined by matching
their retention timeswith that of previously synthesized samples of
known configuration (Supporting Information Figure S2). Frac-
tion 1 is nearly pureR isomer and fraction 3 nearly pure S isomer.
The samples were quantified by UV spectroscopy assuming a
molar extinction coefficient of 13700 M-1 L-1.
Steady-State Kinetic Analyses of dNTP Incorporation

opposite (R)- and (S)-CEdG Catalyzed by Kf-. Oligonu-
cleotide primers were 50-labeled by diluting 120 pmol of primer
with 4 μL of water and 1 μL each of T4 polynucleotide kinase
(PNK) and 10� PNK buffer together with 4 μL (8.9 pmol) of
[γ-32P]ATP.Tubeswere sealed and incubated (37 �C, 60min) and
then placed at 70 �C (30 min) to inactivate PNK, resulting in a
12 μMprimer solution labeled to about 7.5%. Tomeasure dNTP
incorporation opposite CEdG in DNA, templates containing
either (R)- or (S)-CEdG (1) were annealed to primer (7) by
heating equimolar amounts of each in a volume of 70 μL to 95 �C
for 5 min followed by gradual cooling to 37 �C. To this solution

Scheme 1: Proposed Mechanism of Formation of (R,S)-CEdG via the Addition of Methylglyoxal to N1 and N2 of 20-dGa

aAdapted from ref 4.
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was added 10 μL of 1 unit/μL Klenow enzyme (USB, Cleveland,
OH), resulting in a final volume of 80 μL. This gave a 2� stock
solution 300 nMeach in template and primer and 214 nM inKf-.
To initiate the polymerase reaction, enzyme/template/primer
(ETP) stock solution (4 μL) and 2� dNTP solutions (4 μL) were
combined and incubated (37 �C, 10 min). The final reaction
volumes contained 50 mM Tris-HCl, pH 7.5, 10 mM MgCl2,
1 mMDTT, and 0.05 mg/mLBSA. Six concentrations of dNTPs
ranging from 0.5 to 2000 μM were examined. Reactions were
terminated with 16 μL of loading buffer (90% formamide,
50 mM EDTA, pH 8.0, 0.1% xylene cyanol, and 0.1% bromo-
phenol blue). After denaturation (95 �C, 3 min) and chilling on
ice, primer extension products were resolved on 20% polyacryl-
amide gel. Gels were run at 40 W for approximately 3.5 h, then
dried, exposed using a phosphor screen (Molecular Dynamics,
Sunnyvale, CA), and scanned on a Typhoon 9410 imaging
station (GE Healthcare, Piscataway, NJ). Nonlinear regression
analyses of data to give Vmax and KM values were carried out
using Prism software (GraphPad Software, San Diego, CA).
Kf--Catalyzed Incorporation of CEdGTP. Stock solu-

tions of 50 mM (R)- or (S)-CEdGTP containing 50 mM MgCl2
were prepared just before use and diluted to provide the desired
concentrations. Template/primer solutions were prepared by
diluting a stock solution of ∼73 pmol of templates (2, 3, and 4)
with 48.4 pmol of labeled primer (8) and 32 μL of 10�Kf- buffer
to a volume of 152 μL. After annealing, 8 μL of 0.04 unit/μL
(68.4 nM) Kf- was added. The resulting ETP solutions were∼450
nM in template, 303 nM inprimer, and 3.42 nM in enzyme.A range
of concentrations of CEdGTP solutions were prepared in 4 μL of
water. TheETP solutionswere brought to 37 �C, and then 4 μLwas
added to each CEdGTP aliquot. Reactions were quenched at the
appropriate time points and analyzed as described above.
Kf--CatalyzedPrimerExtensionReactions from30-CEdG.

We examined the Kf--catalyzed extension from a 30-terminal
(R)- or (S)-CEdG (oligo 5) base paired with dC (oligo 2) or dA
(oligo 3) to form two contiguous G/C base pairs. A range of
dCTP concentrations were prepared from a 50 mM stock
solution. ETP solutions (32 μL) were prepared by diluting a
volume of template stock equivalent to 14.5 pmol with water to a
total volume of 22.8 μL. To this was added 10� Klenow buffer
(6.4 μL) and a labeled primer solution (0.8 μL). After annealing,
1 unit/μL Kf- (2 μL) was added, and the solutions were brought
to 37 �C; 4 μL of the ETP solution was then added to the dCTP
solutions. Reactions were quenched and analyzed after 180 s.
Analyses of dNTP Incorporation opposite (R)- and (S)-

CEdG by Taq Polymerase. ETP solution (2�) was prepared
by diluting a volume of stock solution of template equivalent to
25 pmol with water to give a total volume of 55.6 μL. To this
was added 10� Taq buffer (16 μL) and a labeled primer solution

(2 μL of 12 μM). These were annealed (as described above) and
followed by the addition of 0.5 unit/μL Taq polymerase (6.4 μL)
to yield a final volume of 80 μL. The resulting 2� ETP solution is
312 nM in template, 300 nM in primer, and 2.2 nM in Taq. The
three combinations of templates (1R), (1S), and control (2) with
primer (7) were prepared in this fashion. For the time course
reactions, ETP mixtures and 2 mM dNTP/MgCl2 solutions were
prepared as above. For each experiment, 40 μLof eachwasmixed
at 37 �C.At 10 different time points (125min to 20 h), 5 μL of the
reaction volumewas removed, quenched, and analyzed by PAGE
for percent extension. The incorporation of dATPopposite either
(R)- or (S)-CEdG was further examined by steady-state kinetics.
ETPmixtures (80 μL) were prepared as described above. A 2mM
stock solution of dATP/MgCl2 was used to prepare a range
of concentrations for velocity determinations. Reactions were
allowed to proceed for 60 min prior to quenching and product
analyses.

RESULTS

Synthesis of (R,S)-CEdG-Containing Oligonucleotides.
The synthetic strategy used to prepare stereochemically defined
CEdG-containing oligonucleotides is shown in Figure 1. The
N2-carboxyethyl side chain was introduced by a nucleophilic
substitution reactionwith D- or L-alanine on anO6-(4-nitrophenyl)-
ethyl- (NPE-) protected 2-fluorodeoxyinosine (2-FdI) residue
within an oligo bound to the solid-phase support. This proceeded
with retention of stereochemistry and allowed for the unambig-
uous synthesis of oligonucleotides containing either (R)- or (S)-
CEdG from D- or L-alanine, respectively. Removal of the NPE-
protecting group using the standard DBU/pyridine protocol
resulted in the formation of several side products which compli-
cated purification by HPLC. Product analysis by ESI-FT/MS
revealed the presence of oligomers differing from the expected
m/z for full-length product by 18 and 36, suggesting base-
catalyzed dehydration. Alternatively, extended reaction in aqu-
eous ammonia removed the NPE as well as the other base-
protecting groups and provided products of the predicted
molecular weight following purification by ion pairing chromato-
graphy. The sequences of the CEdG-containing oligonucleotides
and all primers and templates used in these studies are provided
in Figure 2. The stereospecific synthesis of oligonucleotides
containing (R)- and (S)-CEdG not only provided templates for
kinetic studies but also allowed for the absolute stereochemical
assignment of CEdG nucleosides synthesized previously (10).
Hydrolysis of stereochemically pure CEdG-containing oligos
followed byHPLC analyses using previously described chromato-
graphic conditions indicated that theR isomer (previously referred
to as CEdG-A) eluted before the S isomer (previously referred to
as CEdG-B).

FIGURE 1: Synthesis of oligonucleotides containing (R)- or (S)-CEdG.Conditions: (a) D- or L-alanine,K2CO3,H2O/N-methylpyrrolidone, 50 �C,
48 h; (b) concentrated NH4OH, 55 �C, 4-7 days; (c) DBU/C5H5N, room temperature, 18 h. Bp indicates protected DNA bases.
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Steady-State Kinetics of Base Pair Formation opposite
Template CEdG Catalyzed by Kf-. Template oligonucleo-
tides containing either (R)- or (S)-CEdG (1) were annealed to
primer (7) in order to examine base pairing opposite this adduct
with standard dNTPs. Primer extension reactions catalyzed by
Kf- were carried out over a range of dNTP concentrations, and
velocity plots were constructed by quantitative integration of
PAGE data. A complete set of steady-state kinetic parameters is
provided inTable 1. Values for fins, defined as the ratio of apparent
second-order rate constants k2app(dNTP)/k2app(dCTP) (12), were
calculated for R and S isomers and were used to predict the
likelihood of base substitution mutations induced by template
CEdG. Values of fins >1 indicated preferential “mispair” forma-
tion, while values<1 predicted a lower probability of base pairing
relative to dCTP, assuming equimolar concentrations of dNTP
and dCTP in the nucleotide pool. The fins values for (R)- and (S)-
CEdG in template DNA revealed a distinct bias for purine
incorporation (Table 1). The preferred order of dNTP addition

opposite CEdG for either isomer was dGTP>dATP>dCTP>
dTTP. The bias for purine/CEdG pairing relative to dCTP base
pair formation was more pronounced for the (R)-CEdG-substi-
tuted templates. In this case the incorporation of dGTP was
preferred over dCTPby∼250-fold, as judged by comparison of fins
values, while dATP incorporation was favored by ∼30-fold. For
the R isomer, the incorporation of purine triphosphates over
dCTP was favored primarily as a result of lower KMs, with only a
small positive contribution from kcat. The KM values for the
reaction with dGTP and dATP were 85- and 20-fold smaller,
respectively, relative to that measured for dCTP. The correspond-
ing kcat values were larger by 3- and 2-fold for dGTP and dATP,
respectively. For templates containing (S)-CEdG, base pairing
with dGTP and dATP was preferred by ∼14- and 8-fold,
respectively. Incorporation of dGTP opposite (S)-CEdG was
favored by a 55-fold lower KM; however, kcat relative to dCTP
was lower by ∼4-fold. The incorporation of dATP opposite
this isomer was favored due to a 5-fold lower KM and a modest
(∼2-fold) increase in kcat. Incorporation of dTTP opposite (R)-
CEdG was largely inhibited as a result of unfavorable KM values.
This reaction was characterized by a KM which was ∼2000-fold
greater than that determined for dGTP, while the corresponding
kcat values differed by less than 2-fold. Similar trends were
observed for the reaction of dTTP with the (S)-CEdG-containing
template.
Incorporation of dNTPs opposite CEdG Catalyzed by

Taq Polymerase. Primer extension reactions were also carried
out with oligos (1 and 7) using the Taq enzyme. Reactions were
incubated at 37 �C rather than the optimal temperature in order
to prevent dissociation of the 23-mer template/primer duplex. In
order to obtain experimental parameters for steady-state kinetic
experiments, time course reactions were initially carried out with
a fixed amount of dNTPs (2mM) and template/primer (150mM)
(Figure 3). Incorporation of dNTPs by Taq was 10-100-fold
slower than the corresponding Kf--initiated reactions. While
incorporation of purines opposite CEdG was still highly pre-
ferred, in contrast to Kf- dATP was favored over dGTP. Both
dATP and dGTP incorporate preferentially opposite the S
isomer (Figure 3). Similar to results obtained with Kf-, pyrimi-
dine triphosphates were incorporated poorly opposite CEdGand
with no significant stereochemical preference. Since Taq-catalyzed
reactions with dATP were sufficiently processive to allow
reproducible kinetic measurements, steady-state kinetic analyses
were performed for templates containing (R)- and (S)-CEdG
(Table 1). The∼2-fold preference for incorporation opposite the

FIGURE 2: Templates (1-4) and primers (5-8) used to examine
dNTP incorporation opposite (R)- and (S)-CEdG in template
DNA by Kf- and Taq polymerases and incorporation of (R)- and
(S)-CEdGTP opposite the standard bases by Kf-.

Table 1: Steady-State Kinetic Data for Base-Pairing Reactions of CEdG

X dNTP Km (μM) kcat (s
-1) k2app (kcat/KM) (M-1 s-1) fins

(R)-CEdG dCTP (2.46 ( 0.96) � 101 (3.01 ( 0.34) � 10-4 1.22� 101 1

dTTP (5.66 ( 1.81) � 102 (1.58 ( 0.20) � 10-3 2.79 0.229

dGTP (2.88 ( 1.54) � 10-1 (8.69 ( 1.03) � 10-4 3.02� 103 247.5

dATP 1.20 ( 0.70 (4.87 ( 0.79) � 10-4 4.06� 102 33.3

(S)-CEdG dCTP (2.18 ( 0.53) � 102 (6.84 ( 0.77) � 10-3 3.14� 101 1

dTTP (4.22 ( 1.26) � 102 (8.07 ( 1.04) � 10-4 1.91 0.061

dGTP 3.95 ( 0.81 (1.79 ( 0.13) � 10-3 4.53� 102 14.4

dATP (4.87 ( 2.22) � 101 (1.17 ( 0.41) � 10-2 2.40� 102 7.64

dC (R)-CEdGTP (3.75 ( 0.71) � 102 (9.60 ( 1.30) � 10-1 2.56� 103

(S)-CEdGTP (3.25 ( 0.67) � 102 (7.80 ( 1.10) � 10-1 2.40� 103

(R)-CEdGa dATP (8.12 ( 1.47) � 102 (3.42 ( 0.35) � 10-3 4.21

(S)-CEdGa dATP (7.81 ( 0.55) � 102 (5.75 ( 0.23) � 10-3 7.36

aReactions with Taq polymerase. All others catalyzed by Kf-. X = template base.
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S isomer indicated by the apparent second-order rate constants
was influenced primarily by kcat rather than KM.
Incorporation of (R,S)-CEdGTP by Kf-. Since glycation

can potentially occur in the nucleoside triphosphate precursor
pool, incorporation of CEdGTP during DNA synthesis repre-
sents a potential route forDNA-AGEaccumulation. In order to
determine the suitability of CEdGTP as a polymerase substrate
during primer strand extension, we examined the steady-state
kinetics of Kf--catalyzed reactions of (R)- and (S)-CEdGTP.
The triphosphates were synthesized as a stereoisomeric mixture
via the reaction of dGTPwith glyceraldehyde. Initial experiments
used single-turnover reaction conditions and the unresolved
CEdGTP stereoisomers to examine incorporation opposite dC
using primer (8) and template (2). Incorporation of (R,S)-
CEdGTP occurred readily opposite dC at 20 μM,while at higher
concentrations, multiple additions were observed (Figure 4). An
apparent second-order rate constant of ∼3 � 102 M-1 s-1 was
measured for this reaction. In order to provide substrates for
examining the potential stereospecificity of incorporation, stereo-
isomers were then separated and purified by DEAE-cellulose
followed by ion pairing chromatography. Stereochemical assign-
ment was accomplished by exhaustive dephosphorylation with
calf intestinal phosphatase followed by correlationwith authentic
(R)- and (S)-CEdG isolated from hydrolysates of oligonucleo-
tides as described in Experimental Procedures (see Supporting
Information). The incorporation of purified (R)- and (S)-
CEdGTP by Kf- was examined separately using catalytic con-
ditions (1.71 nM Kf-, 150 nM primer/template). With this
increased reaction stringency, incorporation of CEdGTP only
occurred opposite dC. No Kf--catalyzed incorporation was
observed opposite either dG or dA using templates 4 and 3,
respectively, even at nucleotide concentrations up to 1 mM for
extended reaction times (15min). TheHIV-1 reverse transcriptase

similarly failed to incorporateCEdGTPopposite dA or dGunder
all conditions (data not shown). Moreover, the incorporation of
CEdGTP opposite dC did not display any stereoisomeric pre-
ferences, as the apparent second-order rate constants (k2app) for
reactions of (R)- and (S)-CEdGTP were nearly identical, ∼2.5�
103M-1 s-1 (Table 1). Interestingly, this reaction proceededmore
efficiently, as judged by k2app comparisons, than the complemen-
tary reaction involving dCTP incorporation opposite template
(R)- or (S)-CEdG.Thiswas largely due to the contributionof kcat,
which at ∼1 s-1 was the highest turnover value observed in our
experiments.
Primer Extension from CEdG-Terminated Oligonucleo-

tides by Kf-. A second important factor in assessing whether
CEdGTP incorporation from the dNTP precursor pool could
contribute to adduct accumulation in DNA is the efficiency by
which 30-CEdG residues are extended by polymerases. DNA
primers (5) terminating in either (R)- or (S)-CEdG were base
paired with dC or dA using templates(2 and 3), respectively,
and examined for their ability to extend and incorporate dCTP
opposite two contiguous template guanines usingKf- (Figure 5).
Control reactions to examine extension from C/G and A/G
terminal base pairs under identical conditions were included for
comparison (Figure 5A,D). The sequential addition of two
dCTPs by Kf- from terminal C/G base pairs was observed at
all concentrations tested (Figure 5A, lanes 2-5). Extension from
CEdG-terminated primers was only observed when paired
opposite dC and only for the R isomer to yield products of
length n þ 2 (Figure 5B). In contrast, primers terminated with
(S)-CEdG paired with template dC (Figure 5C) were resistant to
extension (Figure 5C). Extension from A/C base pairs was
predictably difficult, with low yields of n þ 2 product detected
at [dCTP]> 25 μM(Figure 5D, lanes 4 and 5). No extension was
observed from terminal A/CEdG base pairs (Figure 5E,F).

DISCUSSION

The potential pathological impact of nucleic acid glycationwas
first recognized 50 years ago following the report of tobacco
mosaic virus inactivation due to guanine modification by
glyoxal (13). Later investigations by Bucala and Shapiro on the
adducts of glyoxal and MG with guanosine and 9-alkylguanine
derivatives established the structure of the major reaction pro-
ducts with DNA and RNA (3, 14). Reaction of guanosine or

FIGURE 3: Progress curves for the incorporation of dNTPs opposite
(R)- and (S)-CEdG in template DNA catalyzed by Taq polymerase.
A control reaction showing the time course for dCTP incorporation
opposite dG within the same sequence environment is provided for
comparison (black dots).

FIGURE 4: Incorporation of (R,S)-CEdGTP into template DNA by
Kf- under single turnover conditions using primer (8) and template
(2). For lanes 1-6, [CEdGTP] in μM: 0, 20, 50, 100, 200, and 500.
Calculation of steady-state parameters from these data provided
values of KM = 49.7 μM and kcat = 1.36 � 102 M-1 s-1.
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guanine derivatives with glucose, glucose 6-phosphate, fructos-
amine, glyceraldehyde, or ribose was shown to lead to formation
of N2-carboxyethylguanine derivatives, presumably through the
intermediacy of MG (3, 15, 16). More recently, reaction of
dsDNA with physiologically relevant concentrations of MG
has been shown to result in the formation of CEdG stereoisomers
as the nearly exclusive adduct (4). DNA glycation has been
proposed to be a potential cause of genetic instability (17, 18),
and DNA-AGE accumulation may account in part for the
enhanced cancer risk associated with metabolic disease as well as
type 1 and 2 diabetes (19-21). Gestational diabetes is a well-
recognized inducer of embryonic malformations, and evidence
from rodent model systems has implicated glucose-induced
mutagenesis as a possible mechanism (22, 23). In spite of these
observations, there is little direct information available on the
miscoding properties of DNA-AGEs.

To investigate the base pairing of CEdG inDNA, we prepared
oligonucleotides containing uniquely substituted R or S stereo-
isomers for kinetic studies. Recently, an alternative synthetic
approach for the preparation of CEdG-containing oligonucleo-
tides was described (24). A significant distinction between these
two routes lies in the identity of the O6 protecting group. Cao et
al. used an O6-trimethylsilylethyl protecting group whereas an
O6-NPE protecting group was employed in this work. Deprotec-
tion in the former case required treatment with acetic acid for 2 h,
a conditionwhich can subject dGandCEdGtodepurination (10).
In contrast, the NPE group can be removed by prolonged
reaction with NH4OH, a standard treatment for oligonucleotide
deprotection. The present synthesis consisted of fewer overall
steps and startedwith a commercially available phosphoramidite.
We also prepared for the first time the corresponding nucleotides
(R)- and (S)-CEdGTP in order to examine their suitability as
polymerase substrates.

Purine dNTPs were preferentially incorporated opposite
CEdG in template DNA by both Kf- and Taq; however,
polymerase-specific purine biases were observed. The Kf- poly-
merase demonstrated a 7-fold preference for dGTP over dATP
opposite (R)-CEdG in template DNA (Table 1). In the case of
Taq for the same template/primer sequence, the progress curves
for dNTP incorporation (Figure 3) indicate a clear preference for
incorporation of dATP over dGTP and a bias for (S)-CEdG. The
influence of adduct stereochemistry on the mutational outcome

was previously demonstrated for another aldehyde adduct, the 1,
N2-2-deoxyguanosine addition product of hydroxynonenal
(HNE) (25). Cao et al. also observed preferential incorporation
of purines oppositeCEdG inDNAbyKf-; however, kinetic data
were not reported (24). These results suggest that CEdG will
primarily induce G transversions when acted upon by replicative
polymerases.

The pattern of mispairing observed for CEdG is consistent
with previous reports showing that MG-treated DNA replicated
in either COS-7 or Escherichia coli cells yields a base substitution
pattern consisting predominantly of G transversions (26, 27). In
some respects the bypass proficiency and pattern of mispairing
observed forCEdG resemble thosse of otherN2-deoxyguanosine-
substituted acyclic adducts (Figure 6). Similar to the adducts
derived from acrolein 2, malondialdehyde 3, and acetaldehyde 4,
CEdG is resistant to facile extension by Kf- (28-31). Adducts 2
and 3 exist in equilibriumwith their cyclic 1,N2 counterparts, the
γ-OH PdG andM1dG adducts. NMR studies have revealed that
the cyclic form is preferred in single-stranded DNA and can base
pair with purines by adopting a syn geometry; however, the ring-
opened acyclic form can pair in the normal Watson-Crick
manner with dC in double-stranded DNA (32, 33). These
observations have been used to explain the dramatic differences
in mutation-inducing potential of adducts 2 and 3 depending
upon whether they are situated in single- or double-stranded
plasmids (28, 31).

We considered the possibility that a similar equilibrium could
exist between cyclic and acyclic forms of CEdG and that a cyclic
adduct in ssDNA templates would facilitate purine base pairing
whereas adoption of an acyclic form in CEdGTPwould favor dC
pairing. However, in contrast to 2 and 3, the CEdG side chain
terminates in a carboxylate moiety which is unlikely to cyclize at
N1 since it is a relatively poor electrophile. In 13C NMR spectra
of (R,S)-CEdG, only a single carboxylate resonance was
observed at 175 ppm, consistent with an acyclic adduct (10). The
environment-dependent variation in CEdG base-pairing prefer-
ences is also reminiscent of another N2-substituted dG adduct,
the acetaldehyde-derived N2-ethyl-dG (4 in Figure 6) (30). Tem-
plated N2-ethyl-dG paired preferentially with dGTP and dCTP,
whereas the corresponding N2-ethyl-dGTP paired only with dC
in reactions catalyzed by Kf-. These observations suggest
different syn/anti conformations at the polymerase active site,

FIGURE 5: Primer extension from 30-CEdG catalyzed by Kf-. For
lanes 1-5, [dCTP] in μM: 0, 2.5, 25, 250, and 2500. (A) X=C, Y=
G; (B)X=C,Y=(R)-CEdG; (C)X=C,Y=(S)-CEdG; (D)X=
A,Y=G; (E) X=A,Y= (R)-CEdG; (F) X=A,Y= (S)-CEdG.

FIGURE 6: N2-substituted acyclic aldehyde adducts of 20-deoxygua-
nosine: 1, (R,S)-CEdG; 2, N2-γ-(oxo)-PdG; 3, N2-3-oxoprenyl-
M1dG; 4, N2-ethyl-dG. Adducts 2 and 3 are in equilibrium with
the corresponding N1, N2 cyclic forms γ-OH PdG and M1dG,
respectively.
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independent of cyclic/acyclic equilibration phenomena. It is
possible that a synCEdGorientation in templateDNA is favored
by steric interference and/or electrostatic repulsion that would
occur as a result of interactions between the carboxylate side
chain and amino acid residues in contact with the minor groove
which are necessarily present in the anti configuration (34).
Rotation to the syn purine orientation would displace the N2
side chain into the major groove. This interaction is not present
whenCEdGTP is the incoming nucleotide or when CEdG resides
in the primer strand during replication. This minor groove
steric interaction may facilitate the syn/anti isomerization of
N2-substituted guanines in DNA such as N2-ethyl-dG by the
lesion bypass polymerase Pol ι and improve the efficiency of
bypass, as has been suggested from recent crystallographic and
kinetic studies (35, 36). The role of syn/anti conformational
variability about the glycosidic bond in facilitating purine/purine
mismatch formation catalyzed by Kf- has also been demon-
strated using deaza base analogues in conjunction with kinetic
approaches (37).

Our results indicate that glycation of DNA can increase the
frequency of G transversions, although the exact base substitu-
tion pattern is predicted to be minimally influenced by (a)
whether glycation occurs at the dNTP or polymer level, (b) the
stereochemical and purine biases of the replicative polymerase(s),
and (c) the potential for stereospecific repair of (R,S)-CEdG in
DNA.For example, if incorporation ofCEdGTPby polymerases
constitutes a significant route for the accumulation of CEdG in
DNA, then replication by polymerases sharing the stereochem-
ical bias of Kf- will result in the overrepresentation of (R)-
CEdG. This is because although both CEdGTP stereoisomers
can be incorporated with equivalent efficiencies (Table 1), exten-
sion can only occur from the R isomer under catalytic conditions
(Figure 5). This would be predicted to substantially bias the
frequency of G > C transversions due to the preference for
dGTP incorporation opposite (R)-CEdG in template DNA. If
the major route for DNA-AGE accumulation occurs as a result
of glycation of genomic DNA, an ∼1:1 distribution of R and S
stereoisomers is predicted, and the base substitution pattern
should follow the pattern of mispairing frequencies in Table 1
for a “Kf--like” polymerase. Replication by polymerases with
biases resembling the Taq enzyme would favor dATP incorpora-
tion and shift the base substitution pattern toward G > T
transversions. However, the potential for preferential stereo-
isomeric repair could significantly alter the final base substitution
pattern in vivo by substantially altering the ratio of (R)- and (S)-
CEdG in DNA. Although plasmid DNA treated with MG
resulted in an equimolar distribution of isomers as ascertained
by LC-ESI-MS/MS, measurement of CEdG in urine and tissue
from rodent and human specimens revealed a biased stereo-
isomer distribution, possibly reflecting preferential adduct repair
in vivo (D. Tamae, unpublished observations). This is the subject
of ongoing investigations in our laboratory.
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