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ABSTRACT: Thep53tumor suppressor gene is a primary target in smoking-induced lung cancer. Interestingly,
p53mutations observed in lung tumors of smokers are concentrated at guanine bases within endogenously
methylatedMeCG dinucleotides, e.g., codons 157, 158, 245, 248, and 273 (MeC ) 5-methylcytosine). One
possible mechanism for the increased mutagenesis at these sites involves targeted binding of metabolically
activated tobacco carcinogens toMeCG sequences. In the present work, a stable isotope labeling HPLC-
ESI+-MS/MS approach was employed to analyze the formation of guanine lesions induced by the tobacco-
specific lung carcinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) within DNA duplexes
representingp53mutational “hot spots” and surrounding sequences. Synthetic DNA duplexes containing
p53 codons 153-159, 243-250, and 269-275 were prepared, whereMeC was incorporated at all
physiologically methylated CG sites. In each duplex, one of the guanine bases was replaced with [1,7,-
NH2-15N3-2-13C]-guanine, which served as an isotope “tag” to enable specific quantification of guanine
lesions originating from that position. After incubation with NNK diazohydroxides, HPLC-ESI+-MS/
MS analysis was used to determine the yields of NNK adducts at the isotopically labeled guanine and at
unlabeled guanine bases elsewhere in the sequence. We found that N7-methyl-2′-deoxyguanosine and
N7-[4-oxo-4-(3-pyridyl)but-1-yl]guanine lesions were overproduced at the 3′-guanine bases within
polypurine runs, while the formation ofO6-methyl-2′-deoxyguanosine andO6-[4-oxo-4-(3-pyridyl)but-
1-yl]-2′-deoxyguanosine adducts was specifically preferred at the 3′-guanine base of 5′-GG and 5′-GGG
sequences. In contrast, the presence of 5′-neighboringMeC inhibitedO6-guanine adduct formation. These
results indicate that the N7- andO6-guanine adducts of NNK are not overproduced at the endogenously
methylated CG dinucleotides within thep53 tumor suppressor gene, suggesting that factors other than
NNK adduct formation are responsible for mutagenesis at these sites.

The tobacco-specific nitrosamine 4-(methylnitrosamino)-
1-(3-pyridyl)-1-butanone (NNK,1 Scheme 1) is a systemic
pulmonary carcinogen likely to be involved in the initiation
of lung cancer in smokers (1). Metabolic activation of NNK
to DNA-reactive species proceeds by hydroxylation of the
carbons adjacent to theN-nitroso group, producing methyl-

diazohydroxide and [4-oxo-4-(3-pyridyl)but-1-yl]diazohy-
droxide (Scheme 1). DNA alkylation by NNK-derived
diazohydroxides gives rise to multiple adducts, including N7-
methyl-2′-deoxyguanosine (N7-Me-dG),O6-methyl-2′-de-
oxyguanosine (O6-Me-dG), N7-[4-oxo-4-(3-pyridyl)but-1-yl]-
2′-deoxyguanosine (N7-POB-dG), andO6-[4-oxo-4-(3-py-
ridyl)but-1-yl]-2′-deoxyguanosine (O6-POB-dG, Scheme 1)
(2). While N7-guanine lesions are the most abundant, O6-
substituted guanines are strongly mispairing (3). In site-
specific mutagenesis studies, bothO6-Me-dG andO6-POB-
dG produced high levels of Gf A transition mutations (4,
5), while O6-POB-dG also led to a small number of Gf T
transversions (5). In addition,O6-POB-dG adducts are known
to inhibit O6-alkylguanine DNA alkyltransferase (AGT)
responsible for the repair ofO6-Me-dG adducts, potentially
increasing their persistencein ViVo (6-8). In support of the
role of these lesions in tobacco mutagenesis, previous studies
have observed a correlation between the formation ofO6-
Me-dG adducts and lung tumor multiplicity in NNK-treated
rats and mice (9, 10). In contrast, N7-Me-dG adducts are
not mispairing but can undergo spontaneous depurination
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(t1/2 ) 80-160 h) to produce the corresponding free bases
and abasic sites in DNA (3, 11). If not repaired, abasic sites
can lead to Gf T transversions (12-15).

The p53 tumor suppressor gene appears to be the major
target for genetic damage in smoking-induced cancer (16),
with approximately 56% of total lung tumors of smokers
bearingp53mutations (17). Thep53gene encodes a nuclear
protein that plays an important role in maintaining genetic
integrity. In the presence of DNA damage, p53 protein acts
as a transcription factor, up-regulating the expression of
several genes involved in cell-cycle control, DNA repair,
and apoptosis (18, 19). Increasedp53expression induces cell-
cycle arrest in the late G1 phase, allowing time for DNA
repair and promoting apoptosis of irreversibly damaged cells
(18, 20). In cells that have lost normalp53 function, DNA
damage does not trigger up-regulation ofp53-dependent
genes. This allows DNA replication to continue past chemi-
cally modified bases without an interruption in cell division,
leading to the induction of further genetic damage (18, 19).

The majority of thep53 base changes observed in lung
tumors of smokers are clustered in exons 5, 7, and 8 of the
DNA-binding region (16). Prominent mutational “hot spots”
are observed at codons 157, 158, 245, 248, 249, and 273
(Figure 1) (17, 21). Most of these genetic changes are Gf
T transversions and Gf A transitions occurring at endog-
enously methylated CG dinucleotides (22), with G f T base
changes predominating in smokers. While some of these
mutations can be rationalized by spontaneous deamination
of 5-methylcytosine (MeC) to thymine, the presence ofMeC
may also stimulate tobacco carcinogen adduct formation at

neighboring guanine bases. For example, cytosine methyl-
ation has been shown to increase the yields of guanine
adducts induced by diolepoxides of polycyclic aromatic
hydrocarbons (23), while NNK adduct formation was
inhibited in the presence of 5′-neighboringMeC (24).

In the present work, a stable isotope-labeling HPLC-MS/
MS method (25, 26) (Scheme 2) was employed to monitor
the formation of NNK-induced DNA adducts (N7-Me-dG,
O6-Me-dG, N7-POB-dG, andO6-POB-dG, Scheme 1) at
specific guanine bases within DNA sequences representing
the most frequently mutated regions of thep53 gene.
Acetylated precursors of NNK diazohydroxides,N-nitroso-
(acetoxymethyl)methylamine (NDMAOAc) and 4-[(ace-
toxymethyl)-nitrosamino]-1-(3-pyridyl)-1-butanone (NNKO-
Ac) (Scheme 1), were employed to model DNA methylation
and pyridyloxobutylation by NNK metabolites.

MATERIALS AND METHODS

Warning.NDMAOAc and NNKOAc are carcinogenic and
mutagenic in laboratory animals and should be handled with
extreme caution (27).

Materials. NDMAOAc was purchased from the NCI
Chemical Carcinogen Repository (Midwest Research Insti-
tute, Kansas City, MO). NNKOAc and N7-[4-oxo-4-(3-
pyridyl)but-1-yl]guanine (N7-POBG) were a gift from
Professor Stephen Hecht at the University of Minnesota
Cancer Center.O6-POB-dG was a gift from Professor Lisa
Peterson at the University of Minnesota Cancer Center.
Deuterated methanol was procured from Aldrich Chemical

Scheme 1: Metabolic Activation of NNK to DNA Reactive Species and the Production of Methylated and Pyridyloxobutylated
Guanine Adducts
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Co. (Milwaukee, WI). N7-methylguanine (N7-MeG) andO6-
Me-dG were purchased from Sigma Chemical Co. (St. Louis,
MO). [1,7,NH2-15N3-2-13C]-dG phosphoramidite was pre-
pared at Rutgers University as described elsewhere (28). MeC
phosphoramidite was purchased from Glen Research Corp.
(Sterling, VA). DNA oligomers containingMeC and [1,7,-
NH2-15N3-2-13C]-dG at specified locations (Table 1) were
prepared by standard phosphoramidite chemistry using a
DNA synthesizer at the University of Minnesota Micro-
chemical Facility. In each oligomer, [1,7,NH2-15N3-2-13C]-
dG andMeC were placed at specified positions as shown in
Table 1.

DNase I, phosphodiesterase (PDE) I, PDE II, and micro-
coccal nuclease were purchased from Worthington Bio-
chemical Corporation (Lakewood, NJ). Porcine esterase and
alkaline phosphatase were obtained from Sigma (St. Louis,
MO). The deuterated standards D3-N7-MeG and D3-O6-
methyl-2′-deoxyguanosine (D3-O6-Me-dG) were synthesized

as reported previously (24). All other chemicals were
obtained from general sources and were of the highest grade
available.

Selection of DNA Sequences.Double-stranded oligode-
oxynucleotides representingp53codons 153-159, 243-250,
and 269-275 (Table 1) were prepared using standard
phosphoramidite methods. These regions of thep53 gene
were selected because they contain known lung-cancer
mutational “hot spots” at codons 157, 158, 245, 248, 249,
and 273 (Figure 1).MeC was incorporated in each strand of
the duplex at all physiologically methylated CG sites (29).
In each duplex, one of the guanine bases was replaced with
[1,7,NH2-15N3-2-13C]-dG (Table 1) to allow specific quan-
tification of NNK adducts at that site (see below).

DNA Purification and Purity Control.All DNA oligode-
oxynucleotides utilized in this study (Table 1) were purified
by semipreparatory HPLC as described previously (23). An
Agilent Technologies 1100 series HPLC system configured
with a binary pump, an autosampler, and either a DAD or
VWD UV detector was employed. DNA purity was estab-
lished by HPLC as reported elsewhere (24-26). The identity
of each DNA strand was confirmed by capillary HPLC-
ESI--MS as previously discussed (24-26). DNA was
considered sufficiently pure for our experiments if the
impurity peaks in the HPLC trace constituted less than 2%
of the total area.

Quantification of DNA Strands.Quantification of DNA
strands was based on HPLC-UV analysis of dG in enzy-
matic digests of DNA. DNA was dissolved in 10 mM Tris-
HCl buffer at pH 7.0 containing 15 mM MgCl2 (180 µM)
and hydrolyzed to 2′-deoxynucleosides in the presence of
DNase I (30 units/50µg of DNA), phosphodiesterase I (60
milliunits/50 µg of DNA), and alkaline phosphatase (7.8
units/50µg of DNA) in 50 mM Tris/15 mM MgCl2 at pH
9.3. At the end of incubation, the digest was dried and the
residue was resuspended in 100µL of water. An aliquot of
this solution corresponding to 200-400 pmol of DNA was
injected into the HPLC-UV system. A Zorbax Extend-C18
column (4.6× 150 mm, 5µm, Aglient Technologies) was
eluted at a flow rate of 1 mL/min. The mobile phase consisted
of 150 mM ammonium acetate (A) and acetonitrile (B) eluted

FIGURE 1: Distribution of mutations in human lung cancer mapped along exons 5-8 of thep53 gene. The frequency of distribution of
mutations was obtained from the AACRp53 mutation database (22, 58). Cancer from nonsmokers and from occupational exposure was
excluded.

Scheme 2: Stable Isotope Labeling HPLC-MS Strategy
Used to Quantify the Formation of NNK-Guanine Adducts
at Specific Guanines withinp53 Gene-Derived DNA
Sequencesa

a Alk ) Me for NDMAOAc-treated DNA or POB for NNKOAc-
treated DNA.
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using the following gradient: 0-2.5 min, 0% B; 21.5 min,
4.5% B; 24.5-30 min, 30% B; and 33 min, 0% B. UV
absorbance was monitored at 260 nm. At these conditions,
dG eluted as a sharp peak at 15.5 min. dG amounts in DNA
digests were established from HPLC peak areas using
calibration curves constructed with 2′-deoxyguanosine stan-
dard.

DNA Alkylation and Hydrolysis (Scheme 2).DNA alkyl-
ation in the presence of NNK diazohydroxides was conducted
as described elsewhere (24, 26). In brief, double-stranded
DNA (in quadruplicates, 5 nmol each) was incubated with
the alkylating agent (2 mM NDMAOAc or 10 mM
NNKOAc) in the presence of porcine esterase (0.11µg/µL).
Previous studies have established that the number of meth-
ylated adducts in DNA treated with 2 mM NDMAOAc is
∼5 per 103 G (N7-MeG) and∼5 per 104 G (O6-Me-dG),
while the amounts ofO6-POB-dG in DNA treated with 10
mM NNKOAc are 5-6 adducts per 105 G (24, 26). The
reaction was terminated after 90 min by precipitating the
DNA with cold ethanol. The alkylated DNA was dissolved
in water and heated to 95°C for 30 min to release
N7-alkylguanine adducts (N7-MeG, N7-POBG, and their
[1,7,NH2-15N3-2-13C] analogues) as free bases. The partially
depurinated DNA backbone was precipitated with the ad-
dition of cold ethanol. The supernatant was dried under
vacuum, and N7-alkylguanine adducts were dissolved in 15
µL of 15 mM ammonium acetate. The sample solution
(0.5-4 µL) was injected onto capillary HPLC columns for
HPLC-ESI-ITMS analysis as described below (Scheme 2)
(26).

Following the release of N7-methylguanines from
NDMAOAc-treated DNA, ethanol-precipitated DNA pellets
were dissolved in 10 mM Tris-HCl buffer at pH 7.0
containing 15 mM MgCl2 and enzymatically hydrolyzed to
2′-deoxynucleosides in the presence of DNase I (30 units/
50 µg of DNA), phosphodiesterase I (60 milliunits/50µg of
DNA), and alkaline phosphatase (7.8 units/50µg of DNA)

in 50 mM Tris/15 mM MgCl2 at pH 9.3 buffer. Pyridyl-
oxobutylated DNA was similarly digested in the presence
of micrococcal nuclease (1.2 units/50µg of DNA), phos-
phodiesterase II (22 milliunits/50µg of DNA), and alkaline
phosphatase (8 units/50µg of DNA) in 10 mM sodium
succinate, 5 mM CaCl2 at pH 6.0 buffer (26). Small aliquots
of the enzymatic digests (≈1 µL, corresponding to about
160 pmol of DNA) were removed and analyzed by HPLC-
UV with the same HPLC method described above for dG
analysis to ensure complete enzymatic digestion.O6-alkyl-
dG adducts were isolated by solid-phase extraction (SPE).
The samples were loaded onto Strata-X SPE cartridges
(Phenomenex, Torrance, CA) and eluted with a step gradient
of methanol in water.O6-Me-dG andO6-POB-dG adducts
eluted in the 50 and 100% methanol fractions, respectively.
The solutions were dried under vacuum and redissolved in
15 µL of 15 mM ammonium acetate at pH 5.5. Aliquots (8
µL) of the sample solution were used for capillary HPLC-
ESI+-MS/MS analyses ofO6-Me-dG andO6-POB-dG as
described below.

HPLC-Electrospray Ionization Tandem Mass Spectrom-
etry (ESI-MS/MS) Analyses of Methylated and Pyridyloxo-
butylated Adducts.All HPLC-ESI-MS/MS experiments
were performed with an Agilent Technologies 1100 series
capillary HPLC system interfaced to either an Agilent ion
trap mass spectrometer (ITMS) or a Finnigan Quantum
Discovery triple quadrupole mass spectrometer (TSQ). HPLC
analyses of N7-MeG were carried out with a Zorbax SB-
C18 column (150× 0.5 mm, 5µm, Agilent Technologies)
eluted with 15 mM ammonium acetate at pH 5.5 (A) and
100% acetonitrile (B). HPLC column temperature was 20
°C, and the flow rate was 15µL/min. Mobile phase
composition was changed linearly from 5% B to 35% B over
the first 16.5 min and further to 40% B over the remaining
2 min. At these conditions, the HPLC retention time of N7-
MeG was 5 min. The eluent was introduced into the Agilent
ITMS operated in the positive-ion mode. Nitrogen was used

Table 1: p53 Gene-Derived DNA Sequences Selected for This Study

oligonucleotide id
nucleotide
number sequence

calculated
molecular

weight

observed
molecular

weight

[15N3,13C1]-p53-exon
5-G1,Me2,9,11,14,16

13136-13154 CCMeC[15N3,13C-G]GCACCMeCGMeCGTCMeCGMeCG 5785.7 5785.2

[15N3,13C1]-p53-exon
5-G2,Me2,9,11,14,16

13136-13154 CCMeCG[15N3,13C-G]CACCMeCGMeCGTCMeCGMeCG 5785.7 5785.4

[15N3,13C1]-p53-exon
5-G3,Me2,9,11,14,16

13136-13154 CCMeCGGCACCMeC[15N3,13C-G]MeCGTCMeCGMeCG 5785.7 5785.0

[15N3,13C1]-p53-exon
5-G4,Me2,9,11,14,16

13136-13154 CCMeCGGCACCMeCGMeC[15N3,13C-G]TCMeCGMeCG 5785.7 5785.4

[15N3,13C1]-p53-exon
5-G5,Me2,9,11,14,16

13136-13154 CCMeCGGCACCMeCGMeCGTCMeC[15N3,13C-G]MeCG 5785.7 5785.3

(-)p53-exon 5,Me1,3,7,9,15 MeCGMeCGGAMeCGMeCGGGTGCMeCGGG 5981.9 5981.8
[15N3,13C1]-p53-exon 7-G4,Me6,16 14054-10478 ATGGGMeC[15N3,13C-G]GCATGAACMeCGGAGGCCCA 7774.1 7773.9
[15N3,13C1]-p53-exon 7-G5,Me6,16 14054-10478 ATGGGMeCG[15N3,13C-G]CATGAACMeCGGAGGCCCA 7774.1 7773.8
[15N3,13C1]-p53-exon 7-G6,Me6,16 14054-10478 ATGGGMeCGGCAT[15N3,13C-G]AACMeCGGAGGCCCA 7774.1 7773.6
[15N3,13C1]-p53-exon 7-G7,Me6,16 14054-10478 ATGGGMeCGGCATGAACMeC[15N3,13C-G]GAGGCCCA 7774.1 7773.8
[15N3,13C1]-p53-exon 7-G8,Me6,16 14054-10478 ATGGGMeCGGCATGAACMeCG[15N3,13C-G]AGGCCCA 7774.1 7773.8
[15N3,13C1]-p53-exon 7-G9,Me6,16 14054-10478 ATGGGMeCGGCATGAACMeCGGA[15N3,13C-G]GCCCA 7774.1 7774.4
(-)p53-exon 7,Me9,19 TGGGCCTCMeCGGTTCATGCMeCGCCCAT 7614.0 7614.5
[15N3,13C1]-p53-exon 8-G2,Me12 14475-14495 GCTTT[15N3,13C-G]AGGTGMeCGTGTTTGTG 6548.3 6548.1
[15N3,13C1]-p53-exon 8-G3,Me12 14475-14495 GCTTTGA[15N3,13C-G]GTGMeCGTGTTTGTG 6548.3 6548.6
[15N3,13C1]-p53-exon 8-G4,Me12 14475-14495 GCTTTGAG[15N3,13C-G]TGMeCGTGTTTGTG 6548.3 6549.2
[15N3,13C1]-p53-exon 8-G6,Me12 14475-14495 GCTTTGAGGTGMeC[15N3,13C-G]TGTTTGTG 6548.3 6548.5
[15N3,13C1]-p53-exon 8-G7,Me12 14475-14495 GCTTTGAGGTGMeCGT[15N3,13C-G]TTTGTG 6548.3 6548.7
(-)p53-exon 8,Me9 CACAAACAMeCGCACCTCAAAGC 6336.2 6336.4
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as a drying gas (200°C, 5 L/min) and as a nebulizing gas
(15 psi). The mass spectrometer was operated in the full-
scan mode (m/z ) 140-180), with target-ion abundance of
30 000 and the maximum accumulation time of 300 ms.
Quantitative analyses were performed from reconstructed ion
chromatograms ofm/z 166 (N7-MeG) andm/z 170 ([1,7,-
NH2-15N3-2-13C]-N7-MeG), [M + H]+.

O6-Me-dG was analyzed with a Zorbax SB-C18 column
(150× 0.5 mm, 5µm, Agilent Technologies) eluted with a
gradient of 15 mM ammonium acetate at pH 5.5 (A) and
100% acetonitrile (B). Capillary HPLC was carried out at
20 °C at a flow rate of 15µL/min, with a linear gradient of
0-10.6% B over 15 min, followed by a further increase to
30% B over the next 6 min. At these conditions,O6-Me-dG
eluted at 21 min. The eluent was introduced into the Agilent
ITMS operated in the ESI+-MS/MS mode. Nitrogen was
used as a drying gas (200°C, 5 L/min) and as a nebulizing
gas (15 psi). Selected reaction monitoring was performed
by monitoring the MS/MS transitions corresponding to the
loss of deoxyribose from protonated molecules ofO6-Me-
dG (m/z282.1 [M+ H]+ f 166.0 [M+ 2H-dR]+) and [1,7,-
NH2-15N3-2-13C]-O6-Me-dG (m/z286.1 [M + H]+ f 170.0
[M + 2H-dR]+). Target-ion abundance was 30 000, with the
maximum accumulation time of 300 ms and the fragmenta-
tion amplitude of 0.9 V.

N7-POBG andO6-POB-dG adducts were analyzed with
a Zorbax SB-C18 column (150× 0.5 mm, 5µm, Agilent
Technologies) eluted with a gradient of 15 mM ammonium
acetate (A) and acetonitrile (B). Capillary HPLC was carried
out at 25°C at a flow rate of 15µL/min, with a linear
gradient from 10 to 30% B over 16 min. At these conditions,
N7-POBG andO6-POB-dG eluted at 8.1 and 13.3 min,
respectively. The eluent was introduced into the TSQ-MS
operated in the ESI+-MS/MS mode. ESI was achieved at
4000 V, and the capillary temperature was 300°C. Nitrogen
was used as a sheath gas (30 counts). The source CID
potential was 8 V, and the tube lens offset voltage was 100
V. MS/MS experiments were performed with the CID gas
pressure of 1.5 mTorr (Ar) and CID energy of 30 V.
Quantitative analyses of N7-POBG and [1,7,NH2-15N3-2-13C]-
N7-POBG were performed by monitoring the transitionsm/z
299.1 [M + H]+ f 148.0 [POB]+ and 152.0 [Gua+ H]+

and m/z 303.1 [M + H]+ f 148.0 [POB]+ and 156.0
([1,7,NH2-15N3-2-13C]-Gua+ H)+, respectively. Quantitative
analyses ofO6-POB-dG and [1,7,NH2-15N3-2-13C]-O6-POB-
dG were performed by monitoring the transitionsm/z 415.4
[M + H]+ f 148.0 [POB]+ and 152.0 [Gua+ H]+ andm/z
419.4 [M+ H]+ f 148.0 [POB]+ and 156.0 ([1,7,NH2-15N3-
2-13C]-Gua+ H)+, respectively.

Statistical Analyses of the Data.Statistical analyses were
carried out at the University of Minnesota Biostatistics Core.
Analysis of variance (ANOVA) (30) was used to examine
the effects of sequence context on the reactivity at a given
guanine base within DNA duplex.F tests were conducted
to investigate the effects of the sequence on the formation
of adducts at different positions within the same DNA
duplex. The pairwise differences in reactivities between two
guanine nucleobases were tested using post-hoct tests, using
the formula: (µ1 - µ2 )/(MSE(1/n1 + 1/n2))1/2, whereµ are
the mean reactivities at positions 1 and 2, respectively, and
MSE is the mean squared error from the ANOVA analysis.
The reactivity of a specific guanine nucleobase was compared

with the theoretical “random” reactivity value using the
following formula: (µi - c)/(MSE(1/ni))1/2, whereµi is the
mean reactivity at positioni, c is the theoretical reactivity
value, and MSE is the mean squared error from ANOVA.
To adjust for the number of multiple comparisons and to
maintain an overall level of significance at 0.05,p values
were adjusted using the Bonferroni method. The Kolmog-
orov-Smirnov test was used to compare the distributions
of different adduct types within a given DNA strand.

RESULTS

Stable Isotope Labeling-HPLC-ESI-MS/MS Approach.
The present study utilized the stable isotope labeling-HPLC-
ESI-MS/MS approach described previously (23-26) to map
the formation of NNK-guanine adducts within DNA
duplexes representing critical regions of thep53 tumor
suppressor gene (Scheme 2). A series of synthetic oligode-
oxynucleotides containingp53 codons 157, 158, 245, 248,
and 273 and surrounding sequences were prepared (Table
1). In each duplex, one of the guanine bases was replaced
with [1,7,NH2-15N3-2-13C]-guanine, which served as an
isotope “tag” to enable specific quantification of guanine
lesions originating from that position (Scheme 2) (23-26).

Isotopically labeled DNA duplexes were incubated with
acetylated precursors of NNK diazohydroxides, NDMAOAc,
or NNKOAc, in the presence of esterase (Scheme 2). Neutral
thermal hydrolysis was used to release N7-methylguanine
and N7-[4-oxo-4-(3-pyridyl)but-1-yl]guanine adducts as free
bases. The remaining DNA was then digested enzymatically
to recover theO6-guanine adducts as 2′-deoxynucleosides
(Scheme 2). The samples were analyzed by HPLC-ESI+-
MS (N7-MeG) or by HPLC-ESI+-MS/MS (O6-Me-dG,O6-
POB-dG, and N7-POBG) to establish the relative extent of
adduct formation at the [1,7,NH2-15N3-2-13C]-labeled and
unlabeled nucleobases (Figure 2). Because the molecular
weights of the guanine adducts arising from the [1,7,NH2-
15N3-2-13C]-labeled Gua are 4 D higher than those originating
from other guanines in the sequence, HPLC-ESI+-MS/MS
can be used to determine the relative extent of adduct
formation at the labeled position as follows (Figure 2):

where X is the type of adduct (Me or POB),
A(X-[1,7,NH2-15N3-2-13C]-dG) and AX-dG are the HPLC-ESI-
MS peak areas corresponding to [1,7,NH2-15N3-2-13C]-labeled
and unlabeled adducts, respectively (Figure 2). When a set
of synthetic oligomers of the same sequence but with a
different label position (Table 1) is analyzed, the extent of
adduct formation at each site of interest was determined.

Distribution of N7-MeG and O6-Me-dG Adducts in p53
Exon-5-DeriVed DNA Sequence (Figure 3).Guanine nucleo-
bases withinp53codons 157 (GTC) and 158 (CGC) of exon
5 are frequently mutated in smoking-induced lung cancer
(31) (Figure 1). To investigate the extent of NNK adduct
formation at these sites, a series of stable isotope labeled
DNA duplexes representingp53 codons 153-158 was
synthesized (Table 1).MeC was incorporated in both strands
at the five physiologically methylated 5′-CG sites: 5′-

% X-dG formation at [1,7,NH2-
15N3-2-13C]-dG )

A(X-[1,7,NH2-15N3-2-13C]-dG)

A(X-[1,7,NH2-15N3-2-13C]-dG) + AX-dG
× 100%
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CCMeCG1G2CACCMeCG3
MeCG4TCMeCG5

MeCG6 [(+) strand]
(Table 1) (29). [1,7,NH2-15N3-2-13C]-dG was introduced at
one of the highlightened positions (G1, G2, G3, G4, or G5,
Table 1). After NMDAOAc treatment and DNA hydrolysis,
the relative extent of N7-MeG andO6-Me-dG formation at
[1,7,NH2-15N3-2-13C]-dG was determined by HPLC-ESI+-
MS analysis of unlabeled and [1,7,NH2-15N3-2-13C]-labeled
adducts (Scheme 2 and Figure 2) (26).

In the event of the base sequence not having any effect
on the extent of adduct formation, each guanine within the
p53 exon-5-derived duplex would have uniform reactivity
of 5.88% per base (100%/17) 5.88%, where 17 is the total
number of guanine nucleobases in this duplex). However,
our results demonstrate that the distribution of N7-MeG and
O6-Me-dG adducts in this sequence is not uniform (Figure
3). N7-MeG adduct yields at different guanines follow
the orderG1 (MeCG1G2) ≈ G2(G1G2C) > G4(MeCG4T) >
G3(MeCG3

MeC) ≈ G5(MeCG5
MeC) (Figure 3, white bars). N7-

MeG adduct formation atG3, G4, and G5 (3-4%) is
significantly lower than the theoretical value of 5.88% (p <
0.001), while the adduct numbers originating fromG1 and
G2 are within the range of the uniform reaction (p > 0.06)
(Figure 3, white bars). N7-MeG amounts originating from
G3 andG5 are statistically the same (p ) 1.0), probably a
result of their identical sequence context (MeCGMeC). While
N7-MeG adduct yields are low at all five guanine bases tested
(Figure 3), somewhat higher reactivity ofG1 and G2 is
consistent with previous reports that alkali-labile adducts
of NDMAOAc are overproduced in runs of several Gs
(5′-G1G2) (32).

O6-Me-dG adduct distribution within the samep53exon-
5-derived duplex shows a greater variation between different
guanines (Figure 3, black bars). Adduct yields follow the
order G2(G1G2C) . G3(MeCG3

MeC) ≈ G5(MeCG5
MeC) >

G4(MeCG4T) > G1(MeCG1G2). O6-Me-dG yields atG2 are

FIGURE 2: Capillary HPLC-ESI+-MS/MS analysis of O6-POB-dG formed in p53-derived DNA duplex [5′-ATGGGMeCGG-
CATGAACMeCG[1,7,NH2-15N3-2-13C]-dGAGGCCCA, (+) strand] following treatment with NNKOAc in the presence of esterase. Upper
trace,O6-POB-dG originating from unlabeled guanine bases; lower trace, [1,7,NH2-15N3-2-13C]-O6-POB-dG originating specifically from
[1,7,NH2-15N3-2-13C]-dG. The quantitative analyses were performed by monitoring for the MS/MS transitions corresponding to the loss of
the 2′-deoxyguanosine and deoxyribose+ pyridyloxobutyl moiety from the positively charged molecules of the adducts: 415.4f 148, 152
and 419.4f 148, 156 forO6-POB-dG and [1,7,NH2-15N3-2-13C]-O6-POB-dG, respectively. The extent of reaction at the labeled position
was determined from HPLC-ESI+-MS/MS peak areas as follows: %O6-POB-dG at [1,7,NH2-15N3-2-13C]-dG) A([1,7,NH2-

15N3-2-13C]-POB-dG)/
(A([1,7,NH2-15N3-2-13C]-POB-dG) + APOB-dG) × 100%, whereA[1,7,NH2-15N3-2-13C-POB-dG andAPOB-dG are the HPLC-ESI+-MS/MS peak areas
corresponding to [1,7,NH2-15N3-2-13C]-labeled and unlabeled adducts, respectively.

FIGURE 3: Relative formation of N7-MeG (white bars) andO6-
Me-dG adducts (black bars) at guanine nucleobases within a DNA
duplex derived fromp53 exon 5 [5′-CCMeC[1,7,NH2-15N3-2-13C]-
dGGCACCMeCGMeCGTCMeCGMeCG, (+) strand]. Adduct forma-
tion data were compiled from three separate experiments (N )
9-12). The percent of reaction at each guanine was calculated from
HPLC-ESI+-MS/MS peak areas as described in the caption to
Figure 2. Random reaction value (striped bars) was calculated from
the total number of guanine nucleobases in both DNA strands.
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significantly higher than the theoretical value (p > 0.0035),
while adduct formation atG1, G3, G4, andG5 is statistically
below the random value (p < 0.001). Our observation of
low O6-Me-dG yields atG1, G3, G4, and G5 (<2%) is
consistent with earlier observations that the presence of 5′-
neighboringMeC at these sites decreases total methylation
yields and shifts theO6-Me-dG/N7-MeG molar ratio in favor
of N7-alkylation (24). In contrast,G2, the only guanine in
this duplex to be preceded by another guanine (G1G2C), gives
rise to a higher number ofO6-Me-dG adducts. This result is
consistent with our earlier report that the presence of 5′-
flanking guanine stimulates the formation ofO6-alkylguanine
adducts by NNK diazohydroxides (26).

Distribution of N7- and O6-Methyl Adducts in p53 Exon-
7-DeriVed DNA Sequence (Figure 4A).Base substitution
mutations atp53 exon 7 codons 245 (GGCf TGC), 248
(CGG f CTG), and 249 (AGGf ATG) are characteristic
for smoking-associated lung cancer (Figure 1) (16). While
most of these mutations are Gf T transversions, Gf A
transitions occur with a relatively high frequency at codons
245 (GGC f AGC and GGC f GAC) and 247 (CGG f
CAG) (16). To investigate whether any of these sites are
targeted for modification by NNK-derived diazohydrox-
ides, a series of double-stranded oligodeoxynucleotides
was prepared representing a portion ofp53sequence contain-
ing codons 243-250 (5′-ATG1G2G3

MeCG4G5CATG6-
AACMeCG7G8AG9G10CCCA, where MeC ) 5-methylcy-
tosine) (Table 1). dG was sequentially substituted for
[1,7,NH2-15N3,2-13C]-dG at each of the highlighted posi-
tions: G4, G5, G6, G7, G8, andG9. MeC was inserted in both
strands at the two endogenously methylated CG sites, 5′-
MeCG4 and 5-MeCG7 (Table 1). The extent of N7-MeG and
O6-Me-dG adduct formation along this duplex was estab-
lished from HPLC-MS/MS peak areas corresponding to
unlabeled and [1,7,NH2-15N3-2-13C]-labeled adducts as de-
scribed above (Scheme 2 and Figure 2).

Because thep53 exon-7-derived duplex contains a total
of 17 guanines (Table 1), an unbiased reaction would result

in ∼5.9% of adduction occurring at each individual G (100%/
17 ) 5.88%). However, our results indicate that, with the
exception ofG4, N7-MeG adduct yields at the individual
guanine bases are significantly different from the random
value (p < 0.001). N7-MeG adduct distribution inp53exon-
7-derived sequence is characterized by a steady increase of
reactivity fromG5 toward the 3′ end of the duplex (Figure
4A, white bars).G9 (G7G8AG9G, codon 249) gives rise to
the highest number of N7-MeG adducts in this sequence
(13.7%), followed byG8 (GG8A, codon 248. 8.9%),G7

(MeCG7G, codon 248, 7.4%),G4 (MeCG4G, codon 245, 6.5%),
G6 (TG6A, codon 246, 5.3%), andG5 (G4G5C, codon 245,
4.3%). N7-MeG adduct yields atG5 (GG5C) is below the
uniform value (p < 0.002). The sites of the highest N7-MeG
formation,G9 (13.7%) andG8 (8.9%), are located within a
polypurine sequence (5′-G7G8AG9-3′). This observation is
consistent with previous reports that N7-MeG formation is
preferred in runs of several purines (32).

The pattern ofO6-Me-dG formation withinp53 exon-7-
derived duplex is significantly different from that of N7-
MeG (Figure 4A, black bars). More pronounced differences
between adduct yields at different guanine bases are ob-
served, with a nearly 12-fold variation between the sites of
the highest and lowest reactivity (Figure 4A, black bars).
The number of adducts originating fromG8 (GG8A, 11.7%)
is about twice the value expected from random distribution,
followed by G5 (GG5C, 8.3%) andG9 (AG9G, 6.4%). In
contrast,O6-Me-dG yields atG4 (MeCG4G), G6 (TG6A), and
G7 (MeCG7G) are very poor (<1.3%). The lowestO6-
Me-dG adduct yields are observed at the two endogenously
methylated sites,MeCG4 andMeCG7 (Figure 4A, black bars).
In contrast, these same two sites give rise to average numbers
of N7-MeG lesions (Figure 4A, white bars). This is consistent
with our previous observation that the presence of 5′ flanking
MeC lowers theO6-Me-dG/N7-MeG molar ratio (24). Unlike
N7-MeG results (Figure 4A, white bars),O6-Me-dG forma-
tion within the polypurine run 5′-G7G8AG9-3′ does not show
a steady increase from the 5′ to 3′ end but rather hits the
highest point atG8 (Figure 4A, black bars). The presence of
an adenine base betweenG8 andG9 alters the distribution
pattern for O6-Me-dG adducts but does not affect the
formation of N7-MeG (Figure 4A). The observed distinct
differences betweenO6-Me-dG and N7-MeG distribution
patterns (Figure 4A) are consistent with our earlier results
for K-ras gene-derived DNA sequences (26), further dem-
onstrating that mapping alkali-labile N7-MeG adducts by gel-
electrophoresis techniques cannot be used to predict the
distribution of promutagenicO6-Me-dG lesions.

Distribution of N7- and O6-Methyl Adducts in p53 Exon-
8-DeriVed DNA Sequence (Figure 5). p53exon 8 hosts a
major lung-cancer mutational “hot spot” at codon 273
(MeCGT f MeCTT) (Figure 1) (22). To examine the distribu-
tion of O6-Me-dG and N7-MeG adducts in this critical region
of thep53gene, a series of synthetic DNA duplexes, 5′-G1-
CTTTG2AG3G4TG5

MeCG6TG7TTTG8TG9 (+ strand) (Table
1 and Figure 5) were prepared representingp53codons 269-
275. Stable isotope labeling HPLC-MS/MS (Scheme 2) was
employed to quantify the formation of N7- andO6-methyl
adducts atG2, G3, G4, G6, andG7.

Because thep53 exon-8-derived duplex contains a total
of 11 guanines, sequence-independent methylation would
result in ≈9.1% of the adducts forming at each guanine

FIGURE 4: Relative formation of N7-MeG (white bars),O6-
Me-dG (black bars) (A), N7-POBG (white bars), andO6-POB-dG
(black bars) (B) at guanine nucleobases within a double-stranded
DNA sequence derived fromp53 exon 7 [5′-ATGGGMe-
CGGCATGAACMeCG[1,7,NH2-15N3-2-13C]AGGCCCA, (+) strand].
The adduct formation data were compiled from 2 to 3 separate
experiments (N ) 4-12). Random reaction value (striped bars)
was calculated from the total number of guanine nucleobases in
both DNA strands. See the caption of Figure 3 for further details.
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(100%/11) 9.09%). We found that while N7-MeG adduct
yields atG2, G6, andG7 are within the theoretical random
value (p > 0.005), the reactivities ofG3 (G2AG3, codon 271)-
and G4 (G4TG, codon 272) are significantly greater than
expected from a random distribution (p < 0.001) (Figure 5,
white bars).O6-Me-dG distribution pattern in this sequence
is similar to that of N7-MeG, but with more pronounced
differences between neighboring guanines (Figure 5, black
bars).O6-Me-dG adduct formation atG2, G6, andG7 is below
the theoretical random value (p < 0.001), while nearly 35%
of the totalO6-Me-dG adducts originate fromG4 (G4TG,
codon 272). This may be explained by the fact thatG4 is
the only guanine in this sequence that is preceded by another
G (GG4T), a factor known to increase the yields of
O6-methylguanine adducts (26).

Distribution of N7- and O6-POB Adducts in p53 Exon-7-
DeriVed DNA Sequence (Figure 4B).To determine whether
the distribution of guanine adducts induced by POB diazo-
hydroxide within thep53 gene sequence differs form that
generated by Me diazohydroxide, the formation of N7-POBG
and O6-POB-dG adducts was mapped withinp53 exon-7-
derived DNA duplex (5′-ATG1G2G3

MeCG4G5CATG6-
AACMeCG7G8AG9G10CCCA, Table 1). The model pyridyl-
oxobutylating agent, NNKOAc, was used to generate [4-oxo-
4-(3-pyridyl)but-1-yl]diazohydroxide in the presence of es-
terase (Scheme 1).

The patterns of N7-POBG andO6-POB-dG formation in
this sequence were remarkably similar to the distributions
of N7-MeG andO6-Me-dG lesions, respectively (parts A and
B of Figure 4). As with the case for N7-MeG, the majority
of N7-POBG adducts were formed atG9 (AG9G), whileG8

was the “hot spot” for the formation of bothO6-POB-dG
and O6-Me-dG adducts (Figure 4). The Kolmogorov-
Smirnov test comparing the distributions ofO6-Me-dG and
O6-POB-dG adducts within thep53 exon-7-derived DNA
sequence (parts A and B of Figure 4, respectively) fails to
reject the null hypothesis, indicating that the distribution
patterns of methylated and pyridyloxobutylated adducts of
NNK are not significantly different (p ) 0.474). This is
consistent with our previous results comparing the distribu-
tion of methyl- and pyridyloxobutyguanine adducts within
K-ras-derived DNA sequences (26). Because methyldiazo-
hydroxide and pyridyloxobutyldiazohydroxide differ signifi-
cantly in size, this argues against the role of steric factors in
determining their sequence selectivity in DNA alkylation.

DISCUSSION

Covalent binding of metabolically activated tobacco
carcinogens to DNA nucleobases is considered an early
critical step in lung-cancer initiation in smokers (2). If not
repaired, the resulting DNA adducts can be misread by DNA
polymerases, giving rise to irreversible changes in the DNA
sequence, which can eventually lead to the induction of lung
cancer. In general terms, carcinogen binding to DNA is
typically described as the electron transfer from the highest
occupied molecular orbital (HOMO) of DNA (nucleophile)
to the lowest unoccupied molecular orbital of the carcinogen
(electrophile) (33). The ability of a particular DNA nucleo-
base to donate electrons from its HOMO (its ionization
potential, IP) can affect its susceptibility to electrophilic
attack (3, 34). Among DNA nucleobases, guanine has the
lowest IP, making it susceptible to alkylation by electrophilic
carcinogens such as NNK-derived diazohydroxides (35, 36).
High reactivity of guanine nucleobases toward electrophiles
has been corroborated by multiple experimental and theoreti-
cal studies of DNA photolysis, photocleavage, oxidation, and
alkylation (3, 37-43). Importantly, the reactivity of a given
guanine toward alkylating agents has been shown to be
strongly affected by its sequence context by a combination
of electronic, steric, and hydrophobic factors (44).

Consistent with known susceptibility of guanine nucleo-
bases toward modification by metabolically activated tobacco
carcinogens, the majority of genetic changes observed in
smoking-induced lung tumors take place at G:C base pairs.
For example,p53 tumor suppressor gene mutations are
primarily Gf T transversions at codons 157, 158, 245, 248,
and 273 (Figure 1). The formation of these mutational “hot
spots” has been proposed to be a result of preferential binding
of tobacco carcinogens to guanine nucleobases at these sites
(45, 46). Indeed, multiple studies have shown that tobacco
carcinogens modify DNA in a highly sequence-selective
manner (23, 32, 45). Therefore, mapping DNA adduct
formation by metabolically activated tobacco carcinogen
metabolites in the critical regions of thep53tumor suppressor
gene may provide an insight into the origin of mutational
hot spots observed in smoking-induced lung cancer.

Tobacco-specificN-nitrosamine, NNK, induces lung tu-
mors in rats, mice, and hamsters (2, 11, 47, 48) and is
suggested to be involved in the induction of smoking-related
pulmonary adenocarcinoma, the leading lung-cancer type in
the United States (2, 11, 49). Several earlier investigations
have employed ligation-mediated polymerase chain reaction
(LMPCR) to map DNA strand breaks occurring because of
the formation of alkali-labile lesions following DNA treat-
ment with methyl- and pyridyloxobutyl diazohydroxides of
NNK and other methylating agents (32, 50-52). These
studies have reported that SN1-type alkylating agents, e.g.,
NDMAOAc, N-nitroso-N-methylurea (MNU) and NNKOAc,
preferentially target central guanines within G runs (32, 53).
However, an important limitation of these gel-electrophore-
sis-based techniques is the inability to determine DNA adduct
structures. Furthermore, these techniques are limited to alkali-
labile adducts and thus cannot detect biologically relevant
O6-guanine adducts of NNK, e.g.,O6-Me-dG andO6-POB-
dG.

The present study was initiated to investigate the formation
of O6- and N7-guanine lesions of NNK in critical regions of

FIGURE 5: Relative formation of N7-MeG (white bars) andO6-
Me-dG (black bars) adducts at guanine nucleobases within a double-
stranded DNA sequence derived fromp53exon 8 [5′-GCTTT[1,7,-
NH2-15N3-2-13C]AGGTGMeCGTGTTTGTG, (+) strand]. Random
reaction value (striped bars) was calculated from the total number
of guanine nucleobases in both DNA strands. See the caption of
Figure 3 for further details.
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the p53 tumor suppressor gene (Table 1). Our major goal
was to determine the effects of the local sequence context
and the presence of 5′-neighboringMeC on the reactivity of
guanine nucleobases withinp53gene sequence. Our results
(Figures 3-5) indicate that NNK-derived methyl- and
pyridyloxobutylguanine lesions are produced nonrandomly
in all DNA sequences studied. In general,O6-Me-dG and
O6-POB-dG yields in different sequence contexts follow the
order: GGA ≈ GGC ≈ GGT > AGG > TGT > TGA >
MeCGA, with the 5′-flanking base being a strong determinant
of the extent ofO6-guanine reactivity.O6-Me-dG andO6-
POB-dG adduct formation is strongly preferred in the
presence of a 5′-flanking guanine (Figures 3-5). In contrast,
N7-guanine adduct yields follow the order: AGG > GGA
> MeCGG . MeCGG ≈ TGA ≈ GGC (Figures 3-5). In
general, N7-MeG and N7-POBG formation is facilitated at
the 3′ end in runs of several purines (Figures 3-5), with a
steady increase in the extent of alkylation toward the 3′ end
of a polypurine run (Figure 4, white bars). Consistent with
this trend, methylating agents frequently induce mutations
at the 3′ guanine bases of 5′-GG sequences (54). The
distribution patterns of pyridyloxobutylated adducts, N7-
POBG andO6-POB-dG, are nearly identical to those of the
corresponding methyl adducts (Figure 4), a trend previously
observed inK-ras gene-derived sequences (26). In contrast,
the formation ofN2-guanine adducts of benzo[a]pyrene diol
epoxide within the samep53 gene-derived DNA duplexes
shows very different patterns (23), suggesting that different
stereoelectronic and hydrophobic factors play a role in
determining sequence preferences for DNA modification by
reactive metabolites of NNK and benzo[a]pyrene.

Guanine bases within runs of several Gs have been
previously demonstrated as the preferred sites for oxidation
and double-strand scission with direct irradiation and pho-
tocleaving agents (37, 38, 40). Furthermore, central guanines
of polyG sequences have been reported to be targeted for
N7-methylation by NMDAOAc (32). While the exact mech-
anism of this sequence specificity remains to be established,
Wurdeman and collaborators proposed that the reactivity of
N7-G sites in polyG sequences toward methyldiazonium ions
may be increased as a result of stacking with the 5′-
neighboring guanine and the high electrostatic potential at
such sequences (51). Our results shown here (Figures 3 and
4) are consistent with this rationale, especially because
identical results for CH3N2

+ and POBN2
+ (Figure 4) rule

out steric effects as determining factors for the observed
sequence selectivity.

The reactivity of theO6-guanine position toward NNK
metabolites is significantly reduced when it is flanked on
the 5′ side by a pyrimidine nucleotide, leading to low NNK
adduct yields at TGT, TGA, MeCGG, MeCGT, MeCGT, and
MeCGMeC sequences (Figures 3-5). Low O6-POB-dG and
O6-Me-dG adduct yields in the presence of 5′-flanking MeC
concur with our earlier report that the endogenous methyl-
ation at 5′-CG sites reducesO6-Me-dG andO6-POB-dG
adduct formation (24). Because all CG dinucleotides within
p53 exons 5-8 are endogenously methylated to formMeC
(29), these sites are expected to be protected against NNK-
induced DNA alkylation. Indeed, N7-MeG andO6-Me-dG
adduct yields are low at allMeCG dinucleotides examined,
including knownp53 mutational hot spots at codons 157,
158, 248, and 273 (Figures 3-5). Our results argue against

sequence-selective NNK-guanine adduct formation a
MeCG sites, suggesting that factors other than NNK adduct
formation are responsible for the observed genetic changes.
For example, diolepoxides of polycyclic aromatic hydrocar-
bons specifically target endogenously methylatedMeCG
dinucleotides (23, 25, 46). Alternatively, these mutations may
be rationalized by sequence effects on repair rates (55),
context-dependent misincorporation during cell replication
(56), or mutant selection for growth (57).
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