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Abstract 

Tobacco smoke contains over sixty known carcinogens and following exposure 

can lead to the formation of DNA adducts. Persistence of nucleobase adducts in DNA 

can lead to polymerase errors, mutations in critical gene, and tumor initiation. However, 

a specialized repair protein, O6-alkylguanine DNA alkyltransferase (AGT), recognizes 

and repairs the O6-alkyl-dG adducts. Major targets for mutations in smoking induced 

lung cancer are the K-ras proto-oncogene and the p53 tumor suppressor gene. 

Mutational hotspots in the p53 gene are concentrated at endogenously methylated CG 

dinucleotides in exons 5-8. These sites contain 5-methylcytosine (MeC), which is known 

to alter DNA structure and stability. We hypothesized that MeC may contribute to 

carcinogenesis by influencing the formation and repair of tobacco carcinogen-DNA 

adducts within critical genes. In our studies, mass spectrometry based methodologies 

were used to analyze the kinetics of AGT repair of O6-Me-dG and to investigate the 

mechanisms of MeC mediated effects on DNA adduct formation at MeC:G base pairs. We 

found that the rate of AGT-mediated repair of O6-Me-dG lesions is influenced by local 

sequence context and in particular, can be mediated by endogenous cytosine 

methylation. MeC can also mediate the formation of N2-BPDE-dG adducts by 

influencing the formation of pre-covalent and intercalative complexes between DNA 

and BPDE. This work contributes to our understanding of the role of sequence context 

and endogenous cytosine methylation in the formation and repair of DNA adducts 

induced by tobacco carcinogens.  
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I. INTRODUCTION 

1.1 Formation and repair of tobacco carcinogen-DNA adducts 
 

Lung cancer is the leading cause of cancer death in the U.S. for both men and 

women, and over 87% of lung cancer deaths are attributed to tobacco use (1). Exposure 

to carcinogens present in tobacco smoke leads to the formation of chemically modified 

nucleobases (DNA adducts) (2,3). If these DNA adducts are not repaired prior to DNA 

replication, they can lead to polymerase errors and mutations in critical genes (4). 

Mutations within tumor suppressor genes and oncogenes can lead to a loss of control 

over normal cellular growth, leading to uncontrolled cell proliferation and cancer (3). 

 

1.1.1 Carcinogens present in tobacco smoke relevant to this work  

 Tobacco smoke contains over 4000 chemicals, 60 of which are known human 

carcinogens (5). Following exposure to tobacco carcinogens the compounds are 

metabolic detoxification and excretion, or metabolically activated. Metabolic activation 

of carcinogens by cytochrome P450s yields electrophilic compounds that react with 

nucleophilic sites within DNA producing DNA adducts.  

The research presented here focuses on two carcinogens each of which represent 

a different class of compounds present in tobacco smoke. Benzo[a]pyrene (B[a]P) is a 

well studied polycyclic aromatic hydrocarbon (PAH). PAHs are produced from 

incomplete combustion of organic materials during cigarette burning. B[a]P is a potent 

systemic and local carcinogen known to induce lung cancer in laboratory animals (6). 

The tobacco-specific N-nitrosamine, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone 

(NNK), is produced during the curing of tobacco (7). NNK which has been shown to be 
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a potent pulmonary carcinogen that induces lung tumors in laboratory animals, 

independent of the route of administration (2,8). Cigarette smoke contains 80-770 ng of 

NNK per cigarette (2,9). The amount of NNK a smoker is exposed to in a lifetime is 

similar to the lowest total amount of NNK shown to induce lung tumors in rats (10). 

 Metabolic activation of B[a]P in the presence of cytochrome P450 1A1, 1B1, 

and 3A4 yields two isomers of benzo[a]pyrene diol epoxide, specifically (+)-anti-

benzo[a]pyrene-r-7,t-8-dihydrodiol-t-9,10-epoxide [(+)-anti-BPDE] and (-)-anti-

benzo[a]pyrene-s-7,t-8-dihydrodiol-t-9,10-epoxide [(-)-anti-BPDE] (Figure 1.1) (11-

13). Reactions of BPDE isomers with DNA produce primarily N2-guanine adducts (N2-

BPDE-dG) in vitro and in vivo (14,15). These adducts block DNA replication (16) and 

lead primarily to G → T transversion mutations (17-19). 

The tobacco-specific nitrosamine, NNK, is metabolized by cytochrome P450 

1A2, 2A6, 3A4, and 2A13 which hydroxylate the methyl and α-methylene positions of 

NNK to form intermediates that spontaneously decompose to 4-(3-pyridyl)-4-

oxobutanediazohydroxide or methanediazohydroxide (Figure 1.2) (10,20-22). Reaction 

of these compounds with DNA yields N7-methyl-deoxyguanosine (N7-Me-dG), N7-4-

(3-pyridyl)-4-oxobutyl-deoxyguanosine (N7-POB-dG), O6-methyl-deoxyguanosine (O6-

Me-dG) and O6-4-(3-pyridyl)-4-oxobutyl-deoxyguanosine (O6-POB-dG) lesions as well 

as other POB-DNA adducts (Figure 1.2) (20,23). O6-alkyl-deoxyguanosine (O6-alkyl-

dG) lesions are promutagenic due to their strongly mispairing characteristics. During 

replication DNA polymerases preferentially misinsert thymine opposite O6-alkyl-dG, 

resulting in G → A transition mutations (24). 
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Figure 1.1 Metabolic activation of B[a]P to diol epoxide leading to the formation of N2-
BPDE-dG adducts. 
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Figure 1.2 Metabolic activation of NNK leading to the formation of methyl-guanine, 
pyridyloxobutyl-guanine, and other pyridyloxobutyl-DNA adducts. 
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1.1.2 Genetic targets of tobacco carcinogens 

 Two major targets of DNA adduct formation and mutations in smoking-induced 

lung cancer that our laboratory investigates are the K-ras proto-oncogene and the p53 

tumor suppressor gene (25,26). Change-of-function mutations in these genes lead to 

activation of the K-ras proto-oncogene and inactivation of the p53 tumor suppressor 

gene, which results in to loss of control over normal cell growth and cancer. 

The ras gene family encodes proteins with guanosine 5′-triphosphate (GTP)-

binding activity (27). Following stimulation by growth factors these proteins bind GTP 

and slowly hydrolyze it to guanosine 5′-diphosphate (GDP) (27). When GTP is bound 

to the ras proteins, the protein is activated and interacts with signal transducing 

molecules (27). Mutations in the K-ras proto-oncogene result in a continuous activation 

of the signal-transducing function of its gene product leading to uncontrolled cell 

proliferation (27,28).  

In contrast, mutations in the p53 tumor suppressor gene lead to inactivation of 

the gene product. The p53 gene encodes a protein that is a negative regulator of the 

G1/S phase transition in the cell cycle (27). In normal cell, DNA damage triggers p53 

activation, which up-regulates expression of several other genes leading to cellular 

arrest and allowing time for DNA repair to occur (27). If DNA repair is successful the 

cell will proceed through the cell cycle, but if DNA repair fails apoptosis will occur 

(27). Cells that contain mutations in the p53 gene produce gene products that are unable 

to effectively bind damaged DNA thereby preventing up-regulation of p53-dependent 

genes that halt DNA replication and trigger apoptosis when DNA repair is unsuccessful 
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(27,29). Accumulation of mutations in these critical genes results in a loss of control 

over cell proliferation, thereby leading to tumor formation. 

Approximately 20-40% of primary adenocarcinomas of the lung contain genetic 

changes in the K-ras proto-oncogene with these genetic changes being more prevalent 

in smokers than in non-smokers (2,30,31). The majority of these mutations are guanine 

(G) → thymine (T) or G → adenine (A) changes within K-ras codon 12. The G → A 

transitions that occur in K-ras codon 12 have been shown to correlate with lung cancer 

incidence and these mutations are much more common in smokers than in non-smokers 

(32). Furthermore, G → A transitions in K-ras codon 12 are also observed in mouse 

lung tumors induced by the tobacco carcinogen, NNK (33), making NNK a likely 

causative agent for K-ras mutations in human lung cancer.  

 The p53 tumor suppressor gene is mutated in over 40% of human lung tumors 

and these mutations are more common in smokers than in non-smokers, suggesting that 

tobacco carcinogens may induce these genetic changes (34,35). Interestingly, the 

mutations in the p53 tumor suppressor gene are not distributed randomly, but rather 

accumulate within exons 5-8 at endogenously methylated CG dinucleotides, e.g. codons 

157, 158, 245, 248, 249, and 273 (4,36) (Figure 1.3). Among smoking related mutations 

within the p53 tumor suppressor gene, G → T transversions predominate, while G → A 

transitions account for 18-24% of p53 mutations observed in lung cancer (4,37,38).  

 

1.1.3 Effect of endogenous cytosine methylation on genetic targets 
 

Endogenous cytosine methylation in the human genome plays an important role 

in gene expression, transcription, replication, repair, and other physiologically  
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Figure 1.3 Distribution of mutations in the p53 tumor suppressor gene (exons 5-8) of 
smoking-induced lung cancer. Cancers from non-smokers and from exposure to 
asbestos and radon were excluded. IARC TP53 Mutation Database, R13 release, 
November 2008 (36).  
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important events (39-41). Following DNA replication, DNA methyltransferase adds a 

methyl group to the C5-position of cytosine, yielding 5-methylcytosine (MeC). In  

the mammalian genome, MeC represents 2-5% of the total cytosines, with most of the 

MeC’s occurring at the CG dinucleotides (42). Although MeC makes up a low percentage 

of the genome, all the CG sites in the coding region of the p53 tumor suppressor gene 

contain MeC. Importantly, the same sites are among the major p53 mutational hotspots 

in smoking-induced lung cancer (4), suggesting that the presence of MeC increases the 

reactivity of CG sites towards tobacco carcinogens. 

The presence of MeC in duplex DNA leads to small structural changes, including 

an increase in the base pair rise, roll, and local curvature angles, accompanied by a 

decrease of the twist angle (43,44). NMR and X-ray structures have shown that the 

presence of MeC results in minor groove narrowing, while the major groove becomes 

shallower in the region surrounding the methylated cytosine (43,45). Furthermore, MeC 

has been shown to enhance base stacking (46) and to increase duplex stability by 

increasing the molecular polarizability of the cytosine base (47). These small changes 

may alter the reactivity of neighboring guanine bases towards tobacco carcinogens. 

 

1.2 DNA adduct formation by tobacco carcinogens 

The accumulation of mutations at specific sites in the K-ras and p53 gene 

following exposure to tobacco carcinogens may result from various possibilities, such 

as increased adduct formation or decreased adduct repair at these sites. Preferential 

DNA adduct formation at endogenously methylated CG dinucleotides may occur as a 
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result of pre-covalent interactions between the carcinogen and the DNA via electrostatic 

attraction and increased π-π stacking (48). 

Previous work has shown sequence dependent formation of N2-BPDE-dG 

adducts following BPDE treatment of DNA duplexes (49,50). For 

oligodeoxynucleotides (19-mers) derived from the K-ras gene, most of the N2-BPDE-

dG adducts were found to form at the first G in codon 12 (GGT), which is consistent 

with the G → T mutations that occur in codon 12 of smoking-induced lung cancer (49). 

The presence of MeC at endogenously methylated CG dinucleotides in p53-derived 

sequences resulted in increased N2-BPDE-dG adduct formation (49-51). Matter et al. 

found that N2-BPDE-dG adducts formed preferentially at methylated CG dinucleotides, 

including the frequently mutated p53 codons 157, 158, 245, 248, and 273 (50). Further 

investigation of a sequence derived from the p53 mutational hotspot containing codon 

157 revealed that the guanine reactivity was increase 2.5-fold when MeC was base paired 

to the target guanine, while the guanine reactivity was similar when MeC or C was 5′ to 

the target guanine (49). The enhancement in guanine reactivity when base paired to MeC 

was also observed at other p53 mutational hotspots, including codon 245 and codon 248 

(50). 

Formation of N7- and O6-guanine lesions resulting from reaction with the NNK 

metabolites was also sequence dependent.  Ziegel et al. showed that in K-ras-derived 

sequences, N7-Me-dG, O6-Me-dG, and O6-POB-dG were preferentially formed at the 

second G in codon 12 (GGT), which is consistent with the G → T and G → A 

mutations that occur in codon 12 of smoking-induced lung cancer (52). Interestingly, a 

decrease in N7-Me-dG, O6-Me-dG, and O6-POB-dG adduct formation resulted when 
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endogenously methylated p53-derived sequences were used (53,54). The presence of 

MeC has a protective effect on NNK metabolite adduct formation and suggests that other 

factors (e.g. sequence dependent repair of these adducts) are responsible for the p53 

mutation spectra for smoking-induced cancer (53,54). 

 

1.3 O6-alkyl-dG adduct repair by O6-alkylguanine DNA alkyltransferase (AGT) 

 Alkylating agents from endogenous and exogenous sources (e.g. environmental 

toxins and chemotherapeutic agents) can react with DNA, resulting in the formation of 

O6-alkyl-dG lesions. These lesions are mutagenic, carcinogenic, and cytotoxic (55-58). 

O6-alkyl-dG lesions are strongly promutagenic, because alkylation of the O6 position of 

guanine alters its ability to form a normal Watson-Crick base pair. Instead of its normal 

partner (cytosine), O6-alkyl-dG preferentially pairs with thymine, resulting in G → A 

transitions (24).  

A specialized repair protein, O6-alkylguanine DNA alkyltransferase (AGT), 

recognizes and removes the alkyl group from O6-alkyl-deoxyguanosine lesions in DNA. 

Many structurally related guanine lesions can be repaired by AGT, e.g. O6-methyl-dG 

(O6-Me-dG), O6-ethyl-dG (O6-Et-dG), O6-butyl-dG (O6-Bu-dG), O6-2-hydroxyethyl-dG 

(O6-He-dG), O6-4-(3-pyridyl)-4-oxobutyl-dG (O6-POB-dG), and O6-benzyl-dG (O6-Bz-

dG) (Figure 1.4). AGT-mediated repair of O6-Me-dG can be viewed as a multi-step 

process (Figure 1.5) (59). Following AGT binding to DNA, the adducted nucleotide is 

flipped out of the DNA helix into the active site of the protein (60). The O6 substituent 

is transferred from the modified guanine in DNA to an internal cysteine residue within 

the protein (Cys145 for hAGT) (60,61). The now alkylated AGT dissociates from the  
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Figure 1.4 Examples of O6-alkyl-dG lesions that are recognized and repaired by AGT. 
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Figure 1.5 Multi-step process of AGT-mediated repair in the removal of an alkyl group 
(-R) from an O6-alkyl-dG lesion (59). (1) AGT binds to DNA, (2) O6-alkyl-dG is 
flipped into the active site of AGT, (3) O6-alkyl group is transferred from DNA to 
protein, (4) AGT-DNA complex dissociates. 
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repaired DNA. The alkylated protein is inactive and is rapidly degraded (62-64). 

Several studies have shown that DNA sequence context can affect the rates of AGT-

mediated dealkylation of O6-alkyl-dG (65-69), while others observed little sequence 

specificity (70-72). 

 The observed mutation spectra for smoking-induced lung cancer may result 

from reduced adduct repair at the hotspot sites. For example, the presence of 

neighboring MeC residues at CG sites of the p53 gene may hinder AGT repair of DNA 

adducts, such an O6-Me-dG (67). Accumulation of promutagenic adducts at these site 

may lead to heritable mutations. 

 

1.3.1 AGT protein structure 

Several X-ray crystal structures of the human AGT protein (hAGT) are now 

available (60,61,73,74) (Figure 1.6). Daniels et al. and Wibley et al. determined the 

structure of the human AGT protein in the absence of DNA and showed that the protein 

has a two-domain α/β fold structure (61,73). The N-terminal domain contains a three-

stranded anti-parallel β-sheet, followed by two helices and is joined to the C-terminal 

domain by another helix (61,73). The C-terminal domain is made up of a two-stranded 

parallel β-sheet and five helices (61,73). The C-terminal domain also contains the 

conserved active site cysteine (Cys145), the O6-alkyl-dG binding channel, and a helix-

turn-helix (HTH) DNA-binding motif (61,73). 

Interestingly, the structure reported by Daniels et al. revealed a tetrahedral 

zinc(II) ion binding site in the N-terminal domain between Cys5, Cys24, His29, and 

His85 (61). A comparison of the X-ray crystal structure with zinc bound to the protein  
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Figure 1.6 AGT (blue) bound to O6-Me-dG containing DNA (pink). AGT binds DNA 
through a helix-turn-helix (HTH) motif. The adducted nucleotide is flipped into the 
active site of the protein where Cys145 (green) is positioned for SN2-type removal of 
the O6-alkyl group of guanine. (Protein Data Bank accession code 1T38; (60)) 
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with the X-ray crystal structure without zinc revealed that in the absence of the zinc(II) 

ion, local distortions in the N-terminal domain are observed, suggesting that the zinc(II) 

ion stabilizes domain interactions and protein fold (61). Although the zinc(II) ion is 

~20Å from the active site cysteine, the presence of zinc also lowers the pKa of the C145 

and increases its reactivity (75,76).  

Structures of hAGT-DNA complexes revealed that the second (recognition) 

helix in the HTH motif binds within the minor groove of DNA, while the first helix 

interacts with the phosphodiester backbone (60,74). HTH domain proteins typically 

bind B-DNA in the major groove, which allows base-specific hydrogen bonds to form 

and therefore may be important for sequence-specific recognition of DNA. In contrast, 

AGT binds DNA in the minor groove leading to a hypothesis that this may be 

advantageous for sequence-independent binding (60). 

Crystal structures revealed that a single molecule of AGT occupies ~7 base pairs 

of the DNA duplex (60,74). The structure of the AGT protein is unaffected by its 

binding to DNA; however, the DNA structure deviates from normal B-DNA form upon 

protein binding. Specifically, the minor groove of DNA widens by > 3Å, and DNA 

bends ~15° away from the protein (60,74). Furthermore the adducted nucleotide is 

flipped into the active site of the protein, while Arg128 is positioned at the beginning of 

the recognition helix and takes the place of the adducted nucleotide in the DNA duplex 

(Figure 1.6) (60,74). These structural changes are important for the AGT-mediated alkyl 

transfer reaction. 
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1.3.2 Mechanism of AGT-mediated repair of O6-alkylguanines 

 Once the adducted nucleotide is bound within the active site of the AGT protein, 

the O6-substituent is transferred to the active site cysteine (C145) in an irreversible and 

stoichiometric reaction (77) (Figure 1.7). Recognition of O6-alkylated guanine by the  

protein is facilitated by hydrogen bond formation between the hydroxyl of Tyr114 and 

the N3 of guanine (60,74) Spratt et al. showed that the 1-, N2-, and 7-positions of the 

lesion are essential in AGT binding, while the 3- and O6-positions of the lesion are 

involved in methyl transfer (78). The conformation of the protein bound to DNA aligns 

the sulfur of Cys145 with the O6-substituent of guanine for in-line displacement 

(60,60,74), facilitating alkyl transfer. A hydrogen bond network around the active site 

involving His146, Glu172, and a water molecule promotes the deprotonation of the 

active site cysteine, which generates a highly reactive thiolate anion at Cys145 (60,61). 

The thiolate anion acts as a nucleophile, displacing the O6 substituent of O6-alkyl-dG 

and regenerating guanine (60,61). Recent density functional theory calculations have 

shown that this proposed mechanism of alkyl transfer is energetically plausible (79).  

 Coulter et al. proposed that the local sequence content affects the orientation of 

the O6-alkyl-dG lesion in the AGT binding pocket and influences the alignment of the 

O6-substituent with the active site cysteine, potentially affecting the rate of alkyl 

transfer (80). Alternatively, AGT may bind the lesion in a less-reactive conformation 

(80). For example, in double stranded DNA O6-Me-dG and O6-Et-dG can assume a syn-

conformation, with the O6-substituent syn with respect to the N1-position of guanine 

and the substituent pointed into the helix, or an anti-conformation, with the O6-

substituent anti with respect to the N1-position of guanine and the substituent pointed  
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Figure 1.7 AGT-mediated removal of an O6-alkyl lesion from guanine. 
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into the major groove (80-82). If the anti orientation of the O6-alkyl group is maintained 

when the lesion is flipped into the active site of the protein it may result in a decrease in 

the rate of repair.  

Once the protein is alkylated, it is inactive and is rapidly degraded by the 

ubiquitin proteolytic pathway (62-64). The alkylated AGT undergoes a conformational 

change resulting from disruption of a hydrogen-bond network in the protein and a steric 

clash between the alkyl-cysteine and Met134 (61,83). This conformational change may 

facilitate the release of the repaired DNA and mediate the in vivo detection of the 

alkylated protein (61). 

 

1.3.3 DNA sequence effects on the kinetics of AGT-mediated repair  

 AGT-mediated repair of O6-alkyl-dG is essential for the maintenance of genome 

integrity. If not repaired prior to DNA replication, O6-alkyl-dG adducts are misread by 

DNA polymerases, leading to heritable mutations. Slow repair of O6-alkyl-dG lesions at 

specific sites within the genome can lead to mutational hotspots. As discussed above 

inactivation of the AGT gene by hypermethylation of the promoter region results in a 

significant increase in G → A transition mutations in the p53 gene of non-small cell 

lung cancer (37). A number of studies examined the effects of sequence context on 

repair of O6-alkyl-dG lesions by human AGT protein. Investigation of AGT-mediated 

repair has been analyzed using different kinetic conditions. AGT-mediated repair of an 

O6-alkyl-dG lesion has been shown to occur with second-order kinetics, as explained by 

a simply bimolecular reaction (Tables 1.1-1.5). Alternatively, the reaction can be 

studied by first-order kinetics (Table 1.6). This is explained by the fact that AGT and  
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Table 1.1 Repair of O6-Me-dG lesions in double stranded DNA. 
 
5'-T[O6-Me-G]CGTGAAGTGAGTGA-3' 
3'-A             C GCAC TTCACTC ACT-5' ED50 = 7.3 nM (68) 

5'-TGCGT[O6-Me-G]AAGTGAGTGA-3' 
3'-ACGCA            C  TTC ACTCAC T-5' ED50 = 5.3 nM (68) 

5'-TGCGTGAAGT[O6-Me-G]AGTGA-3' 
3'-ACGCACTTCA              C TCACT-5' ED50 = 4.2 nM (68) 

5'-TGCGTGAAGTG[O6-Me-G] ATGA-3' 
3'-ACGCACTTCAC              C  TACT-5' ED50 = 9.5 nM (68) 

5'-TGCGTGAAGTGA [O6-Me-G]TGA-3' 
3'-TCGCACTTC ACT               C ACT-5' ED50 = 7.4 nM (68) 

5'-TGCGTGAAGTGA G[O6-Me-G]TA-3' 
3'-ACGCACTTC ACT C              C AT-5' ED50 = 9.2 nM (68) 

5'-TGCGTGAAGTGAGT[O6-Me-G] A-3' 
3'-ACGCACTTCAC TCA             C  T-5' ED50 = >50000 nM (68) 

5'-CGC [O6-Me-G]AG CT         C  GCG -3' 
3'-GCG          C TC GA[O6-Me-G] CGC-5' k = 490 ± 34.2 × 105 M-1 s-1 (85) 

5'-CG          C  [O6-Me-G]CG-3' 
3'-GC[O6-Me-G]           C GC-5' k = 3.44 ± 0.13 × 105 M-1 s-1 (85) 

5'-ATG AAC C[O6-Me-G]G AGG CCC ATC -3' 
3'-TAC TTG G          C C TCC GGG TAG-5' k = 3.96 × 105 M-1 s-1 (67) 

5'-ATG AAC MeC[O6-Me-G]G AGG CCC ATC -3' 
3'-TAC TTG       G          C C TCC GGG TAG-5' k = 1.18 × 105 M-1 s-1 (67) 

5'-TCA CTT ATC C[O6-Me-G]G ATA CAG TA -3'  
3'-AGT GAA TAG G         C C TAT GTC AT-5' k = 3.6 × 107 M-1 s-1 (67) 

5'-TCA CTT ATC C[O6-Me-G]G ATA CAG TA -3' 
3'-AGT GAA TAG G         MeCC TAT GTC AT-5' k = 2.1 × 107 M-1 s-1 (67) 

5'-TCA CTT ATC MeC[O6-Me-G]G ATA CAG TA -3' 
3'-AGT GAA TAG      G           C C TAT GTC AT-5' k = 0.0 M-1 s-1 (67) 

5'-TCA CTT ATC MeC [O6-Me-G]G ATA CAG TA -3' 
3'-AGT GAA TAG      G     MeCC TAT GTC AT-5' k = 0.0 M-1 s-1 (67) 

methyl[3H]methylated duplex DNA k = 2.2 × 108 M-1 min-1 (69) 

5'-CGC GAA TTC [O6-Me-G]CG-3' 
3'-GCG CTT AAG          C GC-5' k = 7.6 × 108 M-1 h-1 (66) 

5'-CGC CAA TTG [O6-Me-G]CG-3' 
3'-GCG GTT AAC              C GC-5' k = 3.7 × 108 M-1 h-1 (66) 
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Table 1.2 Repair of O6-Me-dG lesions in single stranded DNA. 
 
5'-T[O6-Me-G]C GTG AAG TGA GTG A-3' ED50 = 9.5 nM (68) 
5'-TGC GT[O6-Me-G] AAG TGA GTG A-3' ED50 = 13.0 nM (68) 
5'-TGC GTG AAG T[O6-Me-G]A GTG A-3' ED50 = 11.5 nM (68) 
5'-TGC GTG AAG TG[O6-Me-G] ATG A-3' ED50 = 20.8 nM (68) 
5'-TGC GTG AAG TGA [O6-Me-G]TG A-3' ED50 = 54.5 nM (68) 
5'-TGC GTG AAG TGA G[O6-Me-G]T A-3' ED50 = 57.0 nM (68) 
5'-TGC GTG AAG TGA GT[O6-Me-G] A-3' ED50 = >50000 nM (68) 
5'-TmpGT GA[O6-Me-G] CTG TmpG-3' ED50 = 10 nM (86) 
5'-TATAC[O6-Me-G]TATA-3'  k = 2.00 × 106 M-1 s-1 (65) 
5'-ATAC[O6-Me-G]TAT-3'  k = 2.95 × 106 M-1 s-1 (65) 
5'-TAC[O6-Me-G]TAT-3'  k = 3.08 × 106 M-1 s-1 (65) 
5'-TAC[O6-Me-G]TA-3'  k = 2.10 × 105 M-1 s-1 (65) 
5'-AC[O6-Me-G]TA-3' k = 1.90 × 105 M-1 s-1 (65) 
5'-AC[O6-Me-G]T-3'  k = 2.97 × 102 M-1 s-1 (65) 
5'-C[O6-Me-G]T-3'  k = 17.66 M-1 s-1 (65) 
5'-CGC[O6-Me-G]CG-3'  k = 3.44 × 105 M-1 s-1 (65) 
5'-[O6-Me-G]C-3'  k = 11.36 M-1 s-1 (65) 
5'-[O6-Me-G]T-3'  k = 5.80 M-1 s-1 (65) 
5'-[O6-Me-G]G-3'  k = 4.57 M-1 s-1 (65) 
5'-[O6-Me-G]A-3'  k = 2.40 M-1 s-1 (65) 
5'-G[O6-Me-G]-3'  k = 1.08 M-1 s-1 (65) 
5'-C[O6-Me-G]-3'  k = 0.72 M-1 s-1 (65) 
5'-A[O6-Me-G]-3'  k = 0.57 M-1 s-1 (65) 
5'-T[O6-Me-G]-3'  k = 0.37 M-1 s-1 (65) 
5'-C[O6-Me-G]-3'  k = 0.71 ± 0.02 M-1 s-1 (87) 
5'-T[O6-Me-G]-3' k = 0.37 ± 0.03 M-1 s-1 (87) 
5'- [O6MeG]C-3' k = 11.36 ± 0.035 M-1 s-1 (87) 
5'-[O6MeG]T-3' k = 5.80 ± 0.47 M-1 s-1 (87) 
methyl[3H]methylated single-stranded DNA k = 0.067 × 108 M-1 min-1 (69) 
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Table 1.3 Repair of O6-Bz-dG lesions in single stranded and double stranded DNA. 
 
5'-GCCTCGAGCCAGCCGCAGACGCAG            C GAGGA-3' 
3'-CGGAGCTCGGTCGGCGTCTGCGUC[O6-Bz-G]CTCCTGCGGCT-5' k = 320×106 M-1s-1 (59) 

5'-AAC AGC CAT AT[O6-Bz-G] GCC C-3'                                                   
Ratio of O6-Me-G/ 
O6-Bz-G repair = 
0.04 ± 0.04 

(88) 

O6-Bz-G ED50 = 200 nM (68) 
5'-T[O6-Bz-G][O6-Bz-G][O6-Bz-G][O6-Bz-G][O6-Bz-G] G-3' ED50 = 0.7 nM (68) 
5'-T[O6-Bz-G]G GGG G-3' ED50 = 5.0 nM (68) 
5'-TGG [O6-Bz-G]GG G-3'  ED50 = 3.7 nM (68) 
5'-TGG GG[O6-Bz-G] G-3' ED50 = 104 nM (68) 
5'-G[O6-Bz-G]G GGG T-3'      ED50 = 3.2 nM (68) 
5'-GGG GG[O6-Bz-G] T-3'      ED50 = 82 nM (68) 
O6-Bz-G ED50 = 400 nM (86) 
5'-TmpGT GA[O6-Bz-G] CTG TmpG-3' ED50 = 1.3 nM (86) 
5'-TmpGT GA[O6-Bz-G] CTG TmpG-3' ED50 = 1.4 nM (86) 
5'-AAC AGC CAT AT[O6-Bz-G] GCC C-3' ED50 = 1.1 nM (86) 
O6-Bz-G ED50 = 200 nM (89) 
O6-Bz-dG ED50 = 2000 nM (89) 
5'-A[O6-Bz-G]C-3' ED50 = 90 nM (89) 
5'-GA[O6-Bz-G] CT-3' ED50 = 13 nM (89) 
5'-TGA [O6-Bz-G]CT G-3' ED50 = 7 nM (89) 
5'-GTG A[O6-Bz-G]C TGT-3' ED50 = 8 nM (89) 
5'-TGT GA[O6-Bz-G] CTG TG-3' ED50 = 13 nM (89) 
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Table 1.4 Repair of O6-POB-dG and O6-Bu-dG lesions in double stranded and single 
stranded DNA. 
 
5'-AACAGCCATAT[O6-POB-G] GCCC-3' 
3'-TTG TCGGTATA                C  CGGG-5'      Ratio of O6-Me-G/O6-POB-G repair = 2 ± 0.5 (90) 

5'-GGCGCT [O6-POB-G]GAGGCGTG-3' 
3'-CCGCGA                C CTCCGCAC-5'      Ratio of O6-Me-G/O6-POB-G repair = >5 (90) 

5'-GGCGCTG[O6-POB-G]AGGCGTG-3' 
3'-CCGCGAC                C TCCGCAC-5'      Ratio of O6-Me-G/O6-POB-G repair = >5 (90) 

5'-AATAGTAGCT[O6-POB-G]GAGGC-3' 
3'-TTA TCATCGA               C CTCCG-5'      Ratio of O6-Me-G/O6-POB-G repair = 1.7 ± 0.3 (90) 

5'-AATAGTAGCTG[O6-POB-G] AGGC-3' 
3'-TTATCATCGAC                 C  TCCG-5'      Ratio of O6-Me-G/O6-POB-G repair = >5 (90) 

5'-AACAGCCATAT[O6-POB-G]GCCC-3' 
3'-TTG TCGGTATA               T  CGGG-5'     Ratio of O6-Me-G/O6-POB-G repair = 2.4 ± 0.1 (90) 

5'-AATAGTAGCTG[O6-POB-G]AGG C-3' 
3'-TTA TCATCGAC                T TCC G-5' Ratio of O6-Me-G/O6-POB-G repair = 1.3, 1.8 (90) 

5'-AACAGCCATAT[O6-POB-G]GCCC-3'                                               Ratio of O6-Me-G/O6-POB-G repair = 2.6 ± 0.5 (88) 
5'-AACAGCCATAT[O6-Bu-G]GCCC-3'                                       Ratio of O6-Me-G/O6-Bu-G repair = 2.4 ± 0.2 (88) 
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Table 1.5 Repair of O6-Et-dG lesions in double stranded DNA. 
 
5'-ACTGACTGATGTTTGTT[O6-Et-G]TGACTGACTG-3' 
3'-TGACTGACTACAAACAA         C ACTGACTGAC-5' k = 10.6 ± 4.5 × 106 M-1 s-1 (70) 

5'-ACTGACTGATGTTTGTC[O6-Et-G]GGACTGACTG-3' 
3'-TGACTGACTACAAACAG          C CCTGACTGAC-5' k = 9.7 ± 1.0 × 106 M-1 s-1 (70) 

5'-ACTGACTGATGTTTGTG[O6-Et-G]TGACTGACTG-3' 
3'-TGACTGACTACAAACAC          C  ACTGACTGAC-5' k = 6.5 ± 1.3 × 106 M-1 s-1 (70) 

5'-ACTGACTGATGTTTGTG[O6-Et-G]GGACTGACTG-3' 
3'-TGACTGACTACAAACAC          C  CCTGACTGAC-5' k = 10.3 ± 2.3 × 106 M-1 s-1 (70) 

5'-ACTGACTGATGTTTGTG[O6-Et-G]AGACTGACTG-3' 
3'-TGACTGACTACAAACAC          C  TCTGACTGAC-5' k = 11.5 ± 5.6 × 106 M-1 s-1 (70) 

5'-ACTGACTGATGTTTGTG[O6-Et-G]AGACTGACTG-3' 
3'-TGACTGACTACAAACAC          T TCTGACTGAC-5'  k = 4.0 ± 1.7 × 106 M-1 s-1 (70) 

5'-CGC[O6-Et-G]AGCT          C  GCG -3' 
3'-GCG           C TCGA[O6-Et-G]CGC-5' k = 3.00 ± 0.10 × 105 M-1 s-1 (85) 
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Table 1.6 Repair of O6-alkyl-dG lesions in double stranded DNA determined by first-
order kinetics gave kinact and Km values. 
 
5'-GGCGCT[O6-Me-G]GAGGCGTG-3'                                                         
3'-CCGCGA             C CTCCGCAC-5' 

kinact = 0.32 ± 0.03 s-1 
Km = 69 ± 15 nM 

(80) 

5'-GGCGCTG[O6-Me-G]AGGCGTG-3'                                                        
3'-CCGCGAC             C TCCGCAC-5' 

kinact = 0.027 ± 0.009 s-1 

Km = 133 ± 29 nM (80) 

5'-AACAGCCATAT[O6-Me-G]GCCC-3'                                                      
3'-TTGT CGGTATA             C  CGGG-5' 

kinact = 0.13 ± 0.002 s-1 

Km = 112 ± 43 nM (80) 

5'-GCCTCGAGCCAGCCGCAGACGCAG             C GAGGA-3'                   
3'-CGGAGCTCGGTCGGCGTCTGCGUC [O6-Me-G]CTCCTGCGGCT-5' 

kr = 0.30 ± 0.02 s-1 
Kd = 98 ± 32 nM 
kr/Kd = 3.1 × 106 M-1 s-1 

(59) 

5'-CGTGGCGCT [O6-Me-G]GAGGCGTGAGC-3'                                                
3'-GCACCGCGA              C CTCCGCACTCG-5' 

kinact = 0.39 ± 0.03 s-1 

Ks = 81 ± 11 nM (84) 

5'-CGTGGCGCT G[O6-Me-G]AGGCGTGAGC-3'                                                
3'-GCACCGCGA C             C  TCCGCACTCG-5' 

kinact =  0.035 ± 0.002 s-1 

Ks = 91 ± 12 nM (84) 

5'-GGCGCT [O6-POB-G]GAGGCGTG-3'                                                      
3'-CCGCGA                 C CTCCGCAC-5' 

kinact = (0.95 ± 0.07) × 10-4 s-1 

Km = 125 ± 27 nM (80) 

5'-GGCGCT G[O6-POB-G]AGGCGTG-3'                                                      
3'-CCGCGA C                C TCCGCAC-5' 

kinact = (0.16 ± 0.02) × 10-4 s-1 

Km = 161 ± 46 nM (80) 

5'-AACAGCCATAT[O6-POB-G] GCCC-3'                                                     
3'-TTG TCGGTATA                C  CGGG-5' 

kinact = 0.022 ± 0.001 s-1 

Km = 67 ± 14 nM (80) 

5'-GGCGCT [O6-Et-G]GAGGCGTG-3'                                                         
3'-CCGCGA            C  CTCCGCAC-5' 

kinact = 0.023 ± 0.001 s-1 

Km = 53 ± 6 nM (80) 

5'-GGCGCTG[O6-Et-G]AGGCGTG-3'                                                         
3'-CCGCGAC            C  TCCGCAC-5' 

kinact fast =  0.029 ± 0.001 s-1  
kinact slow=(2.2 ± 0.2)×10-4 s-1 

Km fast = 70 ± 46 nM 
Km slow = 46 ± 11 nM 

(80) 

5'-AAC AGC CAT AT[O6-Et-G] GCC C-3'                                                       
3'-TTG TCG GTA TA        C  CGG G-5' 

kinact = 0.027 ± 0.009 s-1 

Km = 62 ± 13 nM (80) 

5'-GGC GCT [O6-Bz-G]GA GGC GTG-3'                                                       
3'-CCG CGA          C CT CCG CAC-5' 

kinact = 34 ± 4 s-1 

Km = 340 ± 90 nMa (80) 

5'-GGC GCT G[O6-Bz-G]A GGC GTG-3'                                                        
3'-CCG CGA C         C T CCG CAC-5' 

kinact = 27 ± 4 s-1 

Km = 204 ± 87 nMa (80) 

5'-AAC AGC CAT AT[O6-Bz-G] GCC C-3'                                                       
3'-TTG TCG GTA TA         C  CGG G-5' 

kinact = 52 ± 12 s-1 

Km = 750 ± 323 nMa (80) 

5'-GGCGCT [O6-He-G]GAGGCGTG-3'                                           
3'-CCGCGA              C CT CCGCAC-5' 

kinact = (9.3 ± 0.7) × 10-4 s-1 

Km = 210 ± 50 nM (80) 

5'-GGCGCT G[O6-He-G]A GGCGTG-3'                                        
 3'-CCGCGA C            C T  CCGCAC-5' 

kinact = (8.4 ± 0.3) × 10-4 s-1 

Km = 58 ± 11 nM (80) 
a Km may not represent the dissociation constant since the reaction with these substrates does not reach 

steady state. 
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DNA initially bind to form a complex that exhibits saturation kinetics and then the alkyl 

group is transferred (84). Here I will review a selection of articles that have explored the 

effect of sequence surrounding various O6-alkyl-dG lesions.  

 The rate of AGT repair in vitro can be affected by the length of the O6-alkyl-dG 

containing oligonucleotide, as well as the location of the lesion within the sequence. In 

double stranded DNA oligonucleotides, the repair of O6-Me-dG by AGT was faster in a 

12-mer than in a 6-mer (Table 1.1) (85). Liem et al. showed that the demethylation rate 

was also dependent on the length of the oligonucleotide in single stranded 

oligonucleotides (Table 1.2) (65). The maximal rate of repair was achieved with a 7-

mer (65). In single stranded oligonucleotides containing an O6-Bz-dG lesion, the rate of 

AGT repair increased with oligonucleotide length, but reached a maximal rate when a 

5-9-mer was used (Table 1.3) (89). However, AGT-mediated repair of O6-Me-dG and 

O6-Bz-dG in single stranded DNA occurred more readily when the O6-Me-dG lesion 

was at the 5′ end of the oligonucleotide as opposed to the 3′ end (60,68), suggesting a 

directional bias of AGT repair. Daniels et al. proposed that this directional bias in AGT-

mediated repair occur through recruitment of additional AGT molecules to the 5′ side of 

the initial DNA-AGT complex faster than recruitment to the 3′ side (60). AGT has been 

shown to localize to sites of active transcription in vivo (91). This directional bias may 

allow AGT to remain slightly ahead of DNA polymerases, thereby maximizing the 

efficiency of O6-alkyl-dG repair (92). 

 Early studies using extracts from HT29 cells that contained human AGT found 

that the second order rate of demethylation of O6-Me-dG was greater for a duplex 

dodecamer when C was 5′ to O6-Me-dG as compared to G (Table 1.1) (66). Sequence 
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dependent repair of O6-Me-dG by purified recombinant human AGT protein was 

examined using first order kinetics (Table 1.6) (80,84). When O6-Me-dG was placed in 

the context of H-ras codon 12, it was determined that the rate of repair was greater 

when O6-Me-dG was the first G in the run as opposed to the second G in the run (Table 

1.6) (80,84). This result is consistent with the observation of GGT → GAT transitions 

in smoking and NNK-induced tumors (32,33). To determine if the rate of AGT-

mediated repair of O6-Me-dG would be inhibited at other mutational hotspots in ras 

genes, the effect of sequence context within codon 12 of the K-ras gene was 

investigated in our laboratory and the results are discussed in Chapter II. 

 As discussed above, endogenous cytosine methylation plays an important role in 

many physiological events (39-41) and has been shown to influence the efficiency of 

DNA adduct formation and repair at neighboring guanine bases (49-54,67). The effect 

of neighboring MeC on the repair of O6-Me-dG by human AGT in the context of the p53 

tumor suppressor gene was analyzed under second-order conditions (Table 1.1) (67). 

Bentivegna et al. observed a 75%-100% reduction in the rate of repair of O6-Me-dG in a 

p53-derived sequence containing codon 248 and a designed sequence when MeC was 

placed 5′ to the O6-Me-dG lesion (Table 1.1) (67). When MeC was base paired to O6-

Me-dG, the rate of repair was reduced slightly (67). Our laboratory expanded the study 

by determining the kinetics of AGT-mediated repair of O6-Me-dG in the presence of 

neighboring MeC in the context of three mutational hotspots present in the p53 gene. The 

findings are discussed in Chapter III.  

AGT readily demethylates O6-Me-dG lesions both in double stranded and in 

single stranded DNA (Table 1.1 and 1.2). Repair of single stranded DNA may occur in 
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vivo during DNA replication and may be the last opportunity to prevent promutagenic 

O6-Me-G lesions from inducing mutations (72). However, AGT-mediated repair of 

methylated DNA is 10-100 times more rapid in double stranded DNA than in single 

stranded DNA (68,69). Liem et al. and Wong et al. analyzed the effect of sequence 

context on AGT-mediated repair of O6-Me-dG lesions in single stranded DNA dimers 

under second-order kinetic conditions (Table 1.2) (65,87). Dimers of the sequence 5′-

[O6-Me-dG]N-3′, where N is any base (A, C, T, or G) were repaired faster than dimers 

with the sequence 5′-N[O6-Me-dG]-3′ (65,87). Additionally, the rate of O6-Me-dG 

repair was more sensitive to the position of neighboring pyrimidine bases than 

neighboring purine bases (Table 1.2) (65). The presence of MeC on AGT-mediated 

repair of O6-Me-dG lesions in single stranded DNA was investigated by our laboratory 

and the results are discussed in Chapter III. 

 An even greater effect of DNA sequence content was observed for O6-POB-dG 

lesions induced by the tobacco specific carcinogen, NNK. The rate of repair by AGT of 

O6-POB-dG lesions in an H-ras-derived sequence containing the mutational hotspot 

codon 12 was investigated (Table 1.4 and 1.6) (80,90). Coulter et al. showed that the 

kinetic parameter, kinact, determined under first order conditions for duplex 15-mers 

containing O6-POB-dG was strongly influenced by sequence context (80). When O6-

POB-dG was placed in a run of two Gs in duplex DNA, the rate of repair was greater 

when the O6-POB-dG lesion was at the 5′-guanine (Table 1.6) (80). Mijal et al., 

examined the ratio of O6-Me-dG to O6-POB-dG repair by AGT as a function of DNA 

sequence and found that the repair of O6-POB-dG in an H-ras-like sequence occurred 

faster when the lesion was in the first position in a run of two Gs as opposed to the 
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second position (Table 1.4) (90). Additionally, there was an increase in repair of O6-

POB-dG relative to O6-Me-dG when T was placed opposite the O6-alkyl-dG adduct 

(90). 

 In contrast to O6-Me-dG and O6-POB-dG, the rate of AGT repair of O6-Et-dG 

and O6-He-dG appears to be less affected by sequence context (Table 1.5 and 1.6). 

Bender et al. reported that AGT repair of O6-Et-dG in 28-mer duplexes with varying 

adjacent bases was not dependent on sequence (Table 1.5) (70). Although the rate of 

repair decreased when O6-Et-dG was base paired to T instead of C, this decrease was 

not statistically significant (70). Coulter et al. also reported that the rate of repair of O6-

Et-dG and O6-He-dG by AGT was unaffected by sequence context (80). However, 

when O6-Et-dG was the second G in a run of two Gs the time course of repair was 

biphasic (Table 1.6) (80). This biphasic kinetics was attributed to binding of O6-Et-dG 

to AGT in a reactive or less reactive conformation and was found to be affected by 

neighboring nucleotides (80). 

Similar to O6-Et-dG and O6-He-dG lesions, the sequence context of O6-Bz-dG 

lesions had little effect on the rate or repair by AGT (Table 1.3). However, O6-Bz-dG 

lesions, both in single stranded and in double stranded DNA, were repaired more 

rapidly than other O6-alkyl-dG lesions (59,88). This makes O6-Bz-dG an effective 

inactivator of AGT (86). Luu et al. and Coulter et al. reported that the repair of O6-Bz-

dG by human AGT was independent of the bases flanking the lesion (68,80). However, 

the position of the O6-Bz-dG lesion and the number of bases flanking the lesion in 

single stranded DNA affects the efficiency of AGT-mediated repair (68,89). The rate of 

AGT-mediated repair of O6-Bz-dG in the central position of a single stranded 
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oligonucleotide increased as the length of the oligonucleotide increased, with the 

maximal rate achieved when the oligomer was 5-9 nucleotides long (89). 

The relative rates of AGT-mediated repair of O6-alkyl-dG lesions in duplex 

DNA are Bz > Me > Et > He > POB (80). AGT-mediated repair of O6-Et-dG is 10-100-

fold less efficient than repair of O6-Me-dG (80,85). Zang et al. demonstrated that in 

duplex DNA, O6-Bz-dG repair by AGT is about 100-fold faster than O6-Me-dG repair 

(59). In single stranded DNA, Mijal el al. compared the ratio of O6-Me-dG repair to 

repair of other O6-alkyl-dG lesions and found that AGT preferentially repairs O6-Me-

dG lesions relative to O6-POB-dG and O6-Bu-dG (88). O6-Bz-dG is preferentially 

repaired relative to O6-Me-dG (68,86,88). 

 

1.3.4 Effect of DNA sequence on AGT protein affinity 

 The first step of AGT-mediated repair that may be influenced by sequence 

content is binding of the AGT protein to DNA (Step 1 in Figure 1.5). The rate of AGT 

binding to DNA was very fast and appeared to be diffusion-limited (5 × 109 M-1 s-1) 

(59), while the rate of dissociation was slower. The presence of an O6-alkyl-dG lesion 

slows the dissociation about 25-fold compared to unmodified DNA (59).  

The majority of studies that investigated AGT binding to DNA have determined 

association or dissociation constants using 32P-end-labeled oligonucleotides or kinetic 

conditions that allowed for the determination of dissociation constants.  Binding studies 

showed that AGT has affinity for single stranded or double stranded DNA with or 

without O6-alkyl-dG lesions (Table 1.7 and 1.8). Based on crystal structures, the 

binding site size of AGT on double stranded DNA was predicted to be 7 nucleotides  
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Table 1.7 Binding affinity of AGT for single stranded DNA lacking and containing O6-
alkyl-dG lesions. 
 

5'-TTTTTGTTTTT-3' 
Kn = 3.20 × 1010 M-n 

Stoichiometry = 1.92 ± 0.17 
Kmono = 3.33 ± 1.79 × 105 M-1 

(93) 

5'-GACTGACTGACTGACT-3' 
Kn = 9.42 × 1022 M-n 
Stoichiometry = 3.89 ± 0.09 
Kmono = 8.05 ± 0.26 × 105 M-1 

(93) 

5'-CGCCAACCCGCTGCCTATCGTT-3' 
Kn = 1.55 × 1022 M-n 
Stoichiometry = 3.89 ± 0.16 
Kmono = 4.42 ± 0.88 × 105 M-1 

(93) 

5'-TTTTTTTTTTTTTTTTTTTTTTTT-3' 
Kn = 9.64 × 1031 M-n 
Stoichiometry = 5.60 ± 0.5 
Kmono = 5.35 ± 1.98 × 105 M-1 

(93) 

5'-GTGCCGCCAACCCGCTGCCTATCGTTATAC-3' 
Kn = 1.03 × 1030 M-n 
Stoichiometry = 5.32 ± 0.42 
Kmono = 4.53 ± 1.55 × 105 M-1 

(93) 

5'-
GCAACGCAATTAATGTGAGTTAGCTCACTCATTAGCCA
CCC-3' 

Kn = 1.34 × 1033 M-n 
Stoichiometry = 5.89 ± 1.1 
Kmono = 4.14 ± 0.69 × 105 M-1 

(93) 

5'-GACTGACTGACTGACT-3' 

KPD = 1.8 (± 0.7) × 1024 M-4 
Stoichiometry = 3.8 ± 0.3 
Kmono = ~1.2 × 106 M-1  
(wt-AGT) 

(72) 

5'-GTGCCGCCAACCCGCTGCCTATCGTTATAC-3' Stoichiometry = 5.3 ± 0.2 
(wt-AGT) (72) 

5'-GTGGTCTGCAGCAGCGGAGCCGTGGGCAACTACCGCT 
GGGGCGTGTCGCGTAAGGAATGGCTTCTGGCCCATGAA
GGC-3' 

Stoichiometry = 8.9 ± 0.2 
(wt-AGT) (72) 

5'-GACTGACTGACTGACT-3' 

Ka = ~1.2 × 1023 M-4 
Stoichiometry = 4 
Kmono = ~5.9 × 105 M-1 
(C145A-AGT) 

(71) 

5'-GACTGACTGACT[O6-Me-G]ACT-3' 

Ka = ~21 × 1024 M-4 
Stoichiometry = 4 
Kmono = ~21 × 105 M-1 

(C145A-AGT) 

(71) 

5'-AACAGCCATATGGCCC-3' Kd = 0.90 µM (C145A-AGT) 
Kd = 1.1 µM (wt-AGT) (94) 

5'-AACAGCCATAT[O6-Me-G]GCCC-3' Kd = 0.70 µM  
(C145A-AGT) (94) 

5'-ACTGACTGATGTTTGTCGGGACTGACTG-3'  Ka = 1.0 ± 0.4 × 105 M-1 (70) 

5'-ACTGACTGATGTTTGTC[O6-Et-G]GGACTGACTG-3' Ka = 4.9 ± 2.0 × 105 M-1 (70) 

5'-TGGGGGG-5' Kd = 3.9 µM 
(C145S-AGT) (68) 

5'-T[O6-Bz-G][ O6-Bz-G] [O6-Bz-G][ O6-Bz-G][ O6-Bz-G]G-3' Kd = 3.7 µM 
(C145S-AGT) (68) 

5'-T[O6BzG]G GGG G-3' Kd = 2.9 µM 
(C145S-AGT) (68) 



 

 31 

5'-TGG [O6BzG]GG G-3' Kd = 25 µM 
(C145S-AGT) (68) 

5'-TGG GG[O6BzG] G-3' Kd = 4.4 µM 
(C145S-AGT) (68) 
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Table 1.8 Binding affinity of AGT for double stranded DNA lacking and containing 
O6-alkyl-dG lesions. 
 
5'-CGT GGC GCT GGA GGC GTG AGC-3' 
3'-GCA CCG CGA CCT CCG CAC TCG-5' 

760 ± 80  
(C145S-AGT) (84) 

5'-CGT GGC GCT [O6-Me-G]GA GGC GTG AGC-3' 
3'-GCA CCG CGA           C CT CCG CAC TCG-5' 

Kd = 380 ± 50 nM  
(C145S-AGT) (84) 

5'-CGT GGC GCT G[O6-Me-G]A GGC GTG AGC-3' 
3'-GCA CCG CGA C         C T CCG CAC TCG-5' 

Kd = 240 ± 40 nM  
(C145S-AGT) (84) 

5'-GAC TGA CTG ACT GAC T-3' 
3'-CTG ACT GAC TGA CTG A-5' 

Ka = ~4.3 × 1023 M-4 
Stoichiometry = 4                             
Kmono = ~8.0 × 105 M-1 
(C145A-AGT) 

(71) 

5'-GAC TGA CTG ACT [O6-Me-G]AC T-3' 
3'-CTG ACT GAC TGA          C TG A-5' 

Ka = ~31 × 1024 M-4 
Stoichiometry = 4      
Kmono = ~23 × 105 M-1 
(C145A-AGT) 

(71) 

5'-AAC AGC CAT ATG GCC C-3' 
3'-TTG TCG GTA TAC CGG G-5' 

Kd = 0.69 µM  
(C145A-AGT) 
Kd = 0.61 µM  
(wt-AGT) 

(94) 

5'-AAC AGC CAT AT[O6-Me-G] GCC C-3' 
3'-TTG TCG GTA TA         C  CGG G-5' 

Kd = 0.13 µM  
(C145A-AGT) (94) 

calf-thymus DNA Ka = 4.7 × 105 M-1 (95) 

calf-thymus DNA (reacted with [3H-methyl]MNU Ka = 9 × 105 M-1 (95) 

5'-A CTG ACT GAT GTT TGT CGG GAC TGA CTG-3' 
3'-T GAC TGA CTA CAA ACA GCC CTG ACT GAC-5' Ka = 7.1 ± 2.4 × 105 M-1 (70) 

5'-A CTG ACT GAT GTT TGT C[O6-Et-G]G GAC TGA CTG-3' 
3'-T GAC TGA CTA CAA ACA G        C C CTG ACT GAC-5' Ka = 8.4 ± 2.4 × 105 M-1 (70) 
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long (60,74). However, binding studies completed by Fried et al. and Rasimas et al. 

using single stranded and double stranded DNA observed a binding site size of roughly 

4-9 nucleotides suggesting that several AGT molecules overlap along the DNA duplex 

(71,72,93). As the oligonucleotide length increased, the number of protein molecules 

bound to the oligonucleotide also increased (93). These findings also revealed that AGT 

binds cooperatively to single stranded and double stranded DNA with or without O6-

alkyl-dG lesions (71,72,93). Cooperative binding of AGT to DNA may be an efficient 

mechanism by which O6-alkyl-dG lesions are located and repaired (71,72,93). In 

unmodified single stranded and double stranded DNA, the binding affinity of AGT was 

not significantly affected by DNA sequence (Table 1.7 and 1.8) (72,93). In most studies 

the binding affinity was slightly higher for double stranded DNA than for single 

stranded DNA (70,71,94) except for one study by Fried et al. who found that AGT 

binds to single stranded DNA more tightly than double stranded DNA (72). 

 Several studies examined whether the presence of an O6-alkyl-dG lesion 

increases the binding affinity of the AGT protein for DNA. The AGT binding affinity 

was enhanced 2-5 fold when the O6-Me-dG lesion was present in single stranded or 

double stranded DNA (Table 1.7 and 1.8) (71,84,94,95). In contrast, the binding affinity 

of AGT was not affected by the presence or absence of an O6-Et-dG lesion in single 

stranded or double stranded DNA (70). The presence of an O6-Bz-dG lesion also had no 

affect on the binding affinity of AGT to single stranded DNA (68). The most extensive 

comparison of AGT binding to DNA duplexes containing O6-alkyl-dG lesions was 

carried out by Coulter et al. who found that the AGT binding affinity was not affected 

by the identity of the alkyl group on the O6-alkyl-dG lesion or the nucleotide sequence 
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surrounding the lesion (Table 1.6) (80). Taken together, binding affinity experiments 

suggest that AGT preferentially binds double stranded DNA. While the presence of 

certain O6-alkyl-dG lesions increases the binding affinity, it appears to be generally 

independent of DNA sequence.  

 

1.3.5 Sequence effects on the rate of AGT-mediated nucleotide flipping 

Following AGT binding to DNA, the adducted nucleotide is flipped into the 

active site of the protein (Step 2 of Figure 1.5). Zang et al. developed a method to 

determine the rate of nucleotide flipping by AGT using pre-steady state stopped-flow 

fluorescence experiments (59). In duplex DNA, the O6-alkyl-dG lesion was placed 

opposite a fluorescent nucleoside analog, pyrrolo-dC, 6-methylpyrrolo[2,3-

d]pyrimidine-2(3H)one deoxyribonucleoside. The fluorescence intensity of the 

nucleoside analog increased when the O6-alkyl-dG lesion was flipped out of the duplex 

by AGT, disrupting its hydrogen bonding to pyrrolo-dC. Zang et al. analyzed the rate of 

nucleotide flipping of O6-Me-dG and O6-Bz-dG lesions by AGT and found that both 

lesions were flipped into the active site of AGT at a similar rate (Table 1.9) (59). This 

method was then used by our laboratory to examine the affect of sequence context on 

the rate of nucleotide flipping in the presence or absence of a neighboring MeC residue 

and the findings are presented in Chapter III.  

 
1.3.6 Effects of DNA sequence context on the rate of alkyl transfer from O6-alkyl-

dG to AGT 
 
 Once the O6-alkyl-dG lesion is flipped out of the base pair stack to enter the 

active site of the protein, the O6-alkyl group is positioned for removal via an SN2  
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Table 1.9 Rate of AGT-induced O6-alkyl-dG nucleotide flipping. 
 
5'-GCCTCGAGCCAGCCGCAGACGCAG[pyrrolo-C]GAGGA-3' 
3'-CGGAGCTCGGTCGGCGTCTGCGUC[O6-Bz-G]CTCCTGCGGCT-5' 

k = 190 ± 20 s-1 
(C145S-AGT) (59) 

5'-GCCTCGAGCCAGCCGCAGACGCAG[pyrrolo-C]GAGGA-3' 
3'-CGGAGCTCGGTCGGCGTCTGCGUC[O6-Me-G]CTCCTGCGGCT-5' 

k = 200 ± 22 s-1 
(C145S-AGT) 

(59) 
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reaction by the thiol of the active site cysteine. Since most studies have observed a 

sequence-dependent rate of repair with no sequence effect on binding or nucleotide 

flipping, it is likely that the rate of alkyl transfer is sequence dependent and is 

responsible for the observed overall differences in dealkylation rates (68,80,84). Coulter 

et al. proposed that the local sequence content affects the position of the O6-alkyl-dG 

lesion in the AGT binding pocket (80). Crystal structures have shown that the adducted 

nucleotide is positioned in the AGT active site for in-line displacement of the O6-

substituent by the active site cysteine (60,74). The local sequence content may result in 

small differences in the distance between the alkyl group and the active site cysteine, 

potentially affecting the rate of alkyl transfer (80). Experimentally the direct 

determination of the rate of alkyl transfer is difficult; however, Zang et al. were able to 

calculate the rate of methyl transfer after determining the rate for all of the other steps in 

the reaction (O6-Me-dG, kmethyl transfer = 25 s-1) (59). It was determined that alkyl transfer 

is rate limiting for repair of O6-Me-dG, but not for O6-Bz-dG (59). Further work must 

be done to determine the sequence dependent effect on the rate of alkyl transfer. 

 

1.4 Summary 

 Carcinogens present in tobacco smoke can be metabolically activated to form 

reactive electrophiles that can modify nucleophilic sites in DNA. Two major targets of 

DNA adduct formation are the K-ras proto-oncogene and the p53 tumor suppressor 

gene. Formation and persistence of DNA adducts in these critical genes leads to 

mutations and non-functional gene products. Activation of proto-oncogenes or 

inactivation of tumor suppressor genes can lead to a loss of control over cell 



 

 37 

proliferation and ultimately leads to tumor initiation. DNA adducts formed from 

reactions with metabolically activated tobacco carcinogens B[a]P and NNK and repair 

of these adducts have been shown to be sequence dependent and to correlate with the 

mutation spectra of smoking-induced lung cancer.  

 In the current work, we employed mass-spectrometry based methods developed 

in our laboratory to determine the rates of AGT-mediated repair of O6-Me-dG lesions in 

the context of the K-ras proto-oncogene (Chapter II) and the p53-tumor suppressor 

gene (Chapter III). The mechanisms by which endogenous cytosine methylation 

increases BPDE adduct formation at CG dinucleotides of the p53 gene was also 

investigated (Chapter V). An increased understanding of the mechanisms that lead to 

the observed mutational spectra in smoking induced lung cancer is expected to establish 

more effective modes of prevention and treatment of cancer in individuals at risk. 
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II. KINETICS OF O6-METHYL-2′-DEOXYGUANOSINE REPAIR 
BY O6-ALKYLGUANINE DNA ALKYLTRANSFERASE WITHIN 
K-RAS GENE-DERIVED DNA SEQUENCES 

 
Reproduced with permission from Guza, R., Rajesh, M., Fang, Q., Pegg, A. E., and 
Tretyakova, N. (2006) Kinetics of O6-Me-dG repair by O6-alkylguanine DNA 
alkyltransferase within K-ras gene derived DNA sequences. Chem. Res. Toxicol. 19, 
531-538. Copyright 2006 American Chemical Society. 
 
2.1 Overview 

O6-methyl-2'-deoxyguanosine (O6-Me-dG) is a potent mutagenic DNA lesion 

that can be induced by a variety of methylating agents, including tobacco-specific 4-

(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK). O6-Me-dG lesions are directly 

repaired by the specialized DNA repair protein, O6-alkylguanine-DNA-alkyltransferase 

(AGT), which transfers the O6-alkyl group from the modified guanine to a cysteine 

within the active site of the protein. Previous investigations suggested that AGT repair 

of O6-alkylguanines may be sequence-dependent as a result of flanking nucleobase 

effects on DNA conformation and energetics. In the present work, a novel high 

performance liquid chromatography-electrospray ionization tandem mass spectrometry 

(HPLC-ESI+-MS/MS) based approach was developed to analyze the kinetics of AGT-

mediated repair of O6-Me-dG adducts placed at different sites within the double 

stranded DNA sequence representing codons 8-17 of the K-ras proto-oncogene (5'-

G1TA G2TT G3G4A G5CT G6G7T G8G9C G10TA G11G12C AAG13 AG14T-3', where G5, 

G6, G7, G8, G9, G10, or G11 was replaced with O6-Me-dG. The second guanine of K-ras 

codon 12 (G7 in our numbering system) is a major mutational hotspot for G → A 

transitions observed in lung tumors of smokers and in neoplasms induced in laboratory 

animals by exposure to methylating agents. O6-Me-dG containing duplexes were 
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incubated with human recombinant AGT protein, and the reactions were quenched at 

specific times. Following acid hydrolysis to release purines, isotope dilution HPLC-

ESI-MS/MS was used to determine the amounts of O6-Me-G remaining in DNA. Th e 

relative extent of demethylation for O6-Me-dG adducts located at G5, G6, G7, G8, G9, 

G10, or G11 following a 10 second incubation with AGT showed little variation as a 

function of sequence position. Furthermore, the second-order  rate constants calculated 

for the repair of O6-Me-dG  adducts located at the first and second positions of the K-

ras codon 12 (5′-G6G7T-3′) were similar (1.4 x 107 M-1s-1 vs. 7.4 x 106 M-1s-1 

respectively), suggesting that O6-Me-dG repair by AGT is not the determining factor for 

K-ras codon 12 mutagenesis following exposure to methylating agents. The new HPLC-

ESI-MS/MS assay developed in this work is a valuable tool which will be used to 

further explore the role of local sequence environment and endogenous DNA 

modifications in shaping mutational spectra of NNK and other methylating agents. 

 

2.2 Introduction 

A large fraction (24-56%) of human primary adenocarcinomas contain genetic 

changes within codon 12 of the K-ras proto-oncogene (32,96-101). These mutations 

include both G→T transversions (GGT→TGT, GTT) and G→A transitions 

(GGT→GAT), which have been shown to activate the K-ras proto-oncogene, leading to 

uncontrolled cell growth and loss of cell differentiation (96-98,100). K-ras codon 12 

mutations are much more prevalent in smokers than in non-smokers (32), suggesting a 

role for tobacco smoke components in the induction of these mutations.  Furthermore, 

the same characteristic G→A transitions within K-ras codon 12 (GGT→GAT) are 
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observed in mouse lung tumors induced by the potent tobacco carcinogen, 4-

(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) (33), making it a likely causative 

agent for these genetic changes. 

NNK is a tobacco specific N-nitrosamine which has been shown to specifically 

induce lung tumors in laboratory animals, independent of the route of administration 

(7,102). Metabolic activation of NNK yields methyl- and pyridyloxobutyl-diazonium 

ions that react with DNA to give highly mutagenic O6-methyl-2'-deoxyguanosine (O6-

Me-dG) and O6-[4-oxo-(3-pyridyl)but-1-yl]- 2'-deoxyguanosine (O6-POB-dG) lesions 

(103-105). O6-Me-dG, although a minor lesion (6% of total methylation), is critical for 

NNK mutagenesis based on its strong mispairing characteristics (106) and its key role 

in the induction of lung tumors in NNK-treated mice (105).  

Both O6-Me-dG and O6-POB-dG adducts are substrates for the specialized 

repair protein, O6-alkylguanine-DNA-alkyltransferase (AGT). AGT transfers the O6-

alkyl group from the damaged base to a cysteine residue within the active site of the 

protein (Cys-145 for human AGT), restoring unsubstituted guanine (107,108). AGT 

acts preferentially on double stranded DNA and does not require any co-factors. To 

allow access to the cysteine acceptor site, the O6-alkyl-deoxyguanosine (O6-alkyl-dG) is 

flipped out of the DNA helix into the binding pocket of AGT, while another amino acid 

(Arg-128 in the human enzyme) takes its place in the double helix (60). Two other 

conserved residues, His-148 and Glu-172 of human AGT, are involved in generating a 

thiolate ion at Cys-145, which then acts as a nucleophile, displacing the alkyl group in 

O6-alkyl-dG and regenerating a normal guanine (109). The alkylated protein is inactive 

and is rapidly degraded by the ubiquitin/proteasomal system (110).  
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One possible explanation for the predominance of G→A mutations at the second 

G of K-ras codon 12 is the inefficient AGT repair of O6-Me-dG lesions formed at this 

position. Several previous studies reported that DNA sequence context can affect the 

rates of AGT-mediated repair of O6-alkyl-dG (66,70,111,111,112). In some cases, O6-

alkyl-dG preceded by guanine was repaired slower than those flanked by cytosine 

nucleobases (66,84,111), while others observed little sequence specificity (70) or 

detected opposite reactivity order for AGT-mediated demethylation (G[O6-alkyl-dG]N 

> C [O6-alkyl-dG]N (113). The goal of the present work was to determine the rates of 

AGT-mediated repair of O6-alkyl-dG lesions located within K-ras codon 12 and 

surrounding DNA sequence by a novel approach based on high performance liquid 

chromatography-electrospray ionization tandem mass spectrometry (HPLC-ESI-

MS/MS) analyses of O6-Me-G lesions. Our results reveal that local sequence context 

has only a moderate effect on AGT repair rates of O6-Me-dG within K-ras gene derived 

duplexes, suggesting that other factors, e.g. preferential adduct formation, mispairing, or 

mutant selection for growth, may be responsible for the observed mutational specificity. 

 

2.3 Materials and methods 

Chemicals and Reagents. Human recombinant AGT with a C-terminal (His)6 tag (Mr 

21876) was prepared as reported previously (114,115). The protein was aliquoted and 

stored in 0.1 mg/ml Keyhole Limpet Hemocyanin (KLH) solution at – 80 °C. The 

concentration of active AGT was determined for each set of experiments by incubating 

with known amounts of O6-Me-dG containing DNA, followed by HPLC-ESI+-MS/MS 

analysis of O6-Me-G to determine the extent of demethylation as described below. 
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Bovine serum albumin (BSA), ammonium acetate (99.999% pure), 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) and deuterated methanol were procured from 

Aldrich Chemical Company (Milwaukee, WI). D,L-Dithiothreitol (DTT), trace analysis 

grade acetic acid, and O6-Me-G were purchased from Sigma (St. Louis, MO). 5'-

dimethoxytrityl-N-isobutyryl-O6-methyl-2'-deoxyguanosine, 3'-[(2-cyanoethyl)-(N,N-

diisopropyl)]-phosphoramidite (O6-Me-dG-CE phosphoramidite) was obtained from 

Glen Research Corp. (Sterling, VA). Tris-HCl was bought from EM Science 

(Cincinnati, OH). Magnesium chloride was purchased from ICN Biochemicals, Inc. 

(Aurora, OH). Ethylenediaminetetraacetic acid (EDTA) was obtained from Avocado 

Research Chemicals Limited (Heysham, Lancashire). Ammonium hydroxide and 

ammonium acetate (99.9% pure) were obtained from Fisher Scientific (Fair Lawn, NJ). 

Hydrochloric acid was from Mallinckrodt Chemicals (Philipsburg, NJ). All HPLC and 

liquid chromatography/mass spectrometry (LC/MS) grade solvents were purchased 

from Fisher Scientific (Fair Lawn, NJ). Centricon YM-10 filters (0.5 mL) were 

procured from Phenomenex Corp. (Torrance, CA). 

 

Preparation of O6-Me-G Containing DNA Oligodeoxynucleotides. DNA oligomers 

containing O6-Me-dG at specified locations (Table 2.1) were prepared by standard 

methods on a DNA synthesizer using O6-Me-dG-CE phosphoramidite obtained from 

Glen Research Corp. (Sterling, VA). DNA sequences (Table 2.1) were derived from a 

region of the K-ras gene containing known lung cancer mutational hotspot at codon 12 

(5'-GGT-3'→ GAT). In all double stranded DNA substrates, cytosine was introduced 

opposite O6-Me-dG. Synthetic oligodeoxynucleotides were deprotected in the presence  
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Table 2.1 DNA Oligodeoxynucleotides Employed in the Present Study. 
 

MW 
Oligonucleotide ID Sequence (5′→3′) 

Calc. Observe 

(+) p53 Exon5 Codon158, 
O6-Me-G ACC CGC GTC C[O6-Me-G]C GCC ATG GCC 6343 6343 

(-) p53 Exon5 Codon158 GGC CAT GGC GCG GAC GCG GGT 6529 6529 

(+) K-ras GTA GTT GGA GCT GGT GGC GTA GGC AAG AGT 9423 9423 

(+) O6-Me-G5  K-ras GTA GTT GGA [O6-Me-G]CT GGT GGC GTA GGC AAG AGT 9437 9438 

(+)  O6-Me-G6  K-ras GTA GTT GGA GCT [O6-Me-G]GT GGC GTA GGC AAG AGT 9437 9438 

(+) O6-Me-G7  K-ras GTA GTT GGA GCT G[O6-Me-G]T GGC GTA GGC AAG AGT 9437 9438 

(+) O6-Me-G8  K-ras GTA GTT GGA GCT GGT [O6-Me-G]GC GTA GGC AAG AGT 9437 9438 

(+) O6-Me-G9  K-ras GTA GTT GGA GCT GGT G[O6-Me-G]C GTA GGC AAG AGT 9437 9438 

(+) O6-Me-G10  K-ras GTA GTT GGA GCT GGT GGC [O6-Me-G]TA GGC AAG AGT 9437 9438 

(+) O6-Me-G11  K-ras GTA GTT GGA GCT GGT GGC GTA [O6-Me-G]GC AAG AGT 9437 9437 

(-)  K-ras ACT CTT GCC TAC GCC ACC AGC TCC AAC TAC 8991 8993 
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of 10% DBU/anhydrous methanol (room temperature, 5 days in the dark) and purified 

by reversed phase HPLC as described elsewhere (53,54). HPLC fractions corresponding 

to the full-length oligomers were collected and concentrated under vacuum. The identity  

and purity of each strand were established by HPLC with UV detection and by capillary 

HPLC-ESI- MS (Table 2.1). The DNA oligodeoxynucleotide strands were considered 

sufficiently pure for our study if the impurity peaks in the UV trace at 260 nm 

constituted less than 2% of the total area. DNA concentrations were established by 2'-

deoxyguanosine quanitation in enzymatic digests as described previously (54). To 

obtain double stranded DNA substrates for repair studies, equimolar amounts of the 

complementary strands were combined in a buffer containing 10 mM Tris pH 8 and 50 

mM sodium chloride, followed by heating to 90°C and slowly cooling to room 

temperature. Duplex formation was complete as demonstrated by non-denaturing 

HPLC.   

 

Synthesis of O6-Trideuteromethyl-guanine (O6- CD3-G). O6-trideuteromethyl-2'-

deoxyguanosine (O6-CD3-dG) was synthesized, purified, and structurally characterized 

as previously described (53). O6-trideuteromethyl-guanine (O6-CD3-G) was prepared by 

acid hydrolysis of O6-CD3-dG (0.1 N HCl, 70 °C for 1 hour).  O6-CD3-G was purified 

by HPLC on a semi-preparatory Suplecosil-LC-18-DB HPLC column (10 mm x 250 

mm, 5 µm, Supelco, Bellefonte, PA) maintained at 25 °C and eluted at a 3 mL/minute 

flow rate. HPLC separation was carried out with 150 mM ammonium acetate (A) and 

acetonitrile (B). Solvent composition was changed linearly from 2 % to 15.5 % B over a 

period of 18 minutes and then held constant at 15.5 % over the next 12 minutes. The 
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eluent was monitored by UV absorbance at 260 nm. Under these conditions, O6-CD3-G 

eluted at 18 minutes.  

The identity of synthetic O6-CD3-G was confirmed by comparison of its HPLC 

retention time, UV spectrum, and MS/MS fragmentation with commercial unlabeled 

O6-Me-G. O6-CD3-G stock solution concentrations were determined by HPLC-UV 

analysis using a standard curve constructed by injecting known amounts of O6-Me-G 

and confirmed by HPLC-ESI+-MS/MS of O6-Me-G/O6-CD3-G mixtures containing 

known amounts of the unlabeled compound. HPLC-UV analysis was carried out with a 

Supelcosil LC-18-DB column (2.1 x 250 mm, 5 µm, Supelco, Bellefonte, PA) 

maintained at 25 °C and eluted at 0.2 mL/min. Isotopic purity of O6-CD3-G standard (> 

99.98%) was verified by ESI+-MS and MS/MS. HPLC-ESI+-MS/MS was carried out as 

described below. 

 

HPLC-ESI-MS/MS Analyses of O6-Me-G. All HPLC-ESI-MS/MS analyses were 

performed with an Agilent 1100 Capillary HPLC system interfaced to a Finnigan 

Quantum Ultra triple quadrupole (TSQ) mass spectrometer. Capillary HPLC separations 

were performed on a Zorbax SB-C18 column (150 x 0.5 mm, 5 µm, Agilent 

Technologies) eluted isocratically with 6% acetonitrile in 15 mM ammonium acetate, 

pH 5.5. The column was maintained at 25 °C and eluted at a 15 µL/min flow rate. At 

these conditions, O6-Me-G and O6-CD3-G eluted at 6.8-6.9 minutes. The mass 

spectrometer was operated in the ESI+-MS/MS mode. Electrospray ionization was 

achieved at a spray voltage of 3.0 kV, and the temperature of the heated capillary was 

250 °C.  MS/MS fragmentation was achieved with a collision energy of 25 V and the 



 

 46 

CID gas pressure of 1.2 mTorr (Ar). The instrument was tuned to maximum sensitivity 

by directly infusing O6-Me-G standard solution. HPLC-ESI+-MS/MS analysis of 

standard mixtures containing O6-Me-G and O6-CD3-G at a known molar ratio ensured 

that the compounds could be resolved and accurately quantified by our methods. 

Selected reaction monitoring (SRM) using the MS/MS transitions corresponding to the 

neutral loss of NH3 from O6-Me-G (m/z = 166.1 → 149.0) and O6-CD3-G (m/z = 169.1 

→ 152.0) was used for quantitative analyses. HPLC-ESI+-MS/MS limit of detection for 

O6-Me-G was estimated as 50 fmol (S/N = 3). 

 

HPLC-ESI-MS/MS Method Validation. HPLC-ESI+-MS/MS method accuracy and 

precision were validated with an analyte recovery assay as follows.  Unmethylated 

duplexes (5'-G1TA G2TT G3G4A G5CT G6G7T G8G9C G10TA G11G12C AAG13 AG14T-

3', + stand) (1 pmol aliquots, in triplicate) were combined with known amounts (0.05 – 

1 pmol) of the corresponding synthetic duplex in which G10 was replaced with O6-Me-

G.  DNA mixtures were dissolved in 50 mM Tris-HCl, pH 7.8 buffer containing 0.1 

mM EDTA, 0.5 mg/mL BSA and 0.5 mM DTT. Hydrochloric acid (0.3 N) was added to 

the DNA solution to achieve a concentration of 0.1 N, followed by the addition of AGT 

(250 fmol) and mild acid hydrolysis to release O6-Me-G from the DNA backbone. The 

solution was cooled and neutralized with ammonium hydroxide. Following the addition 

of O6-CD3-G internal standard (236 fmol), DNA hydrolysates were filtered through 

YM-10 centricon filters, dried, and re-suspended in 15 µL of 15 mM ammonium acetate 

buffer, pH 5.5. The amount of O6-Me-G was determined by HPLC-ESI+-MS/MS using 

isotope dilution with O6-CD3-G.  
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Assay of O6-Alkylguanine DNA Alkyltransferase Activity. Double stranded 

oligodeoxynucleotides bearing a single O6-Me-G residue (5'-ACC CGC GTC C[O6-Me-

G]C GCC ATG GCC-3' + complement, in duplicate, 2 pmol each) were dissolved in 50 

mM Tris-HCl, pH 7.8 buffer containing 0.1 mM EDTA, 0.5 mg/mL BSA and 0.5 mM 

DTT (175 µl). Human recombinant AGT protein was added to achieve AGT/O6-Me-G 

molar ratios of 0.5, 1, 2, 3, 4 and 6 (total protein), followed by incubation for 15 min. 

The reaction was terminated by the addition of HCl to reach a concentration of 0.1 N 

HCl.  Samples were then subjected to mild acid hydrolysis (70 °C for 1 hour) to release 

O6-Me-G, cooled, and neutralized with ammonium hydroxide.  Following the addition 

of O6-CD3-G internal standard (236 fmol), the solutions were filtered through YM-10 

centricons, dried, and re-suspended in 15 µL of 15 mM ammonium acetate buffer, pH 

5.5. The amount of O6-Me-G was determined by capillary HPLC-ESI+-MS/MS as 

described above. Between 35 and 45% of total protein was active, depending on the 

aliquot. 

 

AGT Reactions with O6-Me-G Containing DNA Duplexes. 1. Extent of Repair (Single 

Time Point) Experiments. All experiments were performed in triplicate and repeated 

two or three times (total N = 6 or 9). Double stranded oligomers containing a single O6-

Me-dG residue at a specific site (1 pmol each) were dissolved in 50 mM Tris-HCl, pH 

7.8 buffer containing 0.1 mM EDTA, 0.5 mg/mL BSA, and 0.5 mM DTT. Human 

recombinant AGT protein (stored in 3 µL aliquots of 10 µg/µL at -80°) was diluted with 

the same buffer to achieve a concentration of 1.37 µM total AGT and kept on ice at all 
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times. An aliquot of the AGT solution containing 600 fmol of the active protein was 

added to DNA, followed by incubation for 10 seconds. The reactions were terminated 

by the addition of HCl to achieve the concentration of 0.1 N HCl. Samples were 

subjected to mild acid hydrolysis (70 °C for 1 hour) to release O6-Me-G, cooled, and 

neutralized with ammonium hydroxide. Following the addition of O6-CD3-G internal 

standard (236 fmol), the solutions were filtered through YM-10 microfilters to remove 

protein. The filtrates were dried under reduced pressure and re-suspended in 15 mM 

ammonium acetate buffer, pH 5.5 (15 µL). O6-Me-G amounts remaining in DNA were 

determined by HPLC-ESI+-MS/MS as described above. 

 

2. Kinetics of Repair (Time Course) Experiments. These experiments were performed in 

triplicate. Double stranded oligomers containing a single O6-Me-G (O6-Me-G6 K-ras or 

O6-Me-G7 K-ras, Table 2.1, 500 fmol each) were dissolved in 50 mM Tris-HCl pH 7.8 

buffer containing 0.1 mM EDTA, 0.5 mg/mL BSA, and 0.5 mM DTT. Human 

recombinant AGT protein was diluted with the same buffer to achieve a concentration 

of 1.37 µM total AGT. An aliquot of AGT solution corresponding to 428 fmol of the 

active protein was added to initiate demethylation. The reactions were terminated at 

different time points (3-300 sec) by the addition of HCl to achieve a concentration of 

0.1 N HCl. Samples were subjected to mild acid hydrolysis (70 °C for 1 hour) to release 

O6-Me-G, cooled, and neutralized with ammonium hydroxide. Following the addition 

of O6-CD3-G internal standard (236 fmol), the solutions were filtered through YM-10 

filters to remove protein. The filtrates were dried under reduced pressure and re-
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suspended in 15 mM ammonium acetate buffer, pH 5.5 (15 µL). The amounts of O6-

Me-G remaining in DNA were determined by HPLC-ESI+-MS/MS as described above. 

Experiments that involved varying AGT concentrations were performed as 

described above using double stranded oligomers containing a single O6-Me-G adduct 

(O6-Me-G6 K-ras, Table 2.1). AGT amounts were varied between 50 and 856 fmol. 

 

Statistical Analysis of the Data. All statistical analyses were carried out by Yan Zhang, 

Zhong-ze Li, and Joseph Koopmeiners at the University of Minnesota Biostatistics 

Core. Three-way analysis of variance (ANOVA) was used to compare the extent of O6-

Me-G repair at different positions within K-ras derived sequence. Tukey’s method was 

used for multiple pairwise comparisons of the extent of repair at different sites. Two-

way analysis of variance was used to compare the repair time-course curves for O6-Me-

G located at positions G6 and G7.  

 

2.4 Results and discussion 

2.4.1 HPLC-ESI+-MS/MS approach to analyze the kinetics of O6-Me-G repair by 
AGT 

 
This investigation utilized a new quantitative HPLC-ESI+-MS/MS approach 

developed in our laboratory to analyze the kinetics of O6-Me-G repair by AGT as a 

function of local DNA sequence context (Figure 2.1). A series of synthetic 30-mer 

oligodeoxynucleotide duplexes were prepared representing K-ras codon 12 and 

surrounding sequence (5'-G1TA G2TT G3G4A G5CT G6G7T G8G9C GTA G10G11C AAG 
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AG12T-3', + complement, G6G7T = codon 12). In each duplex, one of the guanine 

nucleobases in the (+) strand was replaced with O6-Me-G (Table 2.1). 

Following incubation of O6-Me-G-containing DNA with AGT for specific 

periods of time, HPLC-ESI+-MS/MS analysis of O6-Me-G released by mild acid 

hydrolysis was employed to determine the extent of repair (Figure 2.1). Quantitative 

analyses of O6-Me-G were performed via isotope dilution with O6-CD3-G internal 

standard. ESI+-MS/MS spectrum of O6-Me-G (m/z 166.1, (M+H)+, Figure 2.2A) 

contains a major product peak at m/z 149.0, while the ESI+-MS/MS product scan of O6-

CD3-G (m/z 169.1, (M+H)+) results in a major fragment at m/z 152.0 (Figure 2.2B). 

This fragmentation corresponds to the neutral loss of the ammonia (17 D) from the 

exocyclic amino group of protonated O6-Me-G and O6-CD3-G molecules (Figure 2.2). 

To achieve sensitive detection of O6-Me-G in DNA hydrolysates, triple 

quadrupole mass spectrometer was operated in the selected reaction monitoring (SRM) 

mode by following the transitions m/z 166.1 → 149.0 and m/z 169.1 → 152.0 for O6-

Me-G and O6-CD3-G, respectively. At our conditions (Zorbax-SB-C18 eluted 

isocratically with 6% acetonitrile in 15 mM ammonium acetate, pH 5.5), both O6-Me-G 

and O6-CD3-G eluted at 6.8-6.9 min (Figure 2.3). HPLC-ESI+-MS/MS limit of detection 

for O6-Me-G was established as 50 fmol (S/N = 3). 

The quantitative HPLC-ESI+-MS/MS method was validated by the analyte 

recovery assay. Synthetic duplex (5'-GTA GTT GGA GCT GGT GGC GTA GGC 

AAG AGT-3' + complement) and the corresponding duplex containing a single O6-Me-

G (5'-GTA GTT GGA GCT GGT GGC [O6-Me-G] TA GGC AAG AGT-3' + 

complement) were mixed at a known molar ratio in the presence of inactivated AGT.  
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Figure 2.1 HPLC-ESI+-MS/MS strategy used to analyze O6-Me-G repair by AGT. 
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Figure 2.2 ESI+-MS/MS spectra of O6-Me-G (A) and O6-CD3-G (B) and proposed 
structures of the major mass fragments.  
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Figure 2.3 Capillary HPLC-ESI+-MS/MS analysis of O6-Me-G remaining in the 
synthetic DNA duplex (5'-GTA GTT GGA GCT [O6-Me-G]GT GGC GTA GGC AAG 
AGT-3', + complement) following incubation with the AGT repair protein. Double 
stranded DNA oligomer (1 pmol) was incubated with 600 fmol AGT for 10 seconds, 
followed by acid hydrolysis, addition of O6-CD3-G internal standard, and HPLC-ESI+-
MS/MS analysis as shown in Figure 2.1. The mass spectrometer was operated in the 
selected reaction monitoring mode by following the transitions m/z 169.1 → 152.0 and 
m/z 166.1 → 149.0 for O6-CD3-G and O6-Me-G, respectively. 
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While unmethylated duplex amounts were kept at 1 pmol, O6-Me-G-containing DNA 

amounts were varied between 0.05 and 1 pmol to mimic the molar ratios observed at 

different time points during AGT repair reaction. DNA mixtures were hydrolyzed and 

processed according to the same method used for AGT repair mixtures (Figure 2.1). 

The accuracy and precision of the method was determined by plotting the ratio of 

observed to the ratio of expected values of the O6-Me-G/O6-CD3-G (Figure 2.4). The 

results of the validation experiments demonstrated that the isotope dilution HPLC-ESI+-

MS/MS methodology was a sensitive and specific technique for O6-Me-G analysis in 

double stranded DNA. Since isotope dilution HPLC-ESI+-MS/MS is considered the 

most accurate and reproducible detection method for carcinogen-DNA adducts (116), 

quantitative data obtained by this methodology are expected to be highly reliable. 

 

2.4.2 Extent of O6-Me-G repair within K-ras derived DNA sequences 

Several earlier studies suggested that O6-Me-dG repair within H-ras codon 12 is 

non-uniform; O6-Me-dG adducts located at the first guanine have been found to be 

repaired more efficiently than those on the second guanine ([O6-Me-G]GC > G[O6-Me-

G]C) (66,84,111). However, AGT repair of O6-Me-G within K-ras codon 12 has not 

been previously examined. K-ras codon 12 is a major lung cancer mutational hotspot in 

smokers (GGT→GAT) (32,96-101) and is also mutated in mouse lung tumors induced 

by exposure to NNK (33). We analyzed the extent of AGT-mediated repair of O6-Me-

dG placed at seven different sites within a double stranded DNA 30-mer representing 

K-ras codon 12 and surrounding sequence (Table 2.1). Isotope dilution HPLC-ESI+-

MS/MS methodology (Figure 2.1) was employed to quantify the O6-Me-G remaining 
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Figure 2.4 HPLC-ESI+-MS/MS method validation for O6-Me-G using isotope dilution 
with O6-CD3-G. Known amounts of synthetic DNA duplex containing a single O6-Me-
G residue (5'-GTA GTT GGA GCT GGT GGC [O6-Me-G] TA GGC AAG AGT-3') 
(0.050 to 1 pmol) were mixed with 1 pmol of the corresponding unmethylated duplex 
and 250 fmol of denatured AGT protein, followed by mild acid hydrolysis, addition of 
O6-CD3-G internal standard, and HPLC-ESI+-MS/MS analysis. O6-Me-G was 
quantitated from the HPLC-ESI+-MS/MS peak areas of O6-Me-G and O6-CD3-G.  
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in the DNA following a 10 second incubation with AGT protein. The extent of O6-Me-

G repair at a time t (Et) was calculated as shown in Equation 2.1, where A0 and At refer 

to O6-Me-G concentrations present in DNA at time 0 (control) and t, respectively. 
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The extent of repair of O6-Me-G located at G5, G6, G7, G8, G9, G10 or G11 of the 

K-ras derived duplex (Table 2.1) following a 10 second incubation with 0.6 molar 

equivalents of recombinant AGT was between 40 and 60 %, depending on specific 

sequence position (Figure 2.5). The most efficient demethylation (62 %) was observed 

for O6-Me-dG adducts located at G6 and G8 (Figure 2.5). Repair results for these two 

positions (G6 and G8) were statistically the same (p > 0.98), probably because of their 

identical flanking nucleosides (G[O6-Me-G]T). O6-Me-G adducts located at the 

neighboring guanine bases (G7 and G9) were repaired slower (54-57 %, Figure 2.5), 

although these differences were not statistically significant (p > 0.6). AGT repair 

efficiency was significantly lower at G5 (AGC, 38.8 %) and G10 (CGT, 43.7 %). This is 

unlikely a result of “end effects” on repair because G5 and G10 are 10 and 12 nucleotides 

away from the ends of the 30-mer duplex, respectively, and also G11 exhibited a greater 

repair efficiency (Figure 2.5).  Although we did not calculate rate constants for AGT-

mediated demethylation of O6-Me-G located at each site within K-ras derived duplex, 

the results of these single time point experiments (Figure 2.5) were fully consistent with 

more complete kinetic analyses performed for O6-Me-G6 K-ras and O6-Me-G7 K-ras 

(see below).   
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Figure 2.5 AGT repair of O6-Me-G located at different positions within synthetic DNA 
duplex derived from the K-ras gene (5'-G1TA G2TT G3G4A G5CT G6G7T G8G9C 
G10TA G11G12C AAG13 AG14T-3', + complement, Table 2.1). Synthetic DNA duplexes 
containing a single O6-Me-G base at G5, G6, G7, G8, G9, G10, or G11 (1 pmol) were 
incubated with human recombinant AGT (600 fmol) for 10 seconds, followed by acid 
hydrolysis, addition of O6-CD3-G internal standard and HPLC-ESI+-MS/MS analysis of 
O6-Me-G. The results were compiled from three different experiments (total N = 12).  
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2.4.3 Time course for O6-Me-G repair within K-ras codon 12 

To analyze the kinetics of AGT repair of O6-Me-G within K-ras codon 12 in 

greater detail, the extent of demethylation of the adducts located at G6 and G7 over time 

was investigated. AGT is known to react with its DNA substrate according to second-

order kinetics, with reaction rates proportional to concentrations of AGT and O6-Me-G-

containing DNA (117). As shown in Figure 2.6, AGT reacted with O6-Me-G6 K-ras 

duplex in a time-dependent manner, but achieved saturation following a 75-100 second 

incubation. The rates of reaction increased with increasing AGT amounts from 50 to 

200, 428, and 856 fmol, gradually leveling off (Figure 2.6).  

Second-order rate constants (k) for AGT repair of O6-Me-G6 and O6-Me-G7 K-

ras duplexes were calculated from Equations 2.2-2.4, where A and B are the 

concentrations of AGT and  

O6-Me-G, respectively, and Ct is the amount of O6-Me-G repaired at time t. The 

subscripts ‘0’ and ‘t’ refer to the concentration of these species at time 0 and at any time 

t. The second-order reaction rate constant in M-1 sec-1 was provided by slope of the kt 

versus t plot as defined in Equation 2.2-2.4.  
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 The time courses of AGT-induced demethylation of O6-Me-G6 K-ras and O6-

Me-G7 K-ras (corresponding to the first and second guanines of K-ras codon 12, see  
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Figure 2.6 Time course of O6-Me-G repair within a DNA duplex derived from K-ras 
gene in the presence of different amounts of AGT. Synthetic DNA duplex 5'-GTA GTT 
GGA GCT [O6-Me-G] GT GGC GTA GGC AAG AGT-3', (+ complement, 500 fmol) 
was incubated with 50, 200, 428 or 856 fmol of human recombinant AGT protein, and 
the reactions were terminated at different time points by the addition of HCl.  The 
samples were acid hydrolyzed to release purines, followed by the addition of O6-CD3-G 
internal standard and HPLC-ESI+-MS/MS analysis of O6-Me-G. 
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Table 2.1) were statistically equivalent according to ANOVA analysis (p = 0.3431) 

(Figure 2.7). Second-order  rate constants for AGT repair of O6-Me-dG  adducts located 

at the first and second positions of the K-ras codon 12 (5'-G6G7T-3') were calculated as 

1.4 x 107 M-1s-1 and 7.4 x 106 M-1s-1 (Figure 2.8), respectively. Interestingly, the kt 

versus t plots exhibited nonlinear behavior at the later time points, suggesting that the 

demethylation reaction does not exactly follow second-order kinetics. This is not 

surprising, given the multiplicity of the steps involved in the AGT-mediated repair of 

O6-alkylguanines, including the binding of AGT protein to its DNA substrate, 

nucleotide flipping into the active site, and alkyl transfer (59).  

The general trend for O6-Me-G repair by recombinant AGT within K-ras 

derived duplex (Figure 2.7) is consistent with earlier studies for H-ras derived duplexes 

(66,84,111). It has been previously reported that adducts formed at the first guanine of 

H-ras codon 12 ([O6-Me-G]GA) were repaired much more efficiently than those at the 

second guanine (G[O6-Me-G]A) (66,84,111). However, unlike previous results for H-

ras derived sequences, we detected only a slight difference between the extent of repair 

observed at the neighboring guanine bases (Figure 2.7). This discrepancy may be a 

result of different local DNA sequence within H-ras codon 12 (GGA) and K-ras codon 

12 investigated in the present study (GGT), which is likely to affect local DNA 

conformation. In addition, while Meyer and collaborators employed a large excess of 

AGT relative to O6-Me-G in order to achieve first-order conditions (84), our  
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Figure 2.7 Time course for AGT repair of O6-Me-G located at the first and second 
position of K-ras codon 12. Synthetic DNA duplexes containing a single O6-Me-G 
residue at either G6 or G7 of the (+) strand: 5'-G1TA G2TT G3G4A G5CT G6G7T G8G9C 
G10TA G11G12C AAG13 AG14T-3' (500 fmol) were combined with human recombinant 
AGT (428 fmol). The reactions were terminated at different times by the addition of 
HCl, and the samples were acid hydrolyzed to release purine bases. Unrepaired O6-Me-
G was quantified by HPLC-ESI+-MS/MS using O6- CD3-G as an internal standard.  
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Figure 2.8 Linear transformation of time course data for AGT-induced demethylation 
of O6-Me-G located at the first and second position of K-ras codon 12. 
 
  5′-G1TAG2TTG3G4AG5CTG6G7TG8G9CG10TAG11G12CAAG13AG14T-3′  
  3′-C AT C AAC C T C GAC C AC  C GC   AT C   C   GTT C  T C  A-5′  
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experiments were performed with protein to DNA molar ratios favoring second-order 

kinetics (AGT/ O6-Me-G = 0.1-1.7). 

 

2.5 Conclusion 

In summary, our results for AGT-mediated repair of O6-Me-dG located at 

different sites within K-ras gene-derived DNA duplexes reveal similar demethylation 

rates at all positions examined. Moderate sequence specificity for O6-Me-dG repair by 

AGT observed in the present investigation is consistent with the recent kinetic, 

structural and spectroscopic studies. In the current kinetic model, AGT rapidly scans 

DNA, flipping O6-Me-dG residues with little specificity over normal Gs (59,60). Since 

the rate-limiting step of the methyl group transfer from DNA to the active site cysteine 

takes place following flipping of the O6-Me-dG nucleotide out of the DNA duplex 

(59,60), neighboring nucleobases are unlikely to participate in alkyl transfer. In 

contrast, local DNA sequence context appears to play a key role in determining the 

yields of methylated lesions at a given guanine. We have previously demonstrated that 

both O6-Me-dG and O6-POB-dG lesions of NNK are formed preferentially at the second 

position of K-ras codon 12 (GGT), a major mutational hotspot for G→A transition 

mutations observed in lung tumors (118). Taken together, these observations suggest 

that preferential adduct formation, rather than repair by AGT, may be the determining 

factor for K-ras codon 12 mutagenesis following exposure to methylating agents. 
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III. CYTOSINE METHYLATION EFFECTS ON THE REPAIR OF 
O6-METHYLGUANINES WITHIN CG DINUCLEOTIDES 

 
Reproduced with permission from Guza, R., Ma, L., Fang, Q., Pegg, A. E., and 
Tretyakova, N. (2009) Cytosine methylation effects on the repair of O6-methylguanines 
within CG dinucleotides. J. Biol. Chem. In press. Copyright 2009 The American 
Society for Biochemistry and Molecular Biology. 
 
3.1 Overview 

O6-alkyldeoxyguanine adducts induced by tobacco specific nitrosamines are 

repaired by O6-alkylguanine DNA alkyltransferase (AGT) which transfers the O6-alkyl 

group from the damaged base to a cysteine residue within the protein. In the present 

study, a mass spectrometry based approach was used to analyze the effects of cytosine 

methylation on the kinetics of AGT repair of O6-methyldeoxyguanosine (O6-Me-dG) 

adducts placed within frequently mutated 5'-CG-3' dinucleotides of the p53 tumor 

suppressor gene. O6-Me-dG-containing DNA duplexes were incubated with human 

recombinant AGT protein, followed by rapid quenching, acid hydrolysis, and isotope 

dilution HPLC-ESI-MS/MS analysis of unrepaired O6-methylguanine. Second order 

rate constants were calculated in the absence or in the presence of C-5 methyl group at 

neighboring cytosine residues. We found that the kinetics of AGT-mediated repair of 

O6-Me-dG was affected by neighboring MeC in a sequence-dependent manner. AGT 

repair of O6-Me-dG adducts placed within 5'-CG-3' dinucleotides of p53 codons 245 

and 248 was hindered when MeC was present in both DNA strands. In contrast, cytosine 

methylation within p53 codon 158 slightly increased the rate of O6-Me-dG repair by 

AGT. The effects of MeC located immediately 5' and in the base paired position to O6-

Me-dG were not additive as revealed by experiments with hypomethylated sequences. 

Furthermore, differences in dealkylation rates did not correlate with AGT protein 
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affinity for cytosine methylated and unmethylated DNA duplexes or with the rates of 

AGT-mediated nucleotide flipping, suggesting that MeC influences other kinetic steps 

involved in repair, e.g. the rate of alkyl transfer from DNA to AGT.  

 

3.2 Introduction 

Metabolic activation of the tobacco carcinogen 4-(methylnitrosamino)-1-(3- 

pyridyl)-1-butanone (NNK)1 produces methyl- and pyridyloxobutyldiazonium ions that 

can react with DNA to give O6-methyldeoxyguanosine (O6-Me-dG) and O6-

pyridyloxobutyl deoxyguanosine (O6-POB-dG) lesions (119). Both adducts are strongly 

mutagenic because DNA polymerases preferentially misinsert thymine opposite O6-

alkylguanines, resulting in G→A transitions (24). Studies in laboratory animals have 

provided evidence for a direct involvement of O6-Me-dG in NNK-mediated 

carcinogenesis (120). 

A specialized repair protein, O6-alkylguanine DNA alkyltransferase (AGT), 

removes the alkyl group from the O6 position of modified guanine bases, such as O6-

Me-dG and O6-POB-dG, restoring normal guanine bases and preventing mutagenesis. 

AGT preferentially binds double stranded DNA through a helix-turn-helix motif (60). In 

the resulting AGT-DNA complex, one recognition helix of the protein is found within 

the minor groove of the DNA, while the other one interacts with the phosphodiester 

backbone (60). The adducted nucleotide is flipped into a binding pocket within the 

protein, while Arg128 takes its place in the double helix (60). A hydrogen bonding 

network around the active site involving His148, Glu172, and a water molecule 

promotes the deprotonation of the active site cysteine (Cys145), (60,61). The resulting 



 

 66 

thiolate anion acts as a nucleophile, displacing the O6 substituent of O6-alkyl-G and 

regenerating normal guanine (Figure 3.1) (60,61). The alkylated protein is inactive and 

is rapidly degraded by the ubiquitin proteolytic pathway (63,64,72). 

AGT-mediated repair of O6-Me-dG lesions includes multiple kinetic steps (59). 

First, the AGT protein must bind adducted DNA in a reactive conformation.  The 

alkylated nucleotide is flipped out of the DNA base stack to enter the hydrophobic 

pocket within AGT, and the methyl group is transferred from DNA to the protein. 

Finally, alkylated AGT protein dissociates from the repaired DNA. Zang et al. reported 

that the chemical step of alkyl transfer is rate-limiting in the case of O6-Me-dG, but not 

O6-benzyl-dG (59). Furthermore, previous studies have shown that the repair of O6-Me-

dG by mammalian AGT is influenced by the nature of the O6-alkyl group, the length of 

oligonucleotide duplex, the placement of the adduct, and the identities of neighboring 

nucleotides (65-69). 

Removing the alkyl group from O6-Me-dG by AGT regenerates normal guanine 

and protects the genome from G→A transition mutations. For example, Wolf et al. 

examined the relationship between the inactivation of the AGT gene by promoter 

hypermethylation and the mutational spectrum of the p53 tumor suppressor gene in non-

small cell lung cancer (37).  These authors found that only 8% of lung tumors had 

G→A transition mutations in the p53 gene when the promoter region of the gene coding 

for AGT was not methylated, thereby allowing protein expression (37). In contrast, 33% 

of tumors with a methylated AGT promoter had G→A mutations within the p53 gene 

(37). The p53 gene is mutated in over 50% of non-small cell lung cancer tumors (121).  
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Figure 3.1 Direct repair of O6-alkyl-guanine adducts by O6-alkylguanine DNA 
alkyltransferase (AGT). 
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All CpG sites within the coding sequence of the p53 gene are endogenously 

methylated (122). Importantly, the same sites are among the major p53 mutational  

hotspots in smoking-induced lung cancer, e.g. codons 157, 158, 245, 248, 249, and 273 

(4). Of all p53 mutations, G→A transitions account for 18–24% of genetic changes 

observed in lung cancer, including 35% of mutations at the CG dinucleotides (37,38). 

Given the established role of NNK-induced O6-alkylguanine lesions in tobacco 

carcinogenesis and mutagenesis (123), they are likely to be involved in the induction of 

smoking-associated G→A transitions in the p53 gene.  

The presence of MeC residues may hinder the repair of O6-Me-dG lesions within 

endogenously methylated CG dinucleotides (67). For example, Bentivenga et al. 

showed that the repair of O6-Me-dG by recombinant AGT in the context of codon 248 

of the p53 gene was reduced by 75% when MeC was placed immediately 5′ to the O6-

Me-dG lesion (67). However, the effects of cytosine methylation on AGT repair of O6-

Me-dG in other sequence contexts have not been previously investigated, and it is not 

known which individual steps in the removal of O6-methyl group are affected by 

neighboring MeC. 

Cytosine methylation leads to small structural changes of DNA duplex, 

including an increase in the base pair rise, roll, and local curvature angles, narrowing of 

the DNA minor groove, and decreased depth of the major groove (43-45). These 

structural alterations may influence the affinity of AGT protein for alkylated DNA. 

Furthermore, MeC enhances base stacking (46) and stabilizes DNA duplex by increasing 

the molecular polarizability of the cytosine base (47), which can have an effect on the 
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rate of AGT-mediated nucleotide flipping. The alkyl transfer step itself may be 

mediated by the presence of MeC through its effects on transition state geometry. 

The goal of the present study was to systematically examine the effects of 

cytosine methylation on AGT-mediated repair of O6-Me-dG lesions placed within 5'-

CG-3' dinucleotides representing major p53 mutational hotspots observed in lung 

cancer.  The kinetics of alkyl transfer was analyzed using rapid-quench methods 

coupled with quantitative analyses of O6-Me-dG by isotope dilution - high performance 

liquid chromatography-electrospray ionization tandem mass spectrometry (HPLC-ESI-

MS/MS) (124). Furthermore, we examined the effects of cytosine methylation on AGT 

binding to O6-Me-dG-containing DNA and its influence on the rate of O6-Me-dG 

nucleotide flipping in the presence of AGT protein.  

 

3.3 Materials and methods 

Chemicals and Reagents. DNA oligodeoxynucleotides used in this study were prepared 

by standard phophoramidite chemistry at the University of Minnesota Microchemical 

Facility. 5'-dimethoxytrityl-N-isobutyryl-O6-methyl-2'-deoxyguanosine, 3'-[(2-

cyanoethyl)-(N,N-diisopropyl)]-phosphoramidite (O6-Me-dG-CE phosphoramidite), 5'-

Dimethoxytrityl-N-benzoyl-5-methyl-2'-deoxyCytidine,3'-[(2-cyanoethyl)-(N,N-

diisopropyl)]-phosphoramidite (5-Me-dC-CE phosphoramidite) and 5'-Dimethoxytrityl-

[6-methyl-pyrrolo-[2,3-d]-pyrimidine-2(3H)-one]-2'-deoxyribonucleoside, 3'-[(2-

cyanoethyl)-(N,N-diisopropyl)]-phosphoramidite (pyrrolo-dC-CE phosphoramidite) 

were obtained from Glen Research Corp. (Sterling, VA).  Human recombinant AGT 

proteins (C-terminal histidine-tagged wild-type hAGT and N-terminal histidine-tagged 
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C145A hAGT mutant) were prepared as described previously (115,125). The activity of 

AGT protein was determined as previously described (124). All HPLC and liquid 

chromatography/mass spectrometry (LC/MS) grade solvents were purchased from 

Fisher Scientific (Fair Lawn, NJ). Centricon YM-10 filters (0.5 mL) were procured 

from Phenomenex Corp. (Torrance, CA). [γ-32P]ATP was obtained from Perkin-Elmer 

(Boston, MA), and T4 polynucleotide kinase was from New England Biolabs (Beverly, 

MA). 

O6-trideuteriomethyl-deoxyguanosine (O6-CD3-dG) was synthesized as 

previously described (53). O6-trideuteriomethyl-guanine (O6-CD3-G) was prepared by 

acid hydrolysis of O6-CD3-dG (0.1 N HCl, 70°C for 1 h). O6-CD3-G was purified by 

HPLC and identified by UV and MS/MS as previously described (124). 

 

Preparation of O6-Me-dG containing DNA strands. DNA sequences were derived from 

p53 exon 5 (codons 155-161) and p53 exon 7 (codons 242-247 and 246-251) containing 

the major p53 lung cancer mutational hotspots at codons 158, 245, and 248. Synthetic 

oligodeoxynucleotides containing O6-Me-dG at a defined site were prepared at the 

University of Minnesota Microchemical facility. Nucleoside phosphoramidites were 

purchased from Glen Research Corporation (Sterling, VA). Synthetic 

oligodeoxynucleotides containing O6-Me-dG were deprotected in the presence of 10% 

DBU/anhydrous methanol (room temperature, 5 days in the dark); all 

oligodeoxynucleotides were purified by reversed phase HPLC as described elsewhere 

(53,54,124). The identities of HPLC-purified DNA strands were confirmed by HPLC-

ESI--MS using previously published methods (Table 3.1) (50). To obtain double  
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Table 3.1 DNA Oligodeoxynucleotides Employed in the Present Study. 
 

  MW 
Oligonucleotide ID Sequence (5′→3′) Calculated Observed 

(+) codon 158, no MeC ACCCGCGTC C[O6-Me-G]C GCCATGGCC 6343.2 6343.4 
(+) codon 158, 5'-MeC ACCCGCGTC MeC [O6-Me-G]C GCCATGGCC 6357.2 6357.4 
(-) codon 158 GGCCATGGC GCG GACGCGGGT 6529.3 6529.4 
(-) codon 158, MeC GGCCATGGC G MeC G GACGCGGGT 6543.3 6543.2 
(-) codon 158, pyrrolo-C GGCCATGGC G[pyrrolo-C]G GACGCGGGT 6567.3 6567.4 
(+) codon 245, no MeC GCATGGGC [O6-Me-G]GC ATGAACCG 5892.9 5892.8 
(+) codon 245, 5'-MeC GCATGGG MeC [O6-Me-G]GC ATGAACCG 5906.9 5907.0 
(-) codon 245 CGGTTCAT GCC GCCCATGC 5740.8 5740.8 
(-) codon 245, MeC CGGTTCAT GC MeC GCCCATGC 5754.8 5754.8 
(-) codon 245, pyrrolo-C CGGTTCAT GC[pyrrolo-C] GCCCATGC 5778.8 5778.9 
(+) codon 248, no MeC CATGAAC C[O6-Me-G]G AGGCCCATC 5796.8 5796.4 
(+) codon 248, 5'-MeC CATGAAC MeC [O6-Me-G]G AGGCCCATC 5810.9 5810.5 
(-) codon 248 GATGGGCCT CCG GTTCATG 5835.8 5835.6 
(-) codon 248, MeC GATGGGCCT C MeC G GTTCATG 5849.9 5849.4 
(-) codon 248, pyrrolo-C GATGGGCCT C[pyrrolo-C]G GTTCATG 5873.9 5874.0 
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stranded DNA, equimolar amounts of the complementary strands were combined in a 

buffer containing 10 mM Tris-HCl pH 8.0 and 50 mM sodium chloride, followed by  

heating to 90°C and slowly cooling to room temperature. In all double-stranded DNA 

substrates, cytosine or MeC was introduced opposite O6-Me-dG. 

 

Determination of UV melting temperatures. DNA duplexes were dissolved in 10 mM 

sodium phosphate buffer, pH 7.0, containing 50 mM sodium chloride, to give a 16.1 

µM solution of DNA. UV melting temperatures (Tm) were determined using a Varian 

Cary 100 Bio UV-visible spectrophotometer. Two temperature ramps were performed 

on each sample (in triplicate): (i) 30-90°C at a rate of 0.5°C/min and (ii) 90 to 30°C at a 

rate of 0.5°C/min; data was collected at 0.5°C intervals. The Tm of each duplex was 

determined using the Cary WinUV Thermal software (Varian, Palo Alto, CA) (Table 

3.2). 

 

Circular dichroism (CD) spectroscopy of oligonucleotides. DNA duplexes were 

dissolved in 50 mM sodium chloride, 10 mM sodium phosphate, pH 7.0 buffer to give a 

16.1 µM solution. CD spectra were obtained on a Jasco J-710 spectrapolarimeter from 

350 to 200 nm at a wavelength step of 0.5 nm using a 1 mm quartz cuvette. Spectra 

were generated from an average of three scans (Figure 3.2). 

 

HPLC-ESI-MS/MS analysis. Capillary HPLC-ESI-MS/MS analyses were performed 

with an Agilent 1100 Capillary HPLC system interfaced to a Finnigan Quantum Ultra 

triple quadrupole (TSQ) mass spectrometer. Capillary HPLC separations were  
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Table 3.2 Duplex DNA Oligodeoxynucleotides Employed in the Present Study. 
 

  Tm (ºC) 
Oligonucleotide ID Sequence Calc. a, b  Observe c  

codon 158, no MeC ACCCGCGTC C[O6-Me-G]C GCCATGGCC 
TGGGCGCAG G            C G CGGTACCGG 75.0 74.3 ± 0.7 

codon 158, 5'- MeC ACCCGCGTC MeC [O6-Me-G]C GCCATGGCC 
TGGGCGCAG   G               C G CGGTACCGG  74.8 ± 0.5 

codon 158, base paired MeC ACCCGCGTC C [O6-Me-G]C GCCATGGCC 
TGGGCGCAG G          MeC G CGGTACCGG  74.2 ± 0.3 

codon 158, both MeC ACCCGCGTC MeC [O6-Me-G]C GCCATGGCC 
TGGGCGCAG   G            MeC G CGGTACCGG  75.2 ± 0.5 

codon 245, no MeC GCATGGGC [O6-Me-G]GC ATGAACCG 
CGTACCCG               C CG TACTTGGC 66.0 68.6 ± 0.4 

codon 245, 5'- MeC GCATGGGMeC [O6-Me-G]GC ATGAACCG 
CGTACCC    G              C CG TACTTGGC  67.1 ± 0.2 

codon 245, base paired MeC GCATGGGC [O6-Me-G]GC ATGAACCG 
CGTACCCG            MeC CG TACTTGGC  67.3 ± 0.7 

codon 245, both MeC GCATGGGMeC [O6-Me-G]GC ATGAACCG 
CGTACCC    G           MeC CG TACTTGGC  71.8 ± 0.5 

codon 248, no MeC CATGAAC C[O6-Me-G]G AGGCCCATC 
GTACTTG  G             C C TCCGGGTAG 64.0 63.9 ± 0.3 

codon 248, 5'- MeC CATGAAC MeC [O6-Me-G]G AGGCCCATC 
GTACTTG     G              C C TCCGGGTAG  60.6 ± 0.5 

codon 248, base paired MeC CATGAAC C[O6-Me-G]G AGGCCCATC 
GTACTTG G          MeC C TCCGGGTAG  64.4 ± 0.9 

codon 248, both MeC CATGAAC MeC [O6-Me-G]G AGGCCCATC 
GTACTTG     G           MeC C TCCGGGTAG  65.0 ± 0.2 

a Calculated Tm does not include the presence of O6-Me-G, instead a normal G was used 
  <http://www.basic.northwestern.edu/biotools/oligocalc.html> Melting Temperature Salt Adjusted 
b Calculated for 16.1 µM dsDNA in 66 mM salt (Na+) 
c 16.1 µM dsDNA in 50 mM NaCl, 10 mM NaH2PO4, pH 7.0 (pH with NaOH) 
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Figure 3.2 CD spectra. Spectra of double stranded DNA (16.1 µM) in 50 mM sodium 
chloride, 10 mM sodium phosphate, pH 7.0 containing O6-Me-G with C or MeC 5′, base 
paired, or in both positions relative to O6-Me-G. A, codon 158; B, codon 245; C, codon 
248. 

 

 

 

A 

B 

C 



 

 75 

performed on a Synergi 4µ -Hydro-RP 80Å column (250 mm × 0.5 mm, 4 µm) obtained 

from Phenomenex (Torrance, CA). The column was eluted isocratically with 25 mM  

ammonium acetate buffer containing 13.5% methanol and 4.5% acetonitrile. The 

temperature was maintained at 40°C, and the flow rate was 12 µL/min. Under these 

conditions, O6-methyl-guanine (O6-Me-G) and O6-CD3-G (internal standard) eluted at 

8.5 minutes. Quantitative analysis was performed in the selected reaction monitoring 

(SRM) mode using the MS/MS transitions corresponding to the neutral loss of NH3 

from O6-Me-G (m/z = 166.1→149.1) and O6-CD3-G (m/z = 169.1→152.1) (124). 

 

AGT reactions with O6-Me-dG-containing DNA duplexes. An RQF-3 Rapid Quench 

instrument (KinTek Corp., Austin, TX) was used in the AGT repair experiments with 

double stranded substrates. All experiments were performed in triplicate. DNA duplexes 

containing a single O6-Me-dG residue (11.52 nM, 20.4 µL) were mixed with AGT 

protein (8.58 nM active protein, 21.2 µL) in 50 mM Tris-HCl buffer (pH 7.8) containing 

0.1 mM EDTA, 0.5 mg/mL BSA, and 0.5 mM DTT. A constant quench (92 µL) of 0.15 

N HCl solution containing 1.8 nM O6-CD3-G (internal standard for MS) was used to 

terminate the reaction at specific time points (1, 2, 2.5, 3, 4, 6, 10, 25 sec). The 

quenched solutions were subjected to mild acid hydrolysis (70 °C for 1 hour) to release 

O6-Me-G, and neutralized with ammonium hydroxide. The samples were filtered 

through YM-10 microfilters to remove protein. The filtrates were dried under reduced 

pressure and re-dissolved in 25 mM ammonium acetate buffer. The amount of O6-Me-G 

remaining in DNA following incubation with AGT was determined by isotope dilution 
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HPLC-ESI-MS/MS as described above. Control samples were subjected to the same 

conditions in the absence of AGT.  

The extent of O6-Me-G dealkylation was calculated from the ratios of the 

HPLC-ESI-MS/MS peak areas corresponding to O6-Me-G (AD0) and O6-CD3-G internal 

standard (AD3) in control samples (R0) and in samples incubated with AGT for fixed 

periods of time (Rt). The difference in the ratio for the control sample and the ratio for 

the incubated sample was divided by the ratio for the control sample and then multiplied 

by 100% to obtain percent repair (Equation 3.1).  

  

! 

% Repair (t) =  
R0 - R t

R0

where

R0 =
A0  "  D0

A0  "  D3

      R t =
At  "  D0

At  "  D3

  (3.1) 

Control samples were incubated in the absence of AGT and represent 0% repair. 

Second-order rate constants for AGT-mediated repair of O6-Me-G in the context 

of codon 158, 245, and 248 with and without neighboring MeC were determined by 

plotting the concentration of demethylated O6-Me-G versus time and fitting the data to 

Equation 3.2 using the KaleidaGraph software from Synergy Software (Reading, PA): 

    

! 

kt =
1

B0 " A0

# ln
A0(B0 "C

t
)

B0(A0 "C
t
)

   (3.2) 

In Equation 3.2, A and B are the concentrations of AGT and O6-Me-G, respectively, and 

Ct is the concentration of O6-Me-G repaired at time t. The subscripts ‘0’ and ‘t’ refer to 

the concentrations of these species at time 0 and at time t.  
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AGT reactions with single stranded DNA containing O6-Me-dG. Single-stranded 

oligodeoxynucleotides containing a O6-Me-dG residue at a specific site neighboring C 

or MeC (500 fmol) were dissolved in 50 mM Tris-HCl, pH 7.8, buffer containing 0.1 

mM EDTA, 0.5 mg/mL BSA, and 0.5 mM DTT. Samples were incubated with AGT 

(400 fmol), and the reactions were manually quenched at specified times (0-3600 sec) 

by the addition of HCl to obtain a final concentration of 0.1 N HCl. Following the 

addition of the internal standard (O6-CD3-G, 267.2 fmol), samples were processed and 

analyzed as described above. 

 

Electrophoretic mobility shift assay. A synthetic DNA duplex (0.8 µM) spiked with the 

corresponding 5′-32P-end-labeled duplex (1 µCi) was incubated with increasing amounts 

of mutant human recombinant AGT protein (C145A; 0-6 µM) in 50 mM Tris-HCl, pH 

7.8, buffer containing 0.1 mM EDTA, 0.5 mg/mL BSA, and 0.5 mM DTT for 30 

minutes at 22°C. Electrophoresis was performed using 10% polyacrylamide gels 

(acrylamide:N,N'-methylene bisacrylamide = 75:1). Images were obtained by exposing 

the gel to a Storage Phosphor Screen (Molecular Dynamics), and then imaged using a 

Bio-Rad Molecular Imager FX or a Molecular Dynamics STORM 840 system and 

quantified by densitometry using the ImageJ software. 

The dissociation constants for AGT-DNA complex (Kd) were determined as 

described in the literature (78). The ratios of the concentration of free DNA ([D]) to the 

total DNA ([D]T) were calculated from the density of the corresponding signals on the 

non-denaturing gel. Equation 3.3 can be converted to Equation 3.4, where [P] is the 

protein concentration and [PD] is the AGT-DNA complex concentration.  



 

 78 

    

! 

K
d

=
[P][D]

[PD]
  (3.3) 

    

! 

[D]

[D]T

=
K

d

K
d

+[P]T

 (3.4) 

Estimates of Kd were obtained by fitting Equation 3.4 to the experimentally determined 

values of [D]/[D]T versus [P]T plots using the KaleidaGraph software from Synergy 

Software (Reading, PA), where [P]T is the total protein concentration in the reaction 

mixture. 

 

Steady-state fluorescence experiments. Fluorescence experiments were carried out with 

a Varian Cary Eclipse fluorescence spectrophotometer following the experimental 

procedures of Zang et al. (59). The samples containing a final concentration of 200 nM 

double-stranded DNA were mixed with 0, 0.16, 1.6, 3.2, or 4.8 µM C145A-AGT in 50 

mM Tris-HCl, pH 7.8, buffer containing 0.1 mM EDTA and 0.5 mM DTT. Samples 

were excited at 360 nm and emission was monitored from 400-500 nm. The bandpass 

was 5 nm for both the excitation and emission slits. 

 

Stopped-flow fluorescence experiments. Stopped-flow fluorescence experiments were 

carried out using an Applied Photophysics SX-17MV stopped-flow spectrophotometer 

(Letherhead, UK) following the experimental procedures of Zang et al. (59). Equal 

volumes of double-stranded DNA containing O6-Me-dG paired with the fluorescent dC 

analog, 6-methylpyrrolo[2,3-d]pyrimidine-2(3H)one (pyrrolo-dC , 400 nM) and C145-

AGT (3.2 µM) in 50 mM Tris-HCl pH 7.8 buffer containing 0.1 mM EDTA and 0.5 

mM DTT were mixed. The solution was excited at 347 nm, and the emission was 
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monitored using a > 400-nm cutoff filter. Data was collected and analyzed using the 

Applied Photophysics software. All reactions were done at 5 °C and the data from each 

reaction was fit to a single-exponential equation. The average rate and standard 

deviation from at least 6 reactions is reported. 

 

Statistical analysis of the data. All statistical analyses were carried out at the University 

of Minnesota Biostatistics Core using SAS 9.1 (SAS Institute Inc., Carey, NC) 

software. Two-way analysis of variance (ANOVA) with factors of treatment and time 

was used to compare the time course curves for O6-Me-G repair in different sequences 

as a function of cytosine methylation. p values of pair-wise comparisons between 

treatments were adjusted by the Tukey method. 

 

3.4 Results 

3.4.1 Selection and characterization of DNA sequences  

In order to investigate the effects of endogenous cytosine methylation on AGT-

mediated repair of O6-Me-dG lesions, a series of synthetic oligodeoxynucleotide 

duplexes (19-21 bp in length) containing centrally positioned p53 codons 158, 245, and 

248 and surrounding sequences were prepared. In each duplex, O6-Me-G was placed 

within p53 codons 158, 245, or 248, and MeC was introduced immediately 5' to O6-Me-

G, opposite to O6-Me-G, or at both positions as observed physiologically. All DNA 

strands were purified by HPLC and characterized by ESI- MS (Table 3.1). 

The thermodynamic stability of O6-Me-G-containing DNA duplexes with 

different cytosine methylation status was determined by UV thermal denaturation. 
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Hyperbolic curves were observed for each strand, indicating that all p53-derived 

oligodeoxynucleotides formed stable duplexes. UV melting temperatures of the 

duplexes containing MeC were greater than for the corresponding duplexes lacking MeC 

(Table 3.2), consistent with known ability of MeC to enhance base stacking and DNA 

duplex stability (47,126). However, CD spectra obtained for each set of 

oligodeoxynucleotides of the same sequence were identical regardless of cytosine 

methylation status (Figure 3.2), consistent with previous reports that the presence of a  

single MeC per strand does not significantly affect the overall secondary structure of 

DNA (45).  

  

3.4.2 Kinetics of AGT-mediated repair of O6-Me-G as a function of cytosine 
methylation in duplex DNA 

 
Our approach for analyzing the kinetics of AGT-mediated dealkylation involved 

incubating O6-Me-G-containing DNA with purified human recombinant AGT protein 

for fixed periods of time (1 – 25 s), followed by rapid quenching, acid hydrolysis, and 

quantitative analysis of O6-Me-G nucleobases remaining in DNA by isotope dilution 

HPLC-ESI-MS/MS (124). AGT repair rates for O6-Me-G adducts placed within p53 

codons 158, 245, and 248 were determined.  To evaluate the effects of 5′-neighboring 

and base paired MeC independently, AGT repair experiments were conducted for C[O6-

Me-G] dinucleotides with different cytosine methylation status (unmethylated, 

hemimethylated, and fully methylated) (Figure 3.3, Table 3.3). 

For all three p53-derived DNA duplexes, the extent of repair of O6-Me-G by 

AGT increased over time (Figure 3.3), but the consequences of cytosine methylation  
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Figure 3.3 Effects of cytosine methylation on the kinetics of AGT-mediated repair of 
O6-Me-G adducts within double stranded p53 codon 248 (A), p53 codon 245 (B), and 
p53 codon 158 (C). Synthetic DNA duplexes containing O6-Me-G in the context of 
unmethylated, hemimethylated, or fully methylated CG dinucleotides (5.65 nM, final 
concentration) were incubated with human recombinant AGT protein (4.37 nM, final 
concentration) and the reactions were terminated at specified time points using a Rapid 
Quench instrument. The samples were acid-hydrolyzed to release O6-Me-G, which was 
quantified by isotope dilution HPLC-ESI-MS/MS. The solid lines represent the best fit 
to a second-order rate equation (equation 2). *Statistically significant difference as 
compared to unmethylated CG dinucleotide (p < 0.036). 
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Table 3.3 Kinetics of AGT-induced demethylation of O6-Me-G in duplex DNA 
Oligodeoxynucleotides. 
 

Oligonucleotide ID Sequence k/106 (M-1 s-1) 

codon 158, no MeC ACCCGCGTC C[O6-Me-G]C GCCATGGCC 
TGGGCGCAG G            C G CGGTACCGG 8.8 ± 0.8 

codon 158, 5'- MeC ACCCGCGTC MeC [O6-Me-G]C GCCATGGCC 
TGGGCGCAG   G              C G CGGTACCGG 10.2 ± 0.8 

codon 158, base paired MeC ACCCGCGTC C [O6-Me-G]C GCCATGGCC 
TGGGCGCAG G          MeC G CGGTACCGG 11.3 ± 0.8 

codon 158, both MeC ACCCGCGTC MeC [O6-Me-G]C GCCATGGCC 
TGGGCGCAG   G            MeC G CGGTACCGG 9.6 ± 0.5 

codon 245, no MeC GCATGGGC [O6-Me-G]GC ATGAACCG 
CGTACCCG               C CG TACTTGGC 7.3 ± 0.6 

codon 245, 5'- MeC GCATGGGMeC [O6-Me-G]GC ATGAACCG 
CGTACCC   G               C CG TACTTGGC 12.6 ± 1.1 

codon 245, base paired MeC GCATGGGC [O6-Me-G]GC ATGAACCG 
CGTACCCG            MeC CG TACTTGGC 19.2 ± 1.0 

codon 245, both MeC GCATGGGMeC [O6-Me-G]GC ATGAACCG 
CGTACCC G              MeC CG TACTTGGC 4.5 ± 0.3 

codon 248, no MeC CATGAAC C[O6-Me-G]G AGGCCCATC 
GTACTTG G              C C TCCGGGTAG 19.7 ± 1.0 

codon 248, 5'- MeC CATGAAC MeC [O6-Me-G]G AGGCCCATC 
GTACTTG    G              C C TCCGGGTAG 7.3 ± 0.7 

codon 248, base paired MeC CATGAAC C[O6-Me-G]G AGGCCCATC 
GTACTTG  G         MeC C TCCGGGTAG 14.5 ± 1.6 

codon 248, both MeC CATGAAC MeC [O6-Me-G]G AGGCCCATC 
GTACTTG    G            MeC C TCCGGGTAG 11.3 ± 0.6 
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were different depending on the sequence. For O6-Me-dG present within p53 codon 

248, the most pronounced effect (2.7-fold decrease in repair rate) was observed in  

strands containing 5'-neighboring MeC (codon 248 5′ MeC: k = 7.3 ± 0.7 × 106 M-1 s-1) as 

compared with unmethylated duplex (codon 248: no MeC k = 19.7 ± 1.0 × 106 M-1 s-1) 

(Figure 3.3A, Table 3.3). A smaller reduction (~25–40%) was seen for duplexes 

containing base paired MeC (codon 248 base paired MeC: k = 14.5 ± 1.6 × 106 M-1 s-1) 

and for fully methylated C[O6-Me-G] dinucleotides (codon 248 both MeC: k = 11.3 ± 0.6 

× 106 M-1 s-1) . These results are consistent with previous findings of Bentivegna, et al. 

(67) and suggest that O6-Me-dG adducts formed at p53 codon 248 are less efficiently 

repaired upon endogenous cytosine methylation, potentially contributing to mutagenesis 

at this site.  

For the duplexes containing O6-Me-dG in the context of p53 codon 245, AGT-

mediated repair of O6-Me-dG was faster in oligodeoxynucleotide that lacked cytosine 

methylation (no MeC k = 7.3 ± 0.6 × 106 M-1 s-1 ) than for the duplexes containing fully 

methylated dinucleotides (both MeC k = 4.5 ± 0.3 × 106 M-1 s-1). However, the rates of 

O6-Me-dG repair were increased in hemi-methylated strands (codon 245 5′ MeC: k = 

12.6 ± 1.1 × 106 M-1 s-1; codon 245 base paired MeC: k = 19.2 ± 1.0 × 106 M-1 s-1), 

despite the overall rate reduction in fully methylated CG dinucleotides (Figure 3.3B, 

Table 3.3). It is possible that the presence of a single MeC residue in this sequence 

context (GC[O6-Me-G]G) leads to changes of DNA-AGT complex geometry that are 

more favorable for alkyl transfer than that observed for fully methylated CG 

dinucleotides.  
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In contrast to our results for p53 codons 245 and 248, the rate of repair of O6-

Me-dG placed in the physiologically methylated p53 codon 158 was slightly increased 

in the presence of MeC (codon 158 both MeC: k = 9.6 ± 0.5× 106 M-1 s-1) as compared 

with duplex lacking MeC (codon 158 no MeC: k = 8.8 ± 0.8 × 106 M-1 s-1; Figure 3.3C, 

Table 3.3), although this difference was not statistically significant (p = 0.52). Small 

rate increases were also noted for hemi-methylated strands (codon 158 5′ MeC: k = 10.2 

± 0.8 × 106 M-1 s-1; codon 158 base paired MeC: k = 11.3 ± 0.8 × 106 M-1 s-1) (Figure 

3.3C, Table 3.3).  

 

3.4.3 Effects of MeC on AGT-mediated Repair of O6-Me-G in single stranded DNA  

Since AGT may repair O6-Me-G lesions present in single stranded regions of 

DNA which exist during replication and transcription, the kinetics of AGT-mediated 

O6-Me-G repair was also evaluated in single stranded oligodeoxynucleotides. Second-

order AGT repair rates were determined for single stranded DNA substrates containing 

O6-Me-G in the context of p53 codons 158, 245, or 248 in the absence and in the 

presence of 5'-neighboring MeC (Figure 3.4, Table 3.4). Overall, the rates of AGT repair 

of O6-Me-G were much slower in single stranded DNA as compared to the 

corresponding double stranded DNA (comp. Tables 3.3 and 3.4), consistent with the 

previous studies (68,69,71). Furthermore the demethylation rate was particularly low 

for O6-Me-G located within p53 codon 248 (Table 3.4), possibly due to the formation of 

secondary structures in the p53 codon 158 and 245 containing sequences (90). In the 

context of codon 248, a 2-fold decrease in the rate of O6-Me-G repair by AGT was 

observed upon cytosine methylation [(+) codon 248 no MeC: k = 0.08±0.006×106 M-1 s-1;  
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Figure 3.4 Effects of cytosine methylation on the kinetics of AGT-mediated repair of 
O6-Me-G adducts within single stranded p53 codon 248 (A), p53 codon 245 (B), and 
p53 codon 158 (C). Synthetic DNA oligomers containing O6-Me-G in the context of 
unmethylated or methylated CG dinucleotides (5.56 nM, final concentration) were 
incubated with human recombinant AGT protein (4.44 nM, final concentration) and the 
reactions were terminated at specified time points. The samples were acid-hydrolyzed to 
release O6-Me-G, which was quantified by isotope dilution HPLC-ESI-MS/MS.  The 
solid lines represent the best fit to a second-order rate equation (equation 2). 
*Statistically significant difference as compared to unmethylated CG dinucleotide (p < 
0.0004). 
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Table 3.4 Kinetics of AGT-induced demethylation of O6-Me-G in single stranded DNA 
Oligodeoxynucleotides. 

 
Oligonucleotide ID Sequence (5′→3′) k/106 (M-1 s-1) 

(+) codon 158, no MeC ACCCGCGTC C[O6-Me-G]C GCCATGGCC 0.7 ± 0.05 
(+) codon 158, 5'-MeC ACCCGCGTC MeC [O6-Me-G]C GCCATGGCC 1.2 ± 0.1 
(+) codon 245, no MeC GCATGGGC [O6-Me-G]GC ATGAACCG 2.4 ± 0.4 
(+) codon 245, 5'-MeC GCATGGGMeC [O6-Me-G]GC ATGAACCG 2.4 ± 0.2 
(+) codon 248, no MeC CATGAAC C[O6-Me-G]G AGGCCCATC 0.08 ± 0.006 
(+) codon 248, 5'-MeC CATGAAC MeC [O6-Me-G]G AGGCCCATC 0.04 ± 0.002 
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(+) codon 248 5′ MeC: k = 0.04 ± 0.002 × 106 M-1 s-1], which is consistent with the effect 

of  5′ -neighboring MeC in the corresponding DNA duplex  (Table 3.3). AGT repair of 

O6-Me-G in the context of single stranded p53 codon 245 was not affected by  

the presence of MeC [(+) codon 245 no MeC: k = 2.4 ± 0.4 × 106 M-1 s-1; (+) codon 245 5′ 

MeC: k = 2.4 ± 0.2 × 106 M-1 s-1] (Figure 3.4B, Table 3.4). In the context of codon 158, 

the rate of O6-Me-G by AGT was increased in the presence of MeC [(+) codon 158 no 

MeC: k = 0.7 ± 0.05 × 106 M-1 s-1; (+) codon 158 5′ MeC: k = 1.2 ± 0.1 × 106 M-1 s-1] 

(Figure 3.4C, Table 3.4), which is similar to our results for double stranded codon 158 

(Table 3.3). 

 

3.4.4 Binding of AGT to O6-Me-G–containing oligodeoxynucleotides  

To determine whether cytosine methylation influences the binding affinity of 

AGT for O6-Me-G containing DNA duplexes, electrophoretic mobility shift assays were 

conducted. These experiments utilized DNA duplexes containing p53 codons 158, 245, 

248 previously employed for AGT repair kinetics studies. An AGT active site mutant 

C145A was employed, which is unable to repair O6-alkyl-G lesions, but retains DNA 

binding properties of the native protein (127). DNA duplexes were incubated with 

increasing concentrations of C145A AGT (AGT/DNA ratio = 0 - 7.5) and the formation 

of DNA-protein complexes was evaluated by non-denaturing polyacrylamide gel 

electrophoresis (Figure 3.5). 

We found that the affinity of the AGT protein for O6-Me-G-containing DNA 

duplexes was only weakly affected by the presence of MeC (Figure 3.6, Table 3.5). Kd 

values increased in the presence of competitor calf thymus DNA, which was added to  
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Figure 3.5 Analysis of the interaction between AGT and oligonucleotides containing 
O6-Me-G. The binding affinity of C145A AGT with p53 derived strands fully 
methylated containing codon 245 was evaluated. Duplex DNA (0.8 µM) was incubated 
with increasing concentrations of C145A AGT (0-6 µM), and the samples were run on a 
non-denaturing polyacrylamide gel. The top band corresponds to the AGT-DNA 
complex (B) and the bottom band corresponds to free DNA (F). Shown here is a gel that 
was run using codon 245, both MeC. 
 
 
 

 
 
   B = AGT-DNA complex, F = free oligomer 

B 
 
 
 
F 

C145A-AGT Concentration 
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Figure 3.6 Effects of cytosine methylation on binding affinity of C145A AGT for O6-
Me-G-containing double stranded p53 codon 248 (A), p53 codon 245 (B), and p53 
codon 158 (C).  Plot of the ratio of free oligonucleotide to total oligonucleotide density 
versus total AGT concentration. The plots were utilized to determine the dissociation 
constants for AGT-DNA complexes. In the context of p53 codon 248 and 245 only fully 
methylated and unmethylated CG dinucleotides containing strands were analyzed. Each 
plot represents the average of three experiments and the error bars are the standard 
deviations. The solid line is the fit of the data to equation 4. 
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Table 3.5 Dissociation constants for the interaction of O6-Me-dG-containing duplexes 
with C145A AGT. 

 
Oligonucleotide ID Sequence Kd/10-6 (M) Kd/10-6 (M) 

   + CT-DNA 

codon 158, no MeC ACCCGCGTC C[O6-Me-G]C GCCATGGCC 
TGGGCGCAG G            C G CGGTACCGG 1.3 ± 0.09 3.2 ± 0.5 

codon 158, 5'- MeC ACCCGCGTC MeC [O6-Me-G]C GCCATGGCC 
TGGGCGCAG   G              C G CGGTACCGG 1.2 ± 0.04  

codon 158, base paired MeC ACCCGCGTC C [O6-Me-G]C GCCATGGCC 
TGGGCGCAG G          MeC G CGGTACCGG 1.1 ± 0.09  

codon 158, both MeC ACCCGCGTC MeC [O6-Me-G]C GCCATGGCC 
TGGGCGCAG  G            MeC G CGGTACCGG 1.2 ± 0.04 4.3 ± 0.5 

codon 245, no MeC GCATGGGC [O6-Me-G]GC ATGAACCG 
CGTACCCG               C CG TACTTGGC 0.9 ± 0.06  

codon 245, both MeC GCATGGGMeC [O6-Me-G]GC ATGAACCG 
CGTACCC    G           MeC CG TACTTGGC 0.9 ± 0.08  

codon 248, no MeC CATGAAC C[O6-Me-G]G AGGCCCATC 
GTACTTG  G            C C TCCGGGTAG 0.6 ± 0.06  

codon 248, both MeC CATGAAC MeC[O6-Me-G]G AGGCCCATC 
GTACTTG     G          MeC C TCCGGGTAG 0.8 ± 0.05  
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limit non-specific binding (Figure 3.6, Table 3.5). Taken together, our results suggest 

that AGT-DNA binding is not significantly affected by cytosine methylation, consistent 

with previous studies (80,88).   

 

3.4.5 Effects of cytosine methylation on AGT-mediated nucleotide flipping  

The AGT repair reaction requires that the O6-alkylguanine nucleotide is flipped 

out of the DNA base stack to enter the alkyl acceptor site within the protein, while 

Arg128 takes its place inside the duplex (60).  We conducted pre-steady state stopped-

flow fluorescence experiments (59) to investigate the rate of AGT-mediated O6-Me-G 

flipping in the presence or in the absence of a neighboring MeC residue. DNA duplexes 

derived from the p53 gene containing O6-Me-G base paired to a fluorescent analog of 

cytosine, 6-methylpyrrolo[2,3-d]pyrimidine-2(3H)one (pyrrolo-dC), with or without a 

MeC immediately 5′ to the O6-Me-G adduct, were used. Nucleotide flipping experiments 

were conducted with C145A AGT mutant that is unable to repair O6-Me-G but binds 

O6-Me-G containing DNA in the same manner as the native protein.  

First, steady state fluorescence experiments were carried out to determine the 

concentration of AGT protein that produced an optimal fluorescence change. O6-Me-G-

containing oligodeoxynucleotide duplexes were incubated with increasing 

concentrations of C145A-AGT as described by Zang et al. (59). As expected, a 

significant increase of pyrrolo-dC fluorescence was observed in the presence of AGT 

due to the flipping of its partner O6-Me-G nucleotide out of the DNA base stack (Figure 

3.7). 
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In rapid mixing experiments, p53 derived duplexes containing O6-Me-

G:pyrrolo-dC base pair were mixed with C145A AGT, the samples were excited at 347 

nm, and the emission > 400 nm was recorded from 0-0.5 seconds (Figure 3.8). We 

found that the rates of nucleotide flipping for duplexes containing O6-Me-G within the 

context of p53 codons 248 and 245 were between 80 and 182 s-1 (Table 3.6). The  

introduction of MeC immediately 5′ to the O6-Me-G residue did not significantly 

influence the rate of AGT-mediated nucleotide flipping (p > 0.05). A second kinetic 

event was observed, most clearly, in the fluorescence experiment for DNA duplexes 

containing p53 codon 158. The second event has a k of ~ 4 s-1 and may correspond to 

the dissociation of the protein from DNA. 

 

3.5 Discussion 

Direct repair of O6-alkylguanine lesions by AGT represents the first line of 

cellular defense against DNA damage induced by alkylating agents such as metabolites 

of tobacco carcinogen NNK. If not repaired, O6-alkylguanine pairs with thymine instead 

of cytosine during DNA replication, resulting in G → A transition mutations (106,128). 

Smoking-induced adenocarcinomas of the lung frequently contain G → A transitions at 

5'-MeCG-3' dinucleotides of the p53 tumor suppressor gene, especially when the AGT 

gene is transcriptionally inactivated (37).  This mutational specificity is not a result of 

targeted NNK adduct formation, because the presence of MeC residues at 5'-CG-3' 

dinucleotides appears to protect them against O6-guanine alkylation by NNK 

diazohydroxides (53,54). It also cannot be caused by sequence effects on polymerase  
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Figure 3.7 Fluorescence changes of pyrrolo-dC containing duplex DNA upon addition 
of C145A AGT. Pyrrolo-dC was placed opposite O6-Me-dG in each sequence and the 
fluorescence spectra was recorded (λexcitation = 360 nm). A, codon 248, no MeC (final 
concentration 200 nM) with C145A AGT (final concentrations 0, 0.16, 1.6, 3.2, and 4.8 
µM) in 50 mM Tris-HCl pH 7.8 containing 0.1 mM EDTA and 0.5 mM DTT; B, codon 
248, 5′-MeC; C, codon 245, no MeC; D, codon 245, 5′-MeC; E, codon 158, no MeC; F, 
codon 158, 5′-MeC. 
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Figure 3.8 Fluorescence changes attributed to AGT-induced O6-Me-G nucleotide 
flipping opposite dC analog, pyrrolo-dC. C145A-AGT (final concentration 1.6 µM) was 
mixed with p53-derived oligodeoxynucleotide duplexes containing O6-Me-G base 
paired to pyrrolo-dC (final concentration 200 nM). The changes in fluorescence were 
monitored using an excitation wavelength of 347 nm and collecting emission >400 nm 
from 0-0.5 seconds. The rates of nucleotide flipping were estimated by fitting the data 
from 0-0.1 seconds to a single exponential (solid black line). Each plot is an average of 
at least 6 runs. The residual error is plotted on the same scale as the data and is shown 
below each graph. A, codon 248, no MeC; B, codon 248, 5′-MeC; C, codon 245, no MeC; 
D, codon 245, 5′-MeC; E, codon 158, no MeC; F, codon 158, 5′-MeC. 



 

 95 

Table 3.6 Rates of C145A AGT-induced O6-Me-G nucleotide flipping in p53 derived 
duplexes. 
 

Oligonucleotide ID Sequence k (s-1) 

codon 158, no MeC ACCCGCGTC C  [O6-Me-G]C GCCATGGCC 
TGGGCGCAG G[pyrrolo-C]G CGGTACCGG 109 ± 21 

codon 158, 5'- MeC ACCCGCGTC MeC  [O6-Me-G]C GCCATGGCC 
TGGGCGCAG    G[pyrrolo-C]G CGGTACCGG 94 ± 28 

codon 245, no MeC GCATGGGC  [O6-Me-G]GC ATGAACCG 
CGTACCCG [pyrrolo-C]CG TACTTGGC 182 ± 32 

codon 245, 5'- MeC GCATGGGMeC  [O6-Me-G]GC ATGAACCG 
CGTACCC    G [pyrrolo-C]CG TACTTGGC 162 ± 46 

codon 248, no MeC CATGAAC C [O6-Me-G]G AGGCCCATC 
GTACTTG G[pyrrolo-C]C TCCGGGTAG 80 ± 30 

codon 248, 5'- MeC CATGAAC MeC [O6-Me-G]G AGGCCCATC 
GTACTTG     G[pyrrolo-C]C TCCGGGTAG 107 ± 35 
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fidelity, because replicative DNA polymerases place T opposite the lesion irrespective 

of the local sequence environment (113). 

Since only DNA adducts that escape repair can be converted to heritable 

mutations, differential AGT repair of O6-alkylguanine lesions may play a role in 

shaping the mutational spectra along the p53 gene (66). C-5 cytosine methylation 

increases the molecular polarizability of dC, facilitating base stacking and stabilizing 

the DNA duplex (46,129). It also strengthens the hydrogen bonding within the MeC:G 

base pair and leads to narrowing of the DNA minor groove (44). These changes can 

potentially influence DNA-protein interactions and mediate DNA repair kinetics. For 

example, Muheim et al. found that endogenous methylation of cytosine at CG sites 

affects nucleotide excision repair of N2-BPDE-dG lesions (130), probably a result of 

conformational changes induced by MeC (131).  We therefore hypothesized that 

neighboring MeC reduces the rates of AGT repair of O6-alkylguanines located at MeCG 

dinucleotides, leading to adduct accumulation and increased mutagenesis at these sites.  

We chose to analyze the effects of cytosine methylation on AGT repair of O6-

Me-G residues placed within the context of p53 codons 158, 245, and 248 because these 

guanines are within endogenously methylated MeCG sequences and are frequently 

mutated in lung cancer (132). A mass spectrometry based assay developed in our 

laboratory (124) was used to determine second order rates for AGT-mediated repair of 

O6-Me-G in the presence and in the absence of neighboring MeC. Furthermore, the 

effects of cytosine methylation on AGT protein binding to O6-Me-G-containing DNA 

and on the rates of AGT-mediated nucleotide flipping were evaluated. 
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Our results indicate that in double stranded DNA in the context of p53 codons 

245 and 248, AGT repair of O6-Me-G is inhibited by the presence of MeC (Figures 3.3A 

and 3.3B, Table 3.3), confirming previous report of Bentivegna et al. for codon 248 

(67). Deficient repair of NNK-induced O6-Me-G adducts can potentially contribute to 

mutagenesis at these sites. In contrast, AGT repair of O6-Me-G in the context of codon 

158 was somewhat facilitated in the presence of MeC (Figures 3.3C, Table 3.3). This 

discrepancy may be explained by next-to neighbor effects on AGT repair kinetics 

(44,111).  

Repair of single stranded DNA during replication may be the last opportunity to 

prevent promutagenic O6-Me-G lesions from inducing mutations (93). We found that 

the rates of AGT repair of O6-Me-G containing single stranded DNA are much lower 

than the corresponding rates for double stranded DNA (Tables 3.3 and 3.4). AGT 

binding to double stranded  DNA is known to induce bending of the duplex away from 

the protein, promoting nucleotide flipping of the adducted O6-alkyl-dG (60,74). This 

event may be different in single stranded DNA, accounting for the decreased rate of 

repair (93). Furthermore, we found that AGT repair of O6-Me-G placed in the context of 

single stranded p53 codon 158 is facilitated by the presence of 5′-MeC (Figure 3.4C, 

Table 3.4). In contrast, AGT repair of single stranded substrates representing p53 

codons 248 and 245 is inhibited and unaffected, respectively, when 5-methylcytosine is 

introduced next to O6-Me-G (Figure 3.4A and 3.4B, Table 3.4).  

Binding interactions between AGT and O6-Me-G containing DNA are not 

affected by cytosine methylation as indicated by the results of our gel shift assay (Table 

3.5). This observation is consistent with previous structural and kinetic studies of AGT-
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DNA interactions. AGT binding to DNA appears to be diffusion-limited, regardless of 

sequence (59). Furthermore, AGT binds the minor groove of DNA (60), while the C-5 

methyl group of MeC projects into the major groove (44) and does not directly interfere 

with initial AGT-DNA binding. Unfortunately, the gel shift assay cannot distinguish 

between AGT binding to DNA in a reactive or an unreactive conformation.  

Flipping of the O6-Me-G nucleotide out of the DNA base stack to enter the 

binding pocket of AGT constitutes a key step in the dealkylation mechanism (60). Since 

MeC increases base stacking and enhances DNA duplex stability, we explored the 

possibility that cytosine methylation slows down the rate of AGT-mediated nucleotide 

flipping. However, only a small change in the rate of nucleotide flipping was observed 

when MeC was introduced immediately 5' to the adduct (Table 3.6). These results are 

consistent with previous findings of Zang et al. showing that the rate of nucleotide 

flipping is more rapid than alkyl transfer and is not significantly dependent on the 

sequence surrounding the O6-Me-G lesion (59). 

Taken together, our results indicate that cytosine methylation has a relatively 

small, sequence-dependent effect on the rate of AGT repair of O6-Me-G residues within 

the context of p53 codons 158, 245, and 248. Furthermore, the presence of MeC does not 

influence the affinity of AGT for DNA or the rate of nucleotide flipping, suggesting that 

a later step in the repair reaction, such as alkyl transfer, must be affected by cytosine 

methylation.  

Recently, Coulter et al. proposed that the local sequence content affects the 

orientation of the O6-alkyl-dG lesions in the AGT binding pocket (80). Crystal 

structures have shown that correct positioning of the adducted nucleotide in the AGT 
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active site is required for in-line displacement of the O6-substituent by the active site 

cysteine (60,74). It is possible that the differences in AGT repair kinetics observed in 

the present study are the consequence of altered placement of the O6-substituent in the 

AGT active site resulting when the neighboring cytosine base is methylated. Future 

studies are needed to determine whether the presence of MeC influences the geometry of 

the AGT-DNA complex. 
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IV. O6-ALKYLGUANINE DNA ALKYLTRANSFERASE 
MEDIATED REPAIR OF TWO CLASSES OF METHYL-
GUANINE ADDUCTS 

 

4.1 Overview 

 Earlier studies suggested that the formation of tobacco carcinogen-DNA adducts 

can lead to mutations in critical genes. The tobacco-specific nitrosamine, 4-

(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), can react with guanine residues 

in DNA to form N7-methyl-deoxyguanosine (N7-Me-dG) and O6-methyl-

deoxyguanosine (O6-Me-dG) adducts. While O6-Me-dG adducts are more mispairing, 

N7-Me-dG lesions are by far the most abundant following NNK treatment. The DNA 

repair protein O6-alkylguanine DNA alkyltransferase (AGT) has been shown to 

recognize and repair O6-Me-dG adducts. In contrast, AGT repair of N7-Me-dG adducts 

has not been conclusively shown or denied. Recently, studies in our laboratory 

demonstrated that AGT could become cross-linked to the N7-position of guanine in the 

presence of the bis-electrophiles, e.g. 1,2,3,4-diepoxybutane (DEB) and antitumor 

nitrogen mustards, suggesting that AGT may recognize the N7-position of guanine and 

repair N7-Me-dG adducts [Loeber, R., Rajesh, M., Fang, Q., Pegg, A. E., Tretyakova, 

N. (2006) Chem. Res. Toxicol. 19, 645-654; Loeber, R., Michaelson, E., Fang, Q., 

Campbell, C., Pegg, A. E., Tretyakova, N. (2008) Chem. Res. Toxicol. 21, 787-795]. In 

this work, we treated oligodeoxynucleotide duplexes with a model compound, AMMN, 

that in combination with esterase and DNA produces methyl-guanine adducts. 

Following incubation of the methylated DNA with AGT the amount of AGT-mediated 

repair of N7-Me-G and O6-Me-G was determined by isotope dilution HPLC-ESI-
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MS/MS analysis. HPLC-ESI-MS analysis of AGT tryptic peptides was also carried out 

following AGT incubation with O6-Me-G or N7-Me-G. Taken together, our results 

indicate that AGT does not repair N7-Me-dG adducts. This finding is consistent with 

previous studies by Spratt et al., which showed that AGT recognizes the 1-, N2-, and 7- 

positions of O6-alkyl-dG adducts [Spratt, T., Wu, J., Levy, D., Kanugula, S., Pegg, A. 

(1999) Biochemistry 38, 6801-6806]. 

 

4.2 Introduction 

 Tobacco-specific nitrosamine 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone 

(NNK) is present in cigarette smoke and in unburned tobacco (3,9). Upon exposure and 

metabolic activation NNK produces 4-(3-pyridyl)-4-oxobutanedizsohydroxide or 

methanediazohydroxide which react with nucleophilic sites in DNA to form N7- and 

O6-alkyl-deoxyguanosine lesions (Figure 1.2) (20). N7-Me-dG lesions are by far the 

most abundant lesions formed following NNK treatment. However, the minor lesion, 

O6-Me-dG (6% of the total methylation), is promutagenic due to its strongly mispairing 

characteristics and is critical for NNK mutagenesis and induction of lung tumors in 

NNK-treated mice (105,106). 

 The specialized repair protein, O6-alkylguanine DNA alkyltransferase (AGT), 

recognizes and repairs O6-Me-dG adducts via an SN2-type mechanism in which the 

active site cysteine (which is activated to a thiolate anion by the surrounding amino acid 

residues) displaces the O6-methyl group and regenerates normal guanine (60). However, 

limited work has been completed to directly determine whether AGT can recognize and 

repair N7-methyl-deoxyguanosine (N7-Me-dG) adducts. Dolan et al. and Moschel et al. 
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found that N7-methyl-guanine (N7-Me-G) and other guanine analogs with N7-

substituents were unable to inhibit AGT repair activity, suggesting that N7-Me-G is not 

a substrate for AGT (133,134). In vivo, O’Toole et al. and Lees et al. found that in the 

presence of active AGT O6-Me-dG levels decreased while N7-Me-dG levels remained 

constant, indicating that AGT does not repair N7-Me-dG lesions (135,136). However, 

Loeber et al. recently found that the active site cysteine of AGT became cross-linked to 

the N7-position of guanine when incubated in the presence of the bis-electrophiles, e.g. 

1,2,3,4-diepoxybutane (DEB) and antitumor nitrogen mustards (137,138). 

 Since AGT is cross-linked to the N7-position of guanine in the presence of bis-

electrophiles, we hypothesized that AGT may recognize and repair N7-Me-dG lesions 

resulting from NNK exposure. Furthermore, the N7-position of N7-Me-dG is positively 

charged, potentially making this adduct even more likely to react with the thiolate anion 

in the active site of AGT. In the present study we determined the extent of O6-methyl-

guanine (O6-Me-G) and N7-Me-G demethylation by AGT in synthetic 

oligodeoxynucleotides as well as the extent of AGT active site methylation by O6-Me-G 

and N7-Me-G using isotope dilution HPLC-ESI-MS/MS analysis and HPLC-ESI-MS 

analysis of AGT tryptic peptides. Our results indicate that AGT selectively repairs O6-

Me-G lesions. 

 

4.3 Materials and methods 

Caution. Acetoxymethyl-methylnitrosamine (AMMN) is carcinogenic and mutagenic in 

laboratory animals and should be handled with extreme caution (139).  
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Materials. The DNA oligodeoxynucleotides used in this study were prepared by 

standard phosphoramidite chemistry at the University of Minnesota Microchemical 

Facility. AMMN was purchased from the NCI Chemical Repository (Midwest Research 

Institute, Kansas City, MO). Human recombinant AGT proteins (C-terminal histidine-

tagged wild-type hAGT and N-terminal histidine-tagged C145A hAGT mutant) were 

prepared as described previously (115,125). The concentration of active AGT was 

determined as previously described (124) and the protein was determined to be 32% 

active. O6-trideuteriomethyl-deoxyguanosine (O6-CD3-dG) was synthesized as 

described previously (53) and acid hydrolyzed (0.1 N HCl, 70°C for 1 h) to obtain O6-

trideuteriomethyl-guanine (O6-CD3-G), which was purified by HPLC and identified by 

UV and MS/MS as previously described (124). N7-trideuteriomethyl-guanine (N7-CD3-

G) was synthesized a reported previously (53). Porcine esterase, N7-Me-G, and O6-Me-

G were purchased from Sigma (St. Louis, MO). Trypsin was obtained from 

Worthington Biochemical Corporation (Lakewood, NJ). All high pressure liquid 

chromatography (HPLC) and liquid chromatography/mass spectrometry (LC/MS) grade 

solvents were purchased from Fisher Scientific (Fair Lawn, NJ). Centricon YM-10 

filters (0.5 mL) were obtained from Phenomenex Corp. (Torrance, CA).  

 

Preparation of DNA strands. The oligodeoxynucleotides were purified by reversed 

phase HPLC as described elsewhere (53,54,124). The identities of the HPLC-purified 

DNA strands were confirmed by HPLC-ESI--MS (high pressure liquid chromatography-

electrospray ionization-mass spectrometry) using previously published methods (50). 

Double stranded DNA was obtained by combining equimolar amounts of the 
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complementary strands in a buffer containing 10 mM Tris-HCl pH 8.0 and 50 mM 

sodium chloride, followed by heating to 90°C and slowly cooling to room temperature.  

 

DNA methylation and hydrolysis. The double stranded oligonucleotide (4 nmol in 15 

mM, pH 7.0 sodium citrate buffer containing 1 mM EDTA) was treated with AMMN (2 

mM) in the presence of esterase (0.025 µg/µL) for 90 minutes at room temperature as 

previously described (52). The reaction was terminated by DNA precipitation with cold 

ethanol.  

 

AGT reactions with N7-Me-dG and O6-Me-dG containing DNA duplexes. The 

methylated duplex DNA oligonucleotides (40 pmol) was dissolved in 50 mM Tris-HCl, 

pH 7.8, buffer containing 0.1 mM EDTA, 0.5 mg/mL BSA, and 0.5 mM DTT. Human 

recombinant AGT protein was diluted with the same buffer, and an aliquot containing 

15 pmol of active protein was added to the DNA and incubated for 300 seconds. 

Control samples were incubated with no AGT or with the active site mutant, C145A-

AGT, which is unable to repair O6-Me-dG lesions. The reaction was terminated by the 

addition of HCl (final concentration 0.1 N HCl). The samples were subjected to mild 

acid hydrolysis (70°C for 1 h) to release N7-Me-G and O6-Me-G, cooled, and 

neutralized with ammonium hydroxide. Following addition of N7-CD3-G internal 

standard (3 pmol) and O6-CD3-G internal standard (1.5 pmol), the solutions were 

filtered through YM-10 microfilters to remove the protein. The filtrates were dried 

under reduced pressure and dissolved in 25 mM ammonium acetate buffer, pH 7.0 (15 
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µL). The amounts of N7-Me-G and O6-Me-G remaining in DNA were determined by 

HPLC-ESI+-MS/MS as described below. 

 

Isotope Dilution HPLC-ESI-MS/MS analysis of N7-Me-G and O6-Me-G. Capillary 

HPLC-ESI-MS/MS analysis was performed with an Agilent 1100 Capillary HPLC 

system interfaced to a Finnigan Quantum Discovery triple quadrupole (TSQ) mass 

spectrometer. Capillary HPLC separations were performed on a Synergi 4µ-Hydro-RP 

80Å column (250 mm × 0.5 mm, 4 µm) obtained from Phenomenex (Torrance, CA). 

The column was eluted with 25 mM ammonium acetate buffer and 9% to 38% methanol 

over 12 minutes and then held constant at 38% methanol for the next 4 minutes. The 

temperature was maintained at 40°C, and the flow rate was 12 µL/min. Under these 

conditions, N7-Me-G and N7-CD3-G (internal standard) eluted at 8.7 minutes while O6-

Me-G and O6-CD3-G (internal standard) eluted at 13.5 minutes. Quantitative analysis 

was performed in the selected reaction monitoring (SRM) mode using the MS/MS 

transitions corresponding to the neutral loss of NH3 from N7-Me-G or O6-Me-G (m/z = 

166.1 → 149.1) and N7-CD3-G or N7-CD3-G (m/z = 169.1 → 152.1). The extent of 

dealkylation was calculated from the ratios of the HPLC-ESI-MS/MS peak areas 

corresponding to N7-Me-G (AD0-N7) or O6-Me-G (AD0-O6) and N7-CD3-G (AD3-N7) or O6-

CD3-G (AD3-O6) internal standard in control samples (R0) and in samples incubated with 

AGT for 300 seconds (Rt) as described previously (Equation 4.1) (124,140). 
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Control samples were incubated in the absence of AGT and represent 0% repair. 

 

Methylation of AGT for MS analysis. Recombinant human AGT (50 µg total, 730 pmol 

active) was incubated with N7-Me-G (2.8 nmol), O6-Me-G (2.8 nmol), or buffer alone 

in 200 µL of 50 mM Tris-HCl, pH 7.8, buffer containing 0.1 mM EDTA and 0.5 mM 

DTT for 60 minutes at 37°C. Following incubation, the samples were dried, dissolved in 

200 µL of 100 mM ammonium bicarbonate buffer (pH 8), and digested with trypsin 

(5.0 µg) as previously described (137). The samples were incubated at 37°C for 18 

hours. The proteolytic digests were dried, reconstituted in 40 µL 0.5% formic acid/ 0.01 

TFA in water, and analyzed by HPLC-ESI+-MS/MS as described below. 

 

HPLC-ESI-MS analysis of AGT tryptic peptides. Analysis of methylated AGT tryptic 

peptides was performed using an Agilent 1100 capillary HPLC-ion trap MS system as 

previously described (137). The following doubly charged ions were selected and 

fragmented: m/z 658.4 (unmodified peptide containing active site cysteine 

G136NPVPILIPCHR147) and m/z 665.4 (methylated peptide containing active site 

cysteine G136NPVPILIPCHR147). Chromatographic separation of the tryptic peptides 

was achieved using an Agilent Zorbax SB-C18 column (150 mm × 0.5 mm, 5 µm) and 

the previously described methodology (137). The percent of AGT active site 

methylation was calculated from the extracted HPLC-ESI-MS peaks corresponding to 

the doubly charged ions of the unmodified peptide containing the active site cysteine 

(Aunmodified) and the methylated peptide containing the active site cysteine (Amethylated) 

(Equation 4.2). 
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4.4 Results and discussion 

4.4.1 Isotope dilution HPLC-ESI+-MS/MS to quantitate AGT-mediated repair of 
N7-Me-G and O6-Me-G  

 
An HPLC-ESI+-MS/MS method was developed in our laboratory to 

simultaneously analyze AGT repair of N7-Me-G and O6-Me-G lesions in DNA (Figures 

4.1 and 4.2). The method was modified from previously developed methods that had 

been used to determine the rate of O6-Me-G repair by AGT (124,140). The gradient was 

altered to ensure that guanine was well resolved from the analytes of interest in order to 

prevent signal suppression. Changes were also made since the N7-Me-G analyte is 

positively charged and is less well retained on the column than the O6-Me-G analyte. 

Quantitative analysis of N7-Me-G and O6-Me-G was performed via isotope dilution 

with N7-CD3-G internal standard and O6-CD3-G internal standard. DNA hydrolysates 

were analyzed using a triple quadrupole mass spectrometer operated in the selected 

reaction monitoring (SRM) mode by following the transitions m/z 166.1 → 149.1 

corresponding to the neutral loss of NH3 from N7-Me-G or O6-Me-G and the transitions 

m/z 169.1 → 152.1 corresponding to the neutral loss of NH3 from N7-CD3-G or O6-

CD3-G (Figure 4.3).  

 

4.4.2 AGT-mediated repair of N7-Me-G and O6-Me-G  

DNA duplexes containing N7-Me-dG and O6-Me-dG adducts were produced by 

exposure of the 18-mer duplex (5′-GGAGCTGGTGGCGTAGGC-3′) to the methylating  
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Figure 4.1 Activation and reaction of acetoxymethyl-methylnitrosamine (AMMN) with 
DNA to produce O6-methyl-deoxyguanosine (O6-Me-dG) and N7-methyl-
deoxyguanosine (N7-Me-dG) lesions. 
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Figure 4.2 HPLC-ESI+-MS/MS strategy used to analyze AGT-mediated repair of N7-
Me-G and O6-Me-G adducts. 
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Figure 4.3 Capillary HPLC-ESI+-MS/MS analysis of N7-Me-G and O6-Me-G 
remaining in AMMN-treated DNA duplex following incubation in the absence (A) or in 
the presence of AGT for 300 seconds (B). The mass spectrometer was operated in the 
selected reaction monitoring mode by following the transitions m/z 166.1 → 149.1 and 
m/z 169.1 → 152.1 for N7-Me-G or O6-Me-G and N7-CD3-G or O6-CD3-G, 
respectively. 
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agent, AMMN in the presence of esterase (Figure 4.1). AMMN is a model compound of 

NNK which in the presence of esterase and DNA can product only methyl-guanine 

adducts instead of both methyl- and pyridyloxobutyl-DNA adducts that are produced 

when DNA is treated with NNK. The methylated DNA was then incubated with the 

repair protein, AGT. The extent of AGT-mediated repair of N7-Me-dG and O6-Me-dG 

lesions was determined by isotope dilution HPLC-ESI+-MS/MS (Figure 4.2). The extent 

of repair of O6-Me-G in the duplex following a 300 second incubation with recombinant 

human AGT was 88% ± 3%, while the extent of repair of N7-Me-G was 1% ± 3% 

(Table 4.1). As a control, the methylated DNA was also incubated with the active site 

mutant of AGT, C145A-AGT, which is unable to repair DNA adducts (127). In the 

control samples 0% ± 4% repair of O6-Me-G and 3% ± 3% repair of N7-Me-G was 

observed (Table 4.1). These results suggest that AGT repairs O6-Me-dG adducts, but is 

unable to repair N7-Me-G lesions in DNA. 

 

4.4.3 AGT active site methylation 

The above results were further verified by determining the extent of AGT active 

site methylation following incubation with N7-Me-G or O6-Me-G. Methylated duplex 

DNA was not used in the determination of AGT active site methylation since the DNA 

contains both N7-Me-G and O6-Me-G adducts. Instead free bases of N7-Me-G or O6-

Me-G were used. Although AGT binds and repairs double stranded DNA most 

efficiently, AGT can also recognize and repair free DNA bases. Following incubation of 

AGT with the free bases, N7-Me-G or O6-Me-G, or buffer alone the protein was 

digested with trypsin. HPLC-ESI+-MS/MS analysis of the tryptic peptides of AGT was  
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Table 4.1 AGT-mediated repair of N7-Me-G and O6-Me-G lesions in synthetic DNA. 
Percent repair is based on control samples that were incubated in the absence of AGT 
and correspond to zero percent repair. 
 
 % Repair of  

O6-Me-G 
% Repair of  
N7-Me-G 

300 sec incubation with AGT 88 ± 3 1 ± 3 
300 sec incubation with C145A-AGT 0 ± 4 3 ± 3 
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carried out using the methods of Loeber et al. (137). The extracted ion chromatograms 

corresponding to the doubly charged ions of the unmodified and methylated tryptic 

peptide containing the active site cysteine revealed that 52% of the active site tryptic 

peptide was methylated when AGT was incubated with O6-Me-G while less than 1% 

was methylated when AGT was incubated with N7-Me-G or no substrate (Figure 4.4). 

These results further support that AGT selectively repairs O6-Me-dG lesions. 

 

4.5 Conclusion 

 Our results are consistent with earlier data of Spratt et al. who explored a series 

of guanine analogs to investigate the recognition and repair of alkyl-guanine adducts by 

AGT (78). The nitrogen atoms of O6-Me-G were systematically removed thereby 

eliminating hydrogen bonding at that site, and the rate of AGT repair of these O6-Me-G 

analogs was determined. Based on the efficiency of repair Spratt et al. was able to 

determine the relative importance of each position in the binding and repair of O6-Me-G 

lesions. By incorporating the O6-Me-G analogs into DNA duplexes it was determined 

that positions 1-, N2- and 7- of O6-Me-G were important for binding of human AGT 

while the 3- and O6-position were involved in methyl transfer (78). Spratt et al. 

proposed that the 1- and 7-positions act as hydrogen bond acceptors while the N2-

position acts as a hydrogen-bond donor to amino acid residues in the binding pocket of 

AGT (78). The interactions at the N2-, 3- and O6-positions were supported by the crystal 

structure of AGT bound to O6-Me-dG containing DNA (60). The carbonyls of the 

protein backbone at Cys145 and Val148 act as hydrogen bond acceptors for the  
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Figure 4.4 HPLC-ESI+-MS/MS analysis of hAGT tryptic peptide 
G136NPVPILIPCHR147 following incubation of AGT with O6-Me-G (A), N7-Me-G (B), 
or buffer alone (C). 
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hydrogens of the exocyclic amine of guanine, while the hydroxyl of the Tyr114 side 

chain and the nitrogen of the protein backbone at Ser159 act as hydrogen bond donors 

to the 3-position and O6-position of guanine, respectively (Figure 4.5) (60,78). It may  

also be possible that flexibility of the Arg135 side chain allows a hydrogen bond to 

form with the 7-position of guanine. In N7-Me-G, the 7-position is now positively 

charged and would repel interaction with the Arg135 side chain, while the 1-position is 

protonated making it a hydrogen bond donor instead of a hydrogen bond acceptor. The 

altered hydrogen bonding and proton accepting properties of N7-Me-G may prevent 

recognition of the N7-Me-G lesion by AGT. In addition, the active site of human AGT 

may not be flexible enough to accommodate perturbations at the N7-position of guanine 

(78). The cross-linking of AGT to the N7-position of guanine in the presence of a bis-

electrophile observed by Loeber et al. (137,138) may have resulted from close 

proximity of the AGT and the N7-position of guanine. Although, it is also possible that 

AGT is first alkylated by the bis-electrophile and then binds DNA; studies are 

underway to determine the order of the reaction (Michaelson and Tretyakova, 

unpublished). The cross-linker is long enough that AGT would not have to bind directly 

to the N7-alkylated-guanine, but would still be able to become cross-linked at this 

position. The finding presented here support previous work that N7-Me-dG is not a 

substrate for AGT-mediated repair. 
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Figure 4.5 View of hydrogen bonding between O6-Me-G of DNA and amino acid 
residues in the active site of AGT (60). 
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V. EFFECTS OF CYTOSINE C-5 SUBSTITUENTS ON THE 
FORMATION OF BENZO[A]PYRENE DIOLEPOXIDE-
ADDUCTS AT CG BASE PAIRS  

 
With kind permission from Springer Science+Business Media: Theoretical Chemistry 
Accounts: Theory, Computation, and Modeling (Theoretica Chimica Acta), Density 
functional study of the influence of C5 cytosine substitution in base pairs with guanine, 
2009, Moser, A., Guza, R., Tretyakova, N., and York, D., Figure 1, Tables 4 and 5, 
Copyright Springer-Verlag 2008. 
 
5.1 Overview 

All CG dinucleotides within exons 5-8 of the human p53 tumor suppressor gene contain 

endogenous 5-methylcytosine (MeC). Guanine residues within these sites (e.g. codons 

157, 158, 245, 248, and 273) are the major mutational hotspots for smoking induced 

lung cancer, suggesting that MeC may mediate the reactivity of neighboring guanine 

bases towards tobacco carcinogens. Previous studies have shown that the reactivity of 

guanine towards the reactive diol epoxide metabolite of the human carcinogen, 

benzo[a]pyrene (B[a]P), is increased by the presence of a neighboring MeC as compared 

to a unmethylated cytosine. In the present study, the structural basis for the increased 

reactivity of BPDE towards guanines at MeC:G sites was investigated using a series of 

MeC structural analogs and stable isotope-labeling HPLC-ESI-MS/MS. Synthetic DNA 

duplexes derived from a frequently mutated region of the p53 tumor suppressor gene 

(5′-CCCGGCACCCGC[15N3, 13C1-G]TCCGCG-3′) were prepared containing an 

isotopically tagged guanine opposite C, MeC, or a structural analog of MeC. Following 

(±)-anti-benzo[a]pyrene-r-7,t-8-dihydrodiol-t-9,10-epoxide [(±)-anti-BPDE] or (-)-anti-

benzo[a]pyrene-s-7,t-8-dihydrodiol-t-9,10-epoxide [(-)-anti-BPDE] treatment and 

enzymatic hydrolysis of the adducted DNA to 2′-deoxynucleosides, the amount of (+)-

trans-7,8,9-trihydroxy-10-(N2-deoxyguanosyl)-7,8,9,10-tetrahydrobenzo[a]pyrene [(+)-
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trans-N2-BPDE-dG], (+)-cis-N2-BPDE-dG, (-)-trans-N2-BPDE-dG, (-)-cis-N2-BPDE-

dG adducts formed at the labeled site was determined by capillary HPLC-ESI+-MS/MS. 

We found that the presence of a C-5 substituent on cytosine and related structural 

modifications influence the reactivity of its partner guanine towards BPDE and 

modifies the stereoisomeric composition of the resulting N2-BPDE-dG adducts. While 

trans-N2-BPDE-dG adducts were predominately formed at the frequently adducted 

sites, the relative contribution of cis-N2-BPDE-dG stereoisomers were elevated at sites 

of inefficient adduction. Our results suggest that the increase in guanine reactivity at 

MeC:G sites is due to the facilitated formation of intercalative BPDE-DNA complexes 

which place BPDE in a favorable orientation for trans attack by the N2 of guanine. 

 

5.2 Introduction 

 Benzo[a]pyrene (B[a]P) is a polycyclic aromatic hydrocarbon (PAH) produced 

from incomplete combustion of organic material and present in urban air, cooked food, 

and cigarette smoke. Studies in animal models have shown that B[a]P is a potent 

systemic and local carcinogen that can induce skin, stomach, and lung tumors (6). 

Metabolic activation of B[a]P by cytochrome P450s yields reactive benzo[a]pyrene diol 

epoxides, (+)-anti-benzo[a]pyrene-r-7,t-8-dihydrodiol-t-9,10-epoxide [(+)-anti-BPDE], 

(-)-anti-benzo[a]pyrene-s-7,t-8-dihydrodiol-t-9,10-epoxide [(-)-anti-BPDE], (+)-syn-

benzo[a]pyrene-r-7,t-8-dihydrodiol-c-9,10-epoxide [(+)-syn-BPDE], and (-)-syn-

benzo[a]pyrene-s-7,t-8-dihydrodiol-c-9,10-epoxide [(-)-syn-BPDE] (11-13). In vivo, the 

two anti-BPDE stereoisomers (Figure 1.1) are produced in greater quantities and the 

resulting trans adducts are more mutagenic and carcinogenic than the cis adducts. 
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Therefore the anti-BPDE stereoisomers are considered the ultimate carcinogenic 

species of B[a]P (11,141). Following intercalation of BPDE into the DNA duplex, the 

exocyclic amino group of guanine nucleophilically attacks the C-10 position of BPDE 

producing diastereoisomeric adducts. Trans addition of (+)-anti-BPDE and (-)-anti-

BPDE produces (+)-trans-N2-BPDE-dG and (-)-trans-N2-BPDE-dG, while cis addition 

results in (+)-cis-N2-BPDE-dG and (-)-cis-N2-BPDE-dG, respectively (Figure 1.1). 

While trans products are most common in vivo (142), cis adducts are preferentially 

generated under high salt conditions (143,144). All four N2-BPDE-dG adduct isomers 

block DNA replication (16) and lead primarily to G → T transversion mutations (17-

19). Nucleotide excision repair of N2-BPDE-dG adducts is dependent on adduct 

stereochemistry and the nucleotide opposite the adduct, with (+)-trans and (-)-trans 

adducts being repaired less efficiently than (+)-cis and (-)-cis adducts (145).  

 The reactivity of guanine bases towards carcinogens and DNA alkylating drugs 

has been shown to be modulated by neighboring MeC (51,54,146-156). MeC is produced 

by enzymatic methylation at the C5 position of cytosine and is among the most 

important endogenous nucleobase modifications found in mammalian genomic DNA 

(157,158). Although MeC represents only 1% of total bases in human genome, it plays a 

critical role in carrying epigenetic information (42,159). In mammalian DNA, MeC is 

found predominantly at CG dinucleotides and in a normal cell, about 80% of all CG 

sites are methylated (158). The presence of MeC in gene promoter regions alters 

chromatin structure (157,160) and mediates gene expression (161). Each tissue has a 

unique methylation pattern that is carefully maintained by specialized DNA C-5 

cytosine methyltransferases (162). These enzymes specifically recognize 



 

 120 

hemimethylated DNA just after replication and methylate the newly synthesized DNA 

strand (163). Abnormal methylation has been linked to aging and many human diseases, 

including cancer (164). These epigenetic changes may be caused by endogenous and 

exogenous DNA damage taking place within CG dinucleotides (165-167).  

Preliminary studies indicate that the presence of MeC at CG sites stimulates 

guanine oxidation (Matter and Tretyakova, unpublished). In contrast, cytosine 

methylation decreases the yields of O6-alkyl-deoxyguanosine adducts (53,54) and has 

little effect on the formation of N2-ethyl-deoxyguanosine adducts of acetaldehyde (168). 

Our laboratory employed a stable isotope labeling-high performance liquid 

chromatography-electrospray ionization-tandem mass spectrometry (HPLC-ESI-

MS/MS) methodology to demonstrate that (N2-BPDE-dG) adducts induced by (±)-anti-

BPDE are formed preferentially at guanine bases within MeCG dinucleotides, including 

the major lung cancer mutation hotspots at codons 157, 158, 245, 248, and 273 of the 

p53 tumor suppressor gene (50). This data was consistent with earlier studies by 

Denissenko et al. who employed endonuclease incision and ligation-mediated PCR to 

map benzo[a]pyrene diol epoxide (BPDE) lesions in genomic DNA (51,169).  

Since MeCG dinucleotides contain MeC residues both 5′ and in the base paired 

position relative to target guanine, the influence of MeC on guanine reactivity was 

determined in hemimethylated and fully methylated DNA strands following treatment 

with (±)-anti-BPDE (49,50). Introduction of the MeC immediately 5′ to the target 

guanine in the context of p53 codon 157 yielded the same extent of N2-BPDE-dG 

adduct formation as when cytosine was 5′ to the target guanine, while a 2-fold increase 

in adduct yields was observed when the MeC was base paired to the target guanine (49). 
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These results indicate that MeC located opposite guanine in a DNA duplex has a greater 

effect on its reactivity towards BPDE. 

The purpose of the present work was to investigate the mechanism by which the 

presence of a C-5 methyl group on cytosine alters BPDE-dG adduct yields at the base 

paired guanine. In theory, the presence of MeC can influence the susceptibility of the 

neighboring guanine toward nucleophilic attack by modifying the overall DNA 

structure, mediating the pre-covalent binding of the carcinogen to DNA, facilitating the 

intercalation of aromatic carcinogens between DNA base pairs, or influencing the local 

structure and electrostatics at the MeCG sites (Figure 5.1).  

While cytosine methylation has only small influences on overall DNA structure 

since the methyl substituent is accommodated in the major groove of DNA 

(46,170,171), MeC has been shown to decrease the major groove charge density, 

increase DNA helix stability, and enhance base stacking (46,160) (Figure 5.1A). The 

non-covalent BPDE-DNA complexes form on a millisecond time scale, while reaction 

with the N2 of guanine occurs on the order of seconds (172). This indicates that BPDE 

samples a number of base pairs along the duplex prior to chemical binding. Any 

structural modification that increases the time BPDE spends at a specific site within the 

DNA may enhance reactivity toward BPDE. The introduction of a hydrophobic methyl 

group at the C-5 position of cytosine is likely to enhance the non-covalent association of 

BPDE with DNA, leading to increased adduct formation at these positions (Figure 

5.1B).  

In addition to physical binding to DNA grooves, BPDE forms intercalation 

complexes by inserting between the base pairs within the DNA helix (173) (Figure  
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Figure 5.1 General steps involved in BPDE reaction with endogenously methylated 
DNA. (A) DNA duplex containing C5-methyl group of MeC in the major groove of 
DNA. (B) BPDE physically binds to DNA grooves. (C) BPDE intercalates into the 
DNA duplex. (D) BPDE reaches a reactive conformation with the exocyclic amino 
group of guanine. (E) BPDE forms a covalent adduct at the N2 of guanine. (F) The 
adduct reaches a stable final conformation. 
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5.1C). These intercalative complexes have been demonstrated to play a key role in 

catalyzing epoxide ring opening within BPDE (174). Because cytosine methylation 

increases molecular polarizability of the parent nucleoside (46,47), it may stabilize 

BPDE-DNA intercalation through increased π-π stacking with carcinogens (175). 

Geacintov et al. showed that the presence of MeC significantly enhanced the 

intercalative binding of BPDE to poly(dG-MeC) duplexes (172).  

More locally, cytosine methylation may affect the geometry and electronic 

structure of C:G base pairs, influencing guanine reactivity towards electrophiles (Figure 

5.1D and E).  Changes in bond lengths, angles, dihedrals, partial atomic charge, or 

dipole moment of the modified cytosine may affect its base pairing with guanine. For 

example, previous experimental and computational studies with another DNA 

alkylating agent, mitomycin C, indicate that the nucleophilicity of the N2-position of 

guanine may be enhanced as a result of electron donating effects of a C-5 methyl group 

on cytosine. In contrast, the reactivity of a 5-fluorocytosine:G base pair was decreased 

as a result of electron withdrawing effects of the C-5 fluoro group. These authors 

proposed that the electron density is transmitted from the C-5 position of cytosine to the 

N2-position of guanine through hydrogen bonds of the cytosine analog:G base pair 

(151,176).  

NMR structures of duplex DNA containing N2-BPDE-DNA adducts have 

revealed that the adducts can assume several alternative conformations depending on 

the DNA sequence context and adduct stereochemistry (175,177,178). The trans 

adducts typically form an extrahelical conformation, with the BPDE moiety located in 

the minor groove of DNA (175,177,178). In contrast, the BPDE moiety of the cis 
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adducts assumes an intercalative conformation in which BPDE stacks with neighboring 

base pairs, while the modified guanine and base paired cytosine are displaced into a 

DNA groove (131,175,178). Interestingly, C-5 methylation of cytosine shifts the (-)-

trans adduct conformation from a minor groove structure external to the DNA duplex to 

an intercalative conformation, which is likely to affect the recognition and repair of the 

adduct (131,178).  

In the present study, the structural determinants for the effects of C-5 cytosine 

methylation on the reactivity of CG dinucleotides towards BPDE were investigated by 

using DNA duplexes containing a range of structural analogs of MeC (Figure 5.2). We 

employed quantum mechanical calculations of modified C:G base pairs and stable 

isotope labeling experiments to demonstrate that the presence of a C-5 substituent on 

cytosine changes the reactivity of its base paired guanine towards BPDE by affecting 

the electronic properties of the C:G base pair and influencing the formation of the pre-

covalent BPDE-DNA complexes. Taken together, these studies improve our 

understanding of the origins of increased DNA alkylation by BPDE at MeC:G sites, 

providing insight into the mechanisms of genetic and epigenetic changes induced by 

exposure to tobacco carcinogens.  

 

5.3 Materials and methods 

Caution: BPDE and BP78D are carcinogenic and should be handled with extreme 

caution. 

Materials: (±)-Anti-BPDE, (-)-anti-BPDE, and (+)-BP78D were obtained from the NCI 

Chemical Carcinogen Repository (Midwest Research Institute). DNase I, PDE I, and  
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Figure 5.2 Cytosine analogs used in the present study. 
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PDE II were bought from Worthington Biochemical Corporation (Lakewood, NJ). 

Alkaline phosphatase and DOWEX 50WX8-200 beads were purchased from Sigma-

Aldrich (St. Louis, MO). Solid phase extraction C18 SPE cartridges (50 mg) were 

obtained from Water Associates. Micro BioSpin 6 columns were purchased from Bio-

Rad (Hercules, CA), and illustra™ NAP-5 Columns were obtained from GE Healthcare 

(Piscataway, NJ).  All HPLC and liquid chromatography/mass spectrometry (LC/MS) 

grade solvents were purchased from Fisher Scientific (Fair Lawn, NJ). 

 

Preparation of Cytosine Analog Containing DNA strands. DNA sequences were 

derived from codons 153-158 of the human p53 tumor suppressor gene (5′-

CCCGGCACCCGC[15N3, 13C1-G]TCCGCG-3′). Synthetic oligodeoxynucleotides 

containing a structurally modified C:G base pair at the first position of codon 157 were 

prepared using an ABI 394 DNA Synthesizer (Applied Biosystems, California) with 

standard solid phase oligodeoxynucleotide synthesis methodology (179).  

Nucleoside phosphoramidites were purchased from Glen Research Corporation 

(Sterling, VA) with the exception of: 1,7,NH2-15N3-2-13C1-dG-phosphoramidite which 

was provided by Prof. Roger Jones (Rutgers University) and diaminonaphthyl-derived 

nucleoside (dNAP) phosphoramidite which was provided by Prof. Shana Sturla 

(University of Minnesota) (180). O4-ethyl-5-chloro-2′-deoxyuridine phosphoramidite 

was synthesized and incorporated into the oligodeoxynucleotide following the methods 

of Kang et al. (181). 5-Ethyl-2′-deoxycytidine phosphoramidite was synthesized from 

5-ethyl-2′-deoxycytidine (182) by standard phosphoramidite chemistry (179).  
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All synthetic oligodeoxynucleotides were purified by reversed phase HPLC as 

described elsewhere (50,53), followed by desalting using illustra™ NAP-5 Columns 

(GE Healthcare, Piscataway, NJ). The storage solution was removed from the NAP-5 

columns, and the column was equilibrated in water (10 mL). The oligodeoxynucleotides 

were loaded onto the column in 500 µL and eluted in 1 mL of water. The 

oligodeoxynucleotide containing protected abasic site was purified on a Supelcosil LC-

18-DB column (10 mm × 250 mm, 5µm, Supelco, Bellefonte, PA) eluted at 40°C and a 

flow rate of 3 mL/min. HPLC buffers were 100 mM triethylammonium acetate, pH 7.0 

(A), and acetonitrile (B). A linear gradient of 15-50% B in 35 minutes followed by 

isocratic elution at 50% B for an additional 5 minutes was employed.  The protecting 

group on the modified site was removed by incubation in 40% acetic acid for 4 hours at 

room temperature. The deprotected oligodeoxynucleotide was purified on a Supelcosil 

LC-18-DB column (10 mm × 250 mm, 5µm) eluted at 40°C and a flow rate of 3 

mL/min. The same HPLC buffers were used as above and a linear gradient of 5-40% B 

in 40 minutes was employed. The modified site in the oligodeoxynucleotide was 

converted to an abasic site by incubation of the oligodeoxynucleotide in 100 mM 

sodium acetate, pH 6.0, containing 5 mM sodium periodate for 5 minutes at room 

temperature. The oligodeoxynucleotide was desalted using an illustra™ NAP-5 column 

as described above.  

The identities of HPLC-purified DNA strands were confirmed by HPLC-ESI--

MS using previously published methods (Table 5.1) (50). To obtain double stranded 

DNA, equimolar amounts of the complementary strands were combined in a buffer 

containing 10 mM Tris-HCl pH 8.0 and 50 mM sodium chloride at a concentration of  
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Table 5.1 DNA oligodeoxynucleotides employed in the present study. 
 
  MW 

Oligodeoxynucleotide ID Sequence (5′ → 3′) Calc. Obs. 
(+)p53 exon 5-[15N3,13C1-G] CCC GGC ACC CGC [15N3, 13C1-G]TC CGC G 5715.7 5714.9 
(+)p53 exon 5 CCC GGC ACC CGC GTC CGC G 5711.7 5711.7 
(-)p53 exon 5 C GCG GAC GCG GGT GCC GGG 5911.9      5910.7 
(-)p53 exon 5-MeC C GCG GA[Me-C] GCG GGT GCC GGG 5925.9 5925.4 
(-)p53 exon 5-Et-C C GCG GA[Et-C] GCG GGT GCC GGG 5939.9 5939.5 
(-)p53 exon 5-N4Et-C C GCG GA[N4Et-C] GCG GGT GCC GGG 5939.9 5939.5 
(-)p53 exon 5-F-C C GCG GA[F-C] GCG GGT GCC GGG 5929.8 5929.5 
(-)p53 exon 5-Cl-C C GCG GA[Cl-C] GCG GGT GCC GGG 5946.3 5946.0 
(-)p53 exon 5-Br-C C GCG GA[Br-C] GCG GGT GCC GGG 5990.8 5990.2 
(-)p53 exon 5-I-C C GCG GA[I-C] GCG GGT GCC GGG 6037.8 6037.3 
(-)p53 exon 5-Pr-C C GCG GA[Pr-C] GCG GGT GCC GGG 5949.9 5949.6 
(-)p53 exon 5-Dft C GCG GA[Dft] GCG GGT GCC GGG 5928.9 5928.2 
(-)p53 exon 5-pyrrolo-C C GCG GA[pyrrolo-C] GCG GGT GCC GGG 5949.9 5949.6 
(-)p53 exon 5-dNAP C GCG GA[dNAP] GCG GGT GCC GGG 5985.0 5984.7 
(-)p53 exon 5-abasic C GCG GA[abasic] GCG GGT GCC GGG 5818.8 5819.0 
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200 µM, followed by heating to 90°C and slowly cooling to room temperature. Each 

duplex contained a 15N3, 13C1-labeled guanine at the first position of codon 157, base 

paired to cytosine or a cytosine analog (Table 5.1). 

 

Characterization of Oligodeoxynucleotides by MALDI-TOF Mass Spectrometry. 

Incorporation of isotope labeled guanine and cytosine analogs into DNA sequences 

derived from p53 exon 5 codon 153-158 was confirmed by exonuclease ladder 

sequencing followed by matrix-assisted laser desorption ionization mass spectrometry 

with time-of-flight detection (MALDI-TOF MS) (183). Single stranded 

oligodeoxynucleotides (300 pmol) were incubated with snake venom phosphodiesterase 

(PDE I; 24 mU) in 10 mM Tris-HCl/15 mM MgCl2 pH 7.0 at 37°C (total volume 30 

µL). Aliquots (7 µL) were removed after 0, 10, 20 and 30 minutes and frozen at -80°C. 

The partial exonuclease digests from different time points were combined and desalted 

using micro BioSpin 6 columns (Bio-Rad, Hercules, CA). The columns were rinsed 

with 0.5 mL of 1 mM diammonium citrate, followed by 0.5 mL of distilled water three 

times to remove the storage buffer. Residual cations were exchanged with ammonium 

ions by incubation with ammonium-activated cation exchange DOWEX 50WX8-200 

beads (Sigma-Aldrich). The samples were completely dried and re-dissolved in distilled 

water (3 µL). A separate aliquot of each oligodeoxynucleotide (300 pmol) was partially 

digested in 10 mM Tris-HCl/15 mM MgCl2 pH 7.0 with bovine spleen 

phosphodiesterase (PDE II; 9 mU) at 37°C. Aliquots (7 µL) were removed after 0, 10, 

20 and 30 minutes and frozen at -80°C. The digests from different time points were 

combined, desalted, and prepared as described above. 
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Matrix solution was prepared by mixing a saturated aqueous solution of 3-

hydroxypicolinic acid (3-HPA; Bruker Daltonics, Billerica, MA) with methanol (33%, 

final percentage) and diammonium citrate (4 mM, final concentration). The sample 

plates were precoated with Parafilm prior to applying the matrix to minimize metal ion 

adduction (184). Matrix (1 µL) was spotted onto the MALDI plate (Bruker Daltonics) 

and allowed to crystallize in the dark at room temperature. Samples in 1 µL of water 

were applied to the matrix spot and allowed to completely dry in the dark at room 

temperature. MALDI-TOF mass spectra were acquired using a Bruker Reflex III 

instrument (Bruker Daltonics, Billerika, MA). The Bruker Reflex III mass spectrometer 

was equipped with a nitrogen laser (model VSL-337ND, λ = 337 nm, 0.5 ns pulse 

width) operated at a repetition rate of 3 Hz and an energy of 175microjoule/pulse. The 

data was collected using an ion source1 voltage of 19 kV, an ion source 2 voltage of 15 

kV, and the lens set at 11 kV. The instrument was operated in linear mode at a laser 

attenuation of 60-70 and a delay time of 200 ns. Positive ions were detected. The mass 

range was m/z 1000-9000. The spectra were internally calibrated to peaks corresponding 

to undigested oligodeoxynucleotide and one peak of partially digested 

oligodeoxynucleotide present in the sample. 

 

Determination of Oligodeoxynucleotide Duplex Melting Temperatures. DNA duplexes 

were dissolved in 10 mM sodium phosphate buffer, pH 7.0 containing 50 mM NaCl to 

give a 9.7 µM solution of DNA. UV melting temperatures (Tm) were determined using a 

Varian Cary 100 Bio UV-visible spectrophotometer. The temperature ramp was 

between 30-90 °C at a rate of 0.5 °C/min, and the data was collected at 0.5 °C intervals 
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(in triplicate). The Tm of each duplex was determined using the Cary WinUV Thermal 

software (Varian, Palo Alto, CA). 

 

Circular Dichroism (CD) Spectroscopy of oligodeoxynucleotides. DNA duplexes were 

dissolved in 10 mM sodium phosphate buffer, pH 7.0 containing 50 mM NaCl to give a 

9.7 µM solution of DNA. The CD spectra were obtained with a Jasco J-815 

Spectropolarimeter from 350 to 200 nm at a wavelength step of 0.5 nm and using a 1 

mm quartz cuvette. Spectra were generated from an average of three scans. 

 

DNA Treatment with BPDE and Analysis of N2-BDPE-dG Adducts. Double stranded 

DNA 18-mers containing centrally positioned X:[15N3,13C1-dG] base pairs, where X = 

cytosine analog, were diluted in 50 mM Tris-HCl, pH 7.5 buffer, to reach a 

concentration of 40 µM (50). Small amounts of (±)-anti-BPDE or (-)-anti-BPDE were 

taken and dissolved in dry DMSO, and the stock solution concentrations were 

determined by UV spectrophotometery (ε345 = 48800 M-1 cm-1). An appropriate aliquot 

of the BPDE solution was added to the DNA solution to achieve 8 µM concentration of 

BPDE, with DMSO making up 10% of the volume. The samples were incubated on ice 

for 18 hours. The reaction mixtures were dried under reduced pressure and re-dissolved 

in 10 mM Tris-HCl/15 mM MgCl2 buffer, pH 7. Enzymatic digestion of DNA to 2′-

deoxyribonucleosides was achieved by incubation with deoxyribonuclease I (DNAse I) 

(105 U), PDE I (105 mU), PDE II (108 mU) and alkaline phosphatase (22 U) for 18 

hours at 37°C. To confirm that the digest was complete, a small aliquot was analyzed by 

HPLC with UV detection (50). N2-BPDE-dG was purified by solid phase extraction 
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(SPE) using C18 SPE cartridges (50 mg, from Water Associates). N2-BPDE-dG eluted 

in the 100% methanol fraction. SPE fractions containing N2-BPDE-dG were 

concentrated under vacuum and analyzed by HPLC-ESI-MS/MS as described below. 

 

HPLC-ESI-MS/MS Analysis. Capillary HPLC-ESI-MS/MS analyses were performed 

with an Agilent 1100 Capillary HPLC system interfaced to a Finnigan Quantum 

Discovery triple quadrupole (TSQ) mass spectrometer. Chromatographic separation of 

N2-BPDE-dG diastereomers was achieved with a Waters 3 µm Atlantis dC18 column 

(300 µm × 150 mm) eluted at a flow rate of 3.5 µL/min at a temperature of 15°C. The 

HPLC solvents were 15 mM ammonium acetate (A) and methanol (B), with a gradient 

of 47-50% B in 30 minutes, followed by isocratic elution at 50% B for 20 minutes. N2-

BPDE-dG isomers eluted as follows: (-)-trans-N2-BPDE-dG (tR, 43.0 min), (+)-cis-N2-

BPDE-dG (tR, 45.5 min), (-)-cis-N2-BPDE-dG (tR, 49.2 min), and (+)-trans-N2-BPDE-

dG (tR, 51.3 min). The mass spectrometer was operated in the positive ion electrospray 

ionization mode (ESI). Selected reaction monitoring (SRM) analysis was performed by 

using the transitions m/z 570.1→ 454.1 (N2-BPDE-dG) and m/z 574.1→ 459.1 (15N3, 

13C1-N2-BPDE-dG) (50). The extent of N2-BPDE-dG formation at the 15N3, 13C1-dG (X) 

was calculated from the following equation:  

% reaction at X = ABPDE-dX/(ABPDE-dX + ABPDE-dG) 

where ABPDE-dG and ABPDE-dX are the areas under the HPLC- ESI-MS/MS peaks 

corresponding to the unlabeled and 15N3, 13C1-labeled N2-BPDE-dG, respectively.  

 Chromatographic separation of (-)-trans-N2-BPDE-dG and (-)-cis-N2-BPDE-dG 

diastereomers resulting from DNA treatment with (-)-anti-BPDE was achieved with a 
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YMC ODS-AQ column (320 µm × 100 mm, 5 µm) eluted at a flow rate of 8 µL/min 

and a temperature of 30°C. The HPLC solvents were 5 mM ammonium acetate 

containing 0.02% formic acid (A) and methanol (B) at 44.5% B for 15 minutes. The 

retention times of (-)-trans-N2-BPDE-dG and (-)-cis-N2-BPDE-dG isomers were 10.0 

min and 11.5 min, respectively. The mass spectrometer was operated in the positive ion 

ESI-MS/MS mode, and the quantitative analysis of N2-BPDE-dG was performed as 

described above. 

 

Statistical Analysis. Descriptive statistics were calculated for the normalized relative 

reactivity for each of the treatment groups. The mean relative reactivity of each 

structurally modified duplex and control (native DNA) were compared using analysis of 

variance (ANOVA), adjusting for experiment date when applicable (185). All reported 

p-values for comparisons between each treatment and the control (native) group were 

adjusted for multiple comparisons using Dunnett’s method (α = 0.05) (186).  All 

analyses were performed using SAS version 9.1. 

 

Computational Studies. All density functional calculations were performed in accord 

with the standardized protocol used to construct the QCRNA database, a recently 

developed online database of quantum calculations for RNA catalysis (187,188). All 

structures were optimized in the gas phase with B3LYP/6-31++G** as implemented in 

the Gaussian03 suite of programs and described by Giese et al. (187).  
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Fluorescence Lifetime of (+)-Benzo[a]pyrene-7S-trans-7,8-dihydrodiol [(+)-BP78D]. 

The non-reactive analog, (+)-benzo[a]pyrene-7S-trans-7,8-dihydrodiol [(+)-BP78D], 

was used as a model of (-)-anti-BPDE in order to separate physical binding events from 

chemical binding to DNA. If the lifetime of (+)-BP78D is the same in the absence and 

presence of DNA, then the Stern-Volmer quenching constant (KSV) is equal to the 

association constant of intercalation (KA) (189-193). This occurs if the dynamic 

quenching of the hydrocarbon by DNA is negligible and if the fluorescence quantum 

yield of the intercalated hydrocarbon is small relative to the fluorescence quantum yield 

of the free hydrocarbon (191-193). Fluorescence lifetime measurements of (+)-BP78D 

were determined using a Varian Cary Eclipse Fluorescence Spectrophotometer using a 

third harmonic YAG laser by excitation at 355 nm and emission at 415 nm. A 1 µM 

solution of (+)-BP78D in 10 mM NaCl/10 mM Tris-HCl, pH 7.5 containing 10% 

DMSO was used to determine the fluorescence lifetime of the diol in the absence of 

DNA. The fluorescence lifetime of (+)-BP78D in the presence of DNA was determined 

using a 100 µM double stranded DNA solution in 10 mM NaCl/10 mM Tris-HCl, pH 

7.5 containing 10% DMSO and 1 µM of (+)-BP78D.  

 

Stern-Volmer Experiment. Stern-Volmer plots were obtained by measuring the 

fluorescence quenching of (+)-BP78D by DNA containing various cytosine analogs 

using the methods described in the literature (189-193). DNA concentration ranged 

from 0.01 to 0.09 mM in the presence of 1 µM (+)-BP78D. Fluorescence intensities 

were determined using a Tecan GENious Pro Multi-well plate reading. The samples 

were excited at 340 nm, and the emission was observed at 420 nm. The fluorescent 
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signal of (+)-BP78D is partially quenched when it intercalates between DNA bases. The 

Stern-Volmer quenching constants (KSV) were obtained from the Stern-Volmer plots 

and are equal to the slopes of the line from the fit of Io/I versus DNA concentration 

plots, where Io is the fluorescence emission intensity of (+)-BP78D in the absence of 

DNA and I is the fluorescence emission intensity of (+)-BP78D in the presence of 

DNA.  

 

Low temperature fluorescence spectroscopy. Determination of non-line narrowing 

fluorescence spectra of (+)-BP78D in the absence and presence of duplex DNA 

containing cytosine analogs was carried out in Dr. Ryszard Jankowiak’s laboratory at 

Kansas State University following previously published methods (194). Laser excitation 

at 308 nm and 346 nm was provided by a Lambda Physik Lextra 100 XeCl excimer 

laser (194). For all spectroscopic measurements, 30 µL volumes of sample were placed 

in quartz tubes and immersed in a helium cryostat with quartz optical windows (194). 

 

5.4 Results 

5.4.1 Selection and characterization of DNA sequences 

 In order to investigate the mechanisms by which MeC increases the reactivity of 

its base paired guanine towards BPDE, a series of synthetic oligodeoxynucleotide 

duplexes (19 bp in length) containing cytosine or its structural analogs were prepared. 

DNA sequences represented codons 153-158 of the p53 tumor suppressor gene (Table 

5.1). In each duplex, 15N3, 13C1-dG was placed at the first position of p53 codon 157, 

and a cytosine or cytosine structural analog was placed opposite the labeled guanine. 
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All DNA strands were purified by HPLC and characterized by ESI--MS (Table 5.1). 

Exonuclease ladder sequencing of the oligodeoxynucleotides by MALDI mass 

spectrometry confirmed the presence and the correct location of 15N3, 13C1-dG and 

cytosine analogs within DNA strands (Tables 5.2 and 5.3). 

 Cytosine analogs selected for this study span a range of alkyl, halogen, and 

aromatic substituents at the C-5 of cytosine. Analogs with alkyl substituents on cytosine 

(5-methylcytosine (MeC), 5-ethylcytosine (Et-C), N4-ethylcytosine (N4Et-C)) were 

chosen to investigate the possibility that hydrophobic groups may increase physical 

binding of the carcinogen to modified CG sites, thereby increasing the probability of 

BPDE adduct formation at that position. In addition, C-5 alkyl groups on cytosine can 

donate electron density to the cytosine ring, increasing the nucleophilicity of the base 

paired guanine through the hydrogen bonds (151,176). A series of electron withdrawing 

analogs with a C-5 halogen substituent (5-fluorocytosine (F-C), 5-chlorocytosine (Cl-

C), 5-bromocytosine (Br-C), 5-iodocytosein (I-C)) were used to probe the electronic 

effects of the C-5 substituent. The steric effects of these substituents are complementary 

to those of the σ-electron donating alkyl groups. Cytosine analogs with structural 

modifications that are likely to enhance BPDE intercalation between DNA base pairs 

(5-propynylcytosine (Pr-C), 2,4-difluorotoluene (Dft), 6-methylpyrrolo[2,3-

d]pyrimidine-2(3H)one deoxyribonucleoside (pyrrolo-C), dNAP) were also used. 

Because the presence of bulky cytosine analogs, such as dNAP, may destabilize the C:G 

base pair and increase spontaneous base flipping, another duplex was engineered in  
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which an abasic site was placed opposite the labeled guanine in order to investigate this 

effect.  

The thermodynamic stability of DNA duplexes containing cytosine analogs was 

determined by UV thermal denaturation. Hyperbolic curves were observed for each 

structurally modified duplex, indicating that all of them formed stable secondary 

structures. UV melting temperatures for the duplexes containing MeC and Et-C were 

greater than for the duplex containing unsubstituted cytosine (Table 5.4), consistent 

with the known ability of MeC to enhance base stacking and increase DNA duplex 

stability (47,126). Increased stability was also observed for duplexes containing Br-C, I-

C, pyrrolo-C and Pr-C (Table 5.4). In contrast, UV melting temperatures for duplexes 

containing N4Et-C, Dft, dNAP, and the abasic site were decreased relative to the duplex 

containing unsubstituted cytosine (Table 5.4), consistent with destabilizing effects of 

these analogs on Watson-Crick base pairing (180,195,196). The CD spectra obtained for 

each double stranded oligodeoxynucleotide had similar weak and strong bands (Figure 

5.3), suggesting that the presence of cytosine analogs does not significantly alter the 

overall secondary structure of the DNA duplexes. 

 

5.4.2 Stable Isotope Labeling HPLC-ESI/MS/MS 

 Stable isotope labeling methodology developed in our laboratory (49) was used 

to quantify the effects of cytosine analogs on BPDE-adduct formation at the base paired 

guanine. A 15N3, 13C1-labeled deoxyguanosine (15N3, 13C1-dG) was placed in a DNA 

duplex opposite cytosine or a cytosine analog (5′-CCCGGCACCCGC[15N3, 13C1-

G]TCCGCG-3′). The duplex DNA was treated with (±)-anti-BPDE or (-)-anti-BPDE, 
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Table 5.4 UV melting points for duplex DNA oligodeoxynucleotides employed in the 
present study. 
 
  Tm (ºC) 

Oligodeoxynucleotide 
ID 

Sequence Calc
a, b 

Obs c 

ds p53 exon 5 CCC GGC ACC CGC GTC CGC G 
GGG CCG TGG GCG CAG GCG C 75.0 80.7 ± 0.5 

ds p53 exon 5-MeC CCC GGC ACC CGC          G TC CGC G 
GGG CCG TGG GCG [Me-C]AG GCG C  81.5 ± 0.2 

ds p53 exon 5-Et-C CCC GGC ACC CGC         G TC CGC G 
GGG CCG TGG GCG [Et-C]AG GCG C  82.1 ± 0.2 

ds p53 exon 5-N4Et-C CCC GGC ACC CGC             G TC CGC G 
GGG CCG TGG GCG [N4Et-C]AG GCG C  77.3 ± 0.6 

ds p53 exon 5-F-C CCC GGC ACC CGC        G TC CGC G 
GGG CCG TGG GCG [F-C]AG GCG C  80.6 ± 0.4 

ds p53 exon 5-Cl-C CCC GGC ACC CGC         G TC CGC G 
GGG CCG TGG GCG [Cl-C]AG GCG C  77.0 ± 0.9 

ds p53 exon 5-Br-C CCC GGC ACC CGC         G TC CGC G 
GGG CCG TGG GCG [Br-C]AG GCG C  81.8 ± 0.8 

ds p53 exon 5-I-C CCC GGC ACC CGC      G TC CGC G 
GGG CCG TGG GCG [I-C]AG GCG C  81.8 ± 0.5 

ds p53 exon 5-Pr-C CCC GGC ACC CGC         G TC CGC G 
GGG CCG TGG GCG [Pr-C]AG GCG C  81.5 ± 0.3 

ds p53 exon 5-Dft CCC GGC ACC CGC      G TC CGC G 
GGG CCG TGG GCG [Dft]AG GCG C  70.4 ± 0.9 

ds p53 exon 5-pyrrolo-C CCC GGC ACC CGC                  G TC CGC G 
GGG CCG TGG GCG [pyrrolo-C]AG GCG C  81.5 ± 0.7 

ds p53 exon 5-dNAP CCC GGC ACC CGC           G TC CGC G 
GGG CCG TGG GCG [dNAP]AG GCG C  76.5 ± 0.3 

ds p53 exon 5-abasic CCC GGC ACC CGC           G TC CGC G 
GGG CCG TGG GCG [abasic]AG GCG C  69.7 ± 1.3 

a Calculated Tm <http://www.basic.northwestern.edu/biotools/oligocalc.html> Salt Adjusted 
b Calculated for 9.7 µM dsDNA in 66 mM salt (Na+) 
c 9.7 µM dsDNA in 50 mM NaCl, 10 mM NaH2PO4, pH 7.0 (pH with NaOH) 
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Figure 5.3 CD spectra of structurally modified DNA duplexes (9.7 µM) in 50 mM 
sodium chloride, 10 mM sodium phosphate, pH 7.0 containing a cytosine analog 
opposite guanine. 
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enzymatically hydrolyzed to deoxynucleosides, and the resulting diastereoisomeric N2-

BPDE-dG adducts were analyzed by HPLC-ESI-MS/MS (Figure 5.4) (49,50). The N2- 

BPDE-dG adducts formed at the 15N3, 13C1-labeled guanine can be distinguished from 

adducts that form at other sites by molecular weight, which is increased due to the 

presence of 15N and 13C atoms in the adduct (49,50). Therefore, our approach made it 

possible to probe the effects of cytosine analogs on reactivity of its partner guanine 

within the p53 gene sequence context. 

 

5.4.3 Effects of C-5 cytosine substituents within CG base pairs on relative 
reactivity of (±)-anti-BPDE and (-)-anti-BPDE 

 
Figures 5.5 and 5.6 show the relative yields of N2-BPDE-dG adducts at the 

guanine base paired with various cytosine analogs resulting from treatment with (±)-

anti-BPDE or (-)-anti-BPDE. The reaction yields are normalized to those of the 

standard G:C base pair. The pie charts indicate the contributions of the N2-BPDE-dG 

stereoisomers at the target guanine base paired to cytosine or a cytosine analog. 

Racemic BPDE was used in these experiment since all four diastereoisomeric N2-

BPDE-dG lesions are formed in vivo; however, optically pure BPDE was used to 

investigate formation of the minor adducts since these lesions may also play an 

important role in mutagenesis (145). 

As shown in Figures 5.5A and 5.6A, the relative reactivity of the guanine base 

paired to MeC, Et-C or N4Et-C towards BPDE was 45-190% higher than the 

corresponding reactivity of guanine base paired to unsubstituted cytosine. These results 

are consistent with our previous studies that showed that base paired MeC increases the  
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Figure 5.4 Stable isotope labeling HPLC-ESI-MS/MS strategy for quantitation of N2-
BPDE-dG adducts at specific sites within DNA. 
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reactivity of guanine towards BPDE (49,50). In contrast, the relative reactivity of the 

labeled guanine in the duplexes containing C-5 halogen substituents at the base paired 

cytosine was either decreased or increased depending on the halogen identity (Figures 

5.5B and 5.6B). A 20% drop in the relative reactivity of the guanine base towards (±)-

anti-BPDE was observed when guanine was paired with F-C instead of cytosine (p-

value = 0.0142). This suggests that the electron-withdrawing effect of the C-5 fluoro 

group is decreasing the nucleophilicity of the N2-posiiton of guanine (151,176). In 

contrast, N2-BPDE-dG adduct yields were increased 30-40% when guanine was base 

paired with Cl-C, Br-C and I-C (Figure 5.5B). Similarly, when oligodeoxynucleotide 

duplexes containing structurally modified C:G base pairs were treated with (-)-anti-

BPDE, the presence of a C-5 fluoro substituent on cytosine decreased the reactivity of 

the base paired guanine by about 40%, while a slight increase in reactivity (20-40%) 

was observed when guanine was base paired to Cl-C or Br-C (Figure 5.6B). In the later 

case, I-C also led to a 20% decrease in N2-BPDE-dG adduct yields at the base paired 

guanine. 

The most pronounced effect on reactivity of the labeled guanine was observed 

for cytosine analogs designed to enhance BPDE intercalation into the DNA duplex (Pr-

C, Dft, pyrrolo-C, and dNAP). When the labeled guanine was placed opposite to 

pyrrolo-C or dNAP in a DNA duplex, the relative reactivity towards (±)-anti-BPDE was 

increased by 60-130% relative to reactivity of guanine base paired to native cytosine (p-

value = <0.0001) (Figure 5.5C). This result suggests that the increased π-character of 

the cytosine analog can facilitate stacking interactions between modified CG base pairs 

and BPDE, thereby increasing N2-BPDE-dG adduct yields at that site. However, the 
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relative reactivity of the guanine base paired to Pr-C in oligodeoxynucleotide duplexes 

treated with (±)-anti-BPDE or (-)-anti-BPDE was similar to the relative reactivity of the 

guanine base paired to cytosine (p-value = 1.00) (Figures 5.5C and 5.6C). The presence 

of Dft opposite guanine led to significantly lower N2-BPDE-dG adduct numbers when 

DNA duplexes were treated with (±)-anti-BPDE (p-value = 0.0031) (Figure 5.5C). 

Interestingly, the presence of pyrrolo-C opposite the target guanine base in a DNA 

duplex treated with (-)-anti-BPDE had little effect on BPDE adduct formation, while 

dNAP led to an 8-fold increase in N2-BPDE-dG adduct yields when placed at the same 

position (Figure 5.6C). The presence of an abasic site opposite the labeled guanine 

increased the reactivity of the labeled guanine 150% or 70% when the duplex DNA was 

treated with (±)-anti-BPDE or (-)-anti-BPDE, respectively (Figures 5.5C and 5.6C).  

 

5.4.4 Relative contributions of N2-BPDE-dG stereoisomers 
 
 The stereochemical compositions of N2-BPDE-dG adducts originating from the 

15N3, 13C1-guanine base paired to various cytosine analogs are shown as pie graphs in 

Figures 5.5 and 5.6. Four diastereoisomers of N2-BPDE-dG are formed when 

oligodeoxynucleotide duplexes are treated with (±)-anti-BPDE: (+)-trans-N2-BPDE-dG, 

(+)-cis-N2-BPDE-dG, (-)-trans-N2-BPDE-dG, and (-)-cis-N2-BPDE-dG (Figure 1.1). 

Two diastereoisomers of N2-BPDE-dG are formed when duplexes are treated with (-)-

anti-BPDE: (-)-trans-N2-BPDE-dG and (-)-cis-N2-BPDE-dG (Figure 1.1). Our density 

functional calculations suggest that BPDE assumes two preferred conformations (Figure 

5.7). In conformer I, the 7,8-hydroxyl groups of BPDE adopt a pseudodiequatorial 

conformation, while in conformation II the hydroxyl groups are in a pseudodiaxial  
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Figure 5.7 Preferred conformations of (-)-anti-BPDE (A and B) and (+)-anti-BPDE (C 
and D) determined by density functional calculations using the methods of Giese et al. 
(187). The 7,8-hydroxyl groups of conformer I are pseudodiequatorial and the 7,8-
hydroxyl groups of conformer II are pseudodiaxial. 
 

A      B 
 

   
 

C      D 

(-)-anti-BPDE   Conformer I (-)-anti-BPDE   Conformer II 

(+)-anti-BPDE   Conformer I (+)-anti-BPDE   Conformer II 

G = -625191.71 kcal/mol G = -625191.87 kcal/mol 

G = -625191.71 kcal/mol G = -625189.28 kcal/mol 
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conformation (Figure 5.7). The free energy of conformer I and conformer II are about 

equal for (-)-anti-BPDE (-625191.71 kcal/mol and -625191.87 kcal/mol, respectively), 

while conformer I is more stable by about 2.5 kcal/mol in free energy than conformer II 

for (+)-anti-BPDE (-625191.71 kcal/mol and -625189.28 kcal/mol, respectively). This 

is consistent with previous investigations (197,198). 

The nucleophilic substitution reaction between the N2-position of guanine and 

the C-10 position of BPDE can proceed via a concerted SN2-type mechanism, which 

results in inversion of stereochemistry at the reaction site or via an SN1 reaction through 

a carbocation triol intermediate (Figure 5.8). In typical reactions of BPDE with DNA, 

the trans-adducts predominate. The cis-adducts can also form via an SN1 mechanism or 

through two SN2 reactions that result in retention of stereochemistry at the C-10 of 

BPDE (Figure 5.8) (143,144). In the mechanism involving two SN2 reactions, the first 

reaction occurs by attack of the C-10 position of BPDE by a chlorine ion to open the 

epoxide and form a trans chlorohydrin (Figure 5.8) (143,144). The second SN2 reaction 

occurs by nucleophilic attack of guanine at the C-10 position of trans chlorohydrin to 

displace the chlorine ion and form the N2-BPDE-dG adduct (Figure 5.8) (143,144). The 

final result is retention of stereochemistry at the C-10 of BPDE (143,144). 

We found that the isomer contribution of the N2-BPDE-dG adducts formed at 

the 15N3, 13C1-labeled guanine was affected by the nature of the cytosine analog in the 

opposite strand (Figures 5.5, 5.6, 5.9, and 5.10). For guanine base paired with 

unsubstituted cytosine, the major N2-BPDE-dG adduct generated following (±)-anti-

BPDE treatment was (+)-trans-N2-BPDE-dG (89%), followed by (-)-trans-N2-BPDE-

dG (5%), (-)-cis-N2-BPDE-dG (4%), and (+)-cis-N2-BPDE-dG (2%). The same  
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Figure 5.8 Routes for formation of trans and cis adducts via SN2-type or SN1-type 
mechanisms or through trans chlorohydrin formation. 
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Figure 5.9 HPLC separation of N2-BPDE-dG diastereomers formed at the 15N3, 13C1-
labeled guanine when base paired with cytosine (A) or cytosine analogs (MeC, B; F-C, C; 
dNAP, D) following treatment with (±)-anti-BPDE. 
 
 5′-CCCGGCACCCGCGTCCGCG-3′ G = [15N3, 13C1-G] 
 3′-GGGCCGTGGGCGXAGGCGC-5′ X = cytosine analog 
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Figure 5.10 HPLC separation of N2-BPDE-dG diastereomers formed at the 15N3, 13C1-
labeled guanine when base paired with cytosine (A) or cytosine analogs (MeC, B; F-C, C; 
dNAP, D) following treatment with (-)-anti-BPDE. 
 
 5′-CCCGGCACCCGCGTCCGCG-3′ G = [15N3, 13C1-G] 
 3′-GGGCCGTGGGCGXAGGCGC-5′ X = cytosine analog 
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stereoisomer contribution [85-93% (+)-trans-N2-BPDE-dG, 4-6% (-)-trans-N2-BPDE-

dG, 2-5% (-)-cis-N2-BPDE-dG, and 1-5% (+)-cis-N2-BPDE-dG] was observed when 

target guanine was base paired to MeC, Et-C, N4Et-C, Cl-C, Br-C, or pyrrolo-C (Figure 

5.5). However, a slightly different isomer distribution was observed when guanine was 

base paired to F-C, I-C or Pr-C. For these modified base pairs, (+)-trans-N2-BPDE-dG 

still predominated, and the least abundant isomer was still (+)-cis-N2-BPDE-dG, but the 

amount of (-)-cis-N2-BPDE-dG was 1-4% greater than the amount of (-)-trans-N2-

BPDE-dG (Figure 5.5). A drastically different stereoisomeric composition was 

observed when the target guanine was opposite to Dft, dNAP, or an abasic site (Figure 

5.5C). For the guanine base paired to Dft, (+)-trans-N2-BPDE-dG and (+)-cis-N2-

BPDE-dG adducts were the major products (33% and 32%, respectively), while the 

minor products were (-)-trans-N2-BPDE-dG and (-)-cis-N2-BPDE-dG (18% and 17%, 

respectively) (Figure 5.5). When the target guanine was base paired to dNAP, the major 

products formed were (+)-trans-N2-BPDE-dG and (-)-trans-N2-BPDE-dG (39% and 

36%, respectively) while the minor products were (+)-cis-N2-BPDE-dG and (-)-cis-N2-

BPDE-dG (13% and 12%, respectively) (Figure 5.5). Reaction of the labeled guanine 

opposite the abasic site produced 46% (+)-cis-N2-BPDE-dG, which is normally a minor 

adduct, as well as 25% (+)-trans-N2-BPDE-dG, 18% (-)-cis-N2-BPDE-dG, and 11% (-)-

trans-N2-BPDE-dG (Figure 5.5). 

When the p53-derived oligodeoxynucleotide duplex containing a central 15N3, 

13C1-G:C base pair was treated with (-)-anti-BPDE, the major N2-BPDE-dG isomer 

generated at the labeled position was (-)-trans-N2-BPDE-dG (59%) and the minor 

isomer was (-)-cis-N2-BPDE-dG (41%) (Figure 5.6). The same trend in isomer 
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contribution was observed when isotopically tagged guanine was base paired to MeC, Et-

C, N4Et-C, Cl-C, Br-C, Dft, pyrrolo-dC, and dNAP [(-)-trans-N2-BPDE-dG, 55-75% 

and (-)-cis-N2-BPDE-dG, 25-45%] (Figure 5.6). This is consistent with published 

studies (198). In contrast, when 15N3, 13C1-labeled guanine was opposite to F-C, I-C, Pr-

C, or an abasic site, (-)-cis-N2-BPDE-dG (57-68%) became the main isomer (Figure 

5.6). These results indicate that the presence of the cytosine analogs can change the 

observed stereoisomer contribution at the labeled guanine, suggesting that the analogs 

influence the reaction mechanism by changing which reaction type (SN2 or SN1) is 

favored. 

 

5.4.5 Density functional study of the influence of cytosine substituents on cytosine 
analog:guanine base pairs  

 
In previous work, computational modeling using density functional theory was 

employed to characterize the geometry, electronic structure, and thermochemistry of the 

substituted cytosine and the substituted cytosine base paired to guanine (199). This 

work included the MeC, Et-C, F-C, Cl-C, Br-C, and Pr-C analogs. Here we have 

expanded on this by similarly modeling the N4Et-C, pyrrolo-C, Dft, and dNAP analogs 

(187,188). Most substitutions induced minimal structural changes to either the cytosine 

base or CG base pair and hydrogen bonds. This further supports the use of these 

substituents as analogs for MeC. The most important structural deviations are the Dft and 

dNAP analogs, which do not form a standard Watson-Crick base pair with guanine. To 

further probe possible base pair conformations, enol forms of both the guanine and the 

analog were considered but in no case were standard base pair orientations found. 
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To probe the influence of the substitutions on the reactivity of the N2-position of 

guanine, the nucleophilicity of this position was estimated using the model reaction of 

protonation at the N2-position of guanine in the presence of the analog. The free energy 

of this protonation (i.e. the gas phase basicity) has been used in other work to estimate 

reactivity toward alkylation (176,199). The optimization and analysis was limited as in 

previous work to first order, planar transition state structures (176,199). The model 

reaction along with hydrogen bond lengths and gas phase basicities are reported in 

Table 5.5. For the N4Et-C a planar structure comparable to the other analog base pairs 

was not found, so the gas phase basicity was estimated based on the single cytosine. 

Compared to the native cytosine, MeC, Et-C, Pr-C, and pyrrolo-C all predict the 

N2-position of guanine to be more nucleophilic, while F-C, Cl-C, Br-C, Dft, and dNAP 

indicate the N2-position of guanine to be less nucleophilic (Table 5.5). If BPDE adduct 

formation is dictated by the nucleophilicity of the N2-position of guanine, then the 

reactivity trend will correlate to the gas phase basicity. Comparison of these results with 

the relative reactivity results (Figures 5.5 and 5.6) reveal a different trend with 

increased guanine reactivity within Cl-C:G, Br-C:G and dNAP:G base pairs relative to a 

standard C:G base pair (compare Table 5.5, Figures 5.5 and 5.6). Similar to the previous 

work, we note that the proton within the N2-guanine/O2-cytosine hydrogen bond is 

transferred from the nitrogen to the oxygen for the MeC, Et-C, Pr-C, and pyrrolo-C 

analogs. This proton transfer may mimic the proton movement during alkylation of the 

N2-position of guanine.  
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Table 5.5 Density functional study of the influence of cytosine substituents on the 
hydrogen bonding geometry and gas phase basicity of a N2-protonated guanine:cytosine 
analog base pair. 
 

N

N

HN

N O

N2

N

NH

N

O2

H

H

H

H

H

X

N

N

HN

N O

N2

N

NH

N

O2

H

H

H

H

H

X

+ H+

BA

H  
Bond Length (Å) 

Substituent A B 
Gas Phase Basicity of 

the N2-amino of G  
(kcal/mol) 

Cytosine 1.676 1.033 213.9 
Me-C 1.689 1.029 216.4 
Et-C 1.692 1.028 217.2 
N4Et-C — — 216.9a 
F-C 1.154 1.394 210.3 
Cl-C 1.157 1.387 210.4 
Br-C 1.159 1.383 211.1 
I-C — — — 
Pr-C 1.688 1.029 216.7 
Dft — — 188.7 
 pyrrolo-C 1.781 1.019 217.6 
dNAP 1.047 1.845 196.0 
a Estimated based on gas phase basicity of the single cytosine (199). 
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5.4.6 Effect of cytosine analogs on interactions of a model polycyclic aromatic 
hydrocarbon with DNA 

 
(+)-Benzo[a]pyrene-7S-trans-7,8-dihydrodiol [(+)-BP78D] (Figure 5.11) was 

used as a model of (-)-anti-BPDE in fluorescence experiments to determine the effect of 

cytosine analogs on the intercalation of BPDE into DNA. (-)-Anti-BPDE could not be 

used in these studies because of its inherent reactivity and limited stability under our 

experimental conditions. Since (+)-BP78D has the same stereochemistry at the hydroxyl 

groups as (-)-anti-BPDE, (+)-BP78D is expected to intercalate into DNA duplexes 

similarly to (-)-anti-BPDE.  

Previous investigations have shown that the Stern-Volmer quenching constant 

(KSV) determined from fluorescence quenching of hydrocarbons by DNA is equal to the 

association constant of intercalation (KA) if the fluorescence lifetime of the hydrocarbon 

is the same in the presence and absence of DNA (189-193). The fluorescence lifetime of 

(+)-BP78D was determined in the absence and presence of duplex DNA containing the 

cytosine analogs (Pr-C, Dft, dNAP, MeC) to determine whether KSV equals KA under our 

experimental conditions. The fluorescence lifetime of (+)-BP78D was determined by 

fitting the decay profile with a single-exponential decay law, while the best fit of the 

decay profile for (+)-BP78D in the presence of DNA was obtained by fitting the decay 

profile with a double-exponential decay law. The short lived component in the sample 

containing DNA makes up less than 8% of the total population. The fluorescence 

lifetime of (+)-BP78D was the same in the absence and presence of DNA (Table 5.6); 

validating the use of Stern-Volmer plots to determine KA values for (+)-BP78D-DNA 

interactions. 
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Figure 5.11 Chemical structure of (+)-benzo[a]pyrene-7S-trans-7,8-dihydrodiol [(+)-
BP78D], which was used as a model compound of (-)-anti-BPDE in fluorescence 
quenching experiments. 
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Table 5.6 Fluorescence lifetimes of (+)-BP78D in the absence or presence of DNA 
containing cytosine analogs. 
 
 [DNA] = 0 µM [DNA] = 100 µM 
 τ (s) τ1 (s) τ2 (s) 
(+)-BP78D 27.8   
ds p53 exon 5 + (+)-BP78D  1.9 27.2 
ds p53 exon 5-MeC + (+)-BP78D  1.9 27.5 
ds p53 exon 5-Pr-C + (+)-BP78D  0.9 27.3 
ds p53 exon 5-Dft + (+)-BP78D  1.1 27.5 
ds p53 exon 5-dNAP + (+)-BP78D  0.5 27.0 
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The fluorescence intensity of (+)-BP78D was monitored in the absence and 

presence of increasing amounts of double stranded DNA to determine the KA of (+)-

BP78D and DNA using a Stern-Volmer plot (189,190,193,200). The same DNA 

duplexes as employed in reactivity studies, but lacking the 15N3, 13C1-label, were used in 

these studies (5′-CCCGGCACCCGCGTCCGCG-3′ + the complementary strand). A 

subset of cytosine analogs that were designed to increase intercalation (Pr-C, Dft, 

dNAP, MeC) were selected for this experiment. We found that the KA was similar for 

duplexes containing cytosine and MeC, but increased when Dft, dNAP or Pr-C were 

present in the duplex instead of native cytosine (Figure 5.12), suggesting that the 

designed analogs facilitate the formation of intercalative complexes between BPDE and 

double stranded DNA. 

 Low temperature non-line narrowing fluorescence spectroscopy was also used to 

determine the pre-covalent structure of (+)-BP78D-DNA complexes in collaboration 

with Dr. Jankowiak’s laboratory at Kansas State University (194,201,202). The non-line 

narrowing fluorescence spectra of (+)-BP78D in the presence of duplex DNA 

containing cytosine or MeC base paired to guanine revealed that the ratio of peak 

intensity at emission wavelength 422 nm and 389.9 nm was less for the duplex 

containing MeC (Figure 5.13). The decrease in the ratio of peak intensities indicated that 

a two-fold increase in intercalative complexes occurred when MeC was present in the 

duplex DNA (Figure 5.13). 
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Figure 5.12 Stern-Volmer plots of (+)-BP76D fluorescence intensity in the presence of 
increasing amounts of structurally modified oligodeoxynucleotide duplexes (Me = 5-
methylcytosine, Pr = 5-propynylcytosine, Dft = 2,4-difluorotoluene, dNAP = 
diaminonaphthyl-derived nucleoside). 
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Figure 5.13 Difference fluorescence emission spectra from excitation at 308 nm and 
346 nm of duplex DNA containing cytosine or MeC in the presence of (+)-BP78D. 
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5.5 Discussion 

Previous studies have revealed that endogenous cytosine methylation increases 

the reactivity of the N2-position of guanine in MeC:G base pairs towards BPDE and other 

PAH diol epoxides (49-51,169). However, the mechanism for the effect of MeC on 

BPDE-dG adducts yields at its partner guanine is not well understood. In the present 

investigation, a series of cytosine analogs (Figure 5.1) was used to determine the nature 

of chemical determinants responsible for MeC mediated effects on BPDE-dG adduct 

formation. 

For the majority of modified CG base pairs towards BPDE, the reactivity of the 

guanine base paired to the cytosine analog increased as compared to that of the standard 

GC base pair. Introduction of alkyl groups on cytosine increased the reactivity of (±)-

anti-BPDE and (-)-anti-BPDE towards is partner guanine (Figures 5.5A and 5.6A). N2-

BPDE-dG adduct yields were also increased when guanine was placed opposite Cl-C or 

Br-C in duplex DNA, while the relative reactivity decreased when guanine was base 

paired to F-C (Figures 5.5B and 5.6B). Guanine:I-C base pair had an increased 

reactivity when treated with (±)-anti-BPDE, but lower reactivity when treated with (-)-

anti-BPDE as compared to a cytosine:guanine base pair (Figures 5.5B and 5.6B). 

Structural analogs of cytosine designed to increase intercalation of BPDE into DNA 

(pyrrolo-C, Dft, dNAP) also increased relative reactivity of the target guanine towards 

BPDE, although the magnitude of this effect was dependent on BPDE stereochemistry 

(Figures 5.5C and 5.6C). Fluorescence experiments revealed that the presence of Pr-C, 

Dft and dNAP increased the association of a model compound of BPDE with the duplex 

DNA (Figure 5.12). 
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We hypothesized that the geometry and the electronic structure of the cytosine 

analogs could influence the reactivity of the base paired guanine towards BPDE (199). 

In an earlier study, Das et al. and Dannenburg et al. have shown through experimental 

and computational studies that alkylation of the N2-position of guanine by mitomycin C 

was enhanced by C-5 methylation of cytosine, with the methyl group donating electron 

density through the hydrogen bonds to the N2-position of base paired guanine (151,176). 

In contrast, F-C had the opposite effect on reactivity, since the electronegative fluorine 

substituent withdraws electron density from the cytosine, thereby decreasing the 

nucleophilicity and reactivity of the N2-position of guanine towards electrophiles 

(151,176). These studies suggest that the transmitted electronic effect may be an 

important factor in determining reactivity of alkylating agents, such as BPDE, at the N2-

position of guanine. In the current study, we investigated the electronic effect of the 

cytosine substituents on the CG base pair using density functional theory calculations. 

Based on these results (Table 5.5) (199), if the electronic effect plays a dominant role in 

the reaction of C:G base pairs towards BPDE, we would expect the following order of 

guanine reactivity toward BPDE when base paired to a cytosine analog: 

pyrrolo-C, N4Et-C, Et-C > Pr-C, MeC > C > Br-C > Cl-C, F-C > dNAP > Dft 

We observed a few similarities in the relative reactivity of guanine and the predicted 

reactivity based on electronic effects. The density functional study correctly predicted 

that MeC, Et-C, N4Et-C and pyrrolo-C would make the base paired guanine more 

reactive, while the guanine base paired to F-C is predicted to be less reactive than 

guanine base paired to cytosine (Table 5.5, Figures 5.5 and 5.6). However, some 

inconsistencies in the predicted and observed reactivates were also observed. The 
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guanine base paired to Pr-C was predicted to have a relative reactivity similar to MeC:G 

base pair, but instead has a relative reactivity similar to cytosine (Figures 5.5 and 5.6). 

Furthermore, the guanine base was predicted to be the least reactive when paired to 

dNAP and Dft, but was experimentally found to have increased adduct yields, 

especially when treated with (-)-anti-BPDE (Table 5.5, Figures 5.5 and 5.6). These 

results indicate that electronic factors alone cannot explain the observed reactivity 

trends. 

BPDE intercalation between base pairs of the DNA duplex is a required step for 

covalent adduct formation (203). Geacintov et al. previously showed that BPDE prefers 

to intercalate within oligodeoxynucleotide duplexes of poly(dG-MeC) (172). In the 

present study, (+)-BP78D was used as a stable model compound for (-)-anti-BPDE, 

since the later cannot be used in these experiments due to its reactivity towards DNA 

and limited stability in water. Fluorescence quenching studies with p53-derived DNA 

duplexes containing cytosine or MeC failed to reveal a difference in (+)-BP78D 

association with DNA (Figure 5.12). However, low temperature non-line narrowing 

fluorescence experiments performed in collaboration with Dr. Jankowiak’s group at 

Kansas State University suggest increased intercalation of (+)-BP78D when a C-5 

methyl group is present (Figure 5.13). Fluorescence experiments also reveal an 

increased (+)-BP78D fluorescence quenching for DNA duplexes containing MeC 

analogs designed to optimize π-π stacking interactions with BPDE (Pr-C, Dft, and 

dNAP) (Figure 5.12). Stacking interactions between the pyrene ring system of BPDE 

and the cytosine analogs within the intercalative complex may position the epoxy ring 

of BPDE in a favorable orientation for nucleophilic attack by the N2-amino group of the 
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base paired guanine leading to increased N2-BPDE-dG adduct yields observed 

experimentally (Figures 5.5 and 5.6). Figure 5.14A depicts a potential intercalated 

conformation of a BPDE-DNA complex with favorable orientation for N2-BPDE-dG 

adduct formation. Increased intercalation of BPDE at the cytosine analog:guanine base 

pair may lead to increased N2-BPDE-dG adduct yields at this site. Interestingly, 

although Pr-C containing DNA exhibits a strong association with (+)-BP78D (Figure 

5.12), the guanine base paired to Pr-C does not display increased reactivity towards 

BPDE (Figures 5.5 and 5.6). It is possible that the propynyl substituent sequesters 

BPDE in the major groove of DNA at the cytosine site of the Pr-C:G base pair, 

preventing the formation of an intercalated BPDE-DNA complex with favorable 

orientation for reaction at guanine.  

In our studies with (±)-anti-BPDE, we observed that the (+)-trans-N2-BPDE-dG 

adduct was the major product when the target guanine was base paired to all the 

cytosine analogs, with the exception of Dft, dNAP, and the abasic site (Figure 5.5). 

When the standard cytosine base paired to the target guanine was treated with (±)-anti-

BPDE, the reaction yielded 89% (+)-trans-N2-BPDE-dG, 5% (-)-trans-N2-BPDE-dG, 

4% (-)-cis-N2-BPDE-dG, and 2% (+)-cis-N2-BPDE-dG at the target guanine (Figure 

5.5). When the same duplex was treated with (-)-anti-BPDE, 59% (-)-trans-N2-BPDE-

dG and 41% (-)-cis-N2-BPDE-dG was produced at the labeled guanine (Figure 5.6).  A 

similar contribution of N2-BPDE-dG diastereoisomers was observed when the target 

guanine was base paired to a cytosine analog containing an alkyl, bromo or chloro 

substituent at C-5 or pyrrolo-C (Figures 5.5 and 5.6), suggesting that BPDE goes 

through a similar transition state geometry when it reacts with guanine base paired to  
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Figure 5.14 Intercalation of two preferred conformers of (-)-anti-BPDE above a MeC:G 
base pair prior to nucleophilic attack to form a covalent bond with the N2-position of 
guanine. (A) Intercalation of (-)-anti-BPDE with pseudodiequatorial hydroxyl groups 
and the epoxide above the plane of the BPDE. (B) Intercalation of (-)-anti-BPDE with 
pseudodiaxial hydroxyl groups and the epoxide above the plane of the BPDE. (C) 
Intercalation of (-)-anti-BPDE with pseudodiequatorial hydroxyl groups and the 
epoxide below the plane of the BPDE. (D) Intercalation of (-)-anti-BPDE with 
pseudodiaxial hydroxyl groups and the epoxide below the plane of the BPDE. 
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these analogs (MeC, Et-C, N4Et-C, Br-C, Cl-C or pyrrolo-C) or guanine base paired to 

cytosine.  

The major trans adducts can form via an SN2 or SN1-type mechanism, with an 

inversion of stereochemistry at the reaction site (the C-10 of BPDE) (Figure 5.8). The 

conformation of BPDE can also favor formation of the trans adducts. Density 

functional calculations revealed that each isomer of BPDE exists in two low energy 

conformations (Figure 5.7). In conformer I, the 7,8-hydroxyl groups of BPDE adopt a 

pseudodiequatorial orientation, such that the C-10 position of epoxide in BPDE is open 

for SN2 attack by the N2-position of guanine (Figure 5.14A). In conformer II, the 7,8-

hydroxyl groups of BPDE are in a pseudodiaxial conformation, making the C-10 

position of BPDE sterically hindered and less accessible for SN2-type nucleophilic 

attack by the N2 of guanine (Figure 5.14B). Intercalation of this conformer may instead 

favor reaction via an SN1 mechanism with formation of a carbocation triol intermediate 

(Figure 5.8). Reaction of (±)-anti-BPDE with the target guanine base paired to cytosine, 

MeC, Et-C, N4Et-C, Br-C, Cl-C or pyrrolo-C produced an isomer contribution of 85-

93% (+)-trans-N2-BPDE-dG and 1-5% (+)-cis-N2-BPDE-dG (Figure 5.5). This is 

consistent with density functional studies that predict conformer I of (+)-anti-BPDE to 

be about 2.5 kcal/mol in free energy more stable than conformer II (-625191.71 

kcal/mol and -625189.28 kcal/mol, respectively), favoring the formation of the SN2 

product [(+)-trans-N2-BPDE-dG]. In contrast, reaction of (±)-anti-BPDE and (-)-anti-

BPDE with the target guanine base paired to cytosine, MeC, Et-C, N4Et-C, Br-C, Cl-C, 

or pyrrolo-C produced similar amounts of (-)-trans-N2-BPDE-dG and (-)-cis-N2-BPDE-

dG [(±)-anti-BPDE, 4-6% and 2-5%; (-)-anti-BPDE, 56-63% and 37-44%] (Figures 5.5 
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and 5.6). This is also consistent with the density functional study, which found that the 

free energies of conformers I and II for (-)-anti-BPDE are similar (-625191.71 kcal/mol 

and -625191.87 kcal/mol, respectively). 

Small differences in the isomer contribution, which favored formation of (-)-cis-

N2-BPDE-dG, where observed when the target guanine was base paired to F-C, I-C, or 

Pr-C. Formation of (-)-cis-N2-BPDE-dG (5-8%) was greater than formation of (-)-trans-

N2-BPDE-dG (4-5%) when the target guanine was opposite F-C, I-C, and Pr-C 

following treatment with (±)-anti-BPDE (Figure 5.5). The relative contribution of (-)-

cis-N2-BPDE-dG adducts was elevated to 57-68% when the target guanine was base 

paired to the cytosine analogs F-C, I-C, and Pr-C following treatment with (-)-anti-

BPDE (Figure 5.6).  

The typically minor cis adducts can form through a carbocation mediated SN1-

type mechanism or through a trans chlorohydrin intermediate, since our reactions were 

carried out in 50 mM sodium chloride (Figure 5.8) (143,144). Meehan et al. have shown 

that the yields of cis-N2-BPDE-dG adducts are increased with increased chloride 

concentration (144). Preliminary studies in our laboratory using DNA that was not 

desalted prior to the experiment produced increased amounts of cis adducts (Figure 

5.15). In the current study, it was essential that all oligodeoxynucleotide strands were 

carefully desalted prior to annealing to ensure identical salt concentration during 

treatment with BPDE. Therefore, the increase in the contribution of  (-)-cis-N2-BPDE-

dG adducts observed for some analogs is not due to variations in salt concentration.  

However, the orientation of the BPDE isomers in their complex with DNA can 

bias the formation of cis adducts over trans adducts as observed when the target  
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Figure 5.15 Influence of chloride ions on relative contributions of (-)-trans-N2-BPDE-
dG and (-)-cis-N2- BPDE-dG adduct number at the isotopically tagged guanine 
observed when non-desalted double stranded DNA duplexes derived from p53 exon 5 
(5′-CCCGGCACCCGC[15N3, 13C1-G]TCCGCG-3′) were treated with (-)-anti-BPDE 
and quantitated by HPLC-ESI-MS/MS.  
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guanine was base paired to F-C, I-C or Pr-C (Figures 5.5 and 5.6). Each conformation 

of the two BPDE isomers can intercalate in two different orientations. BPDE can 

intercalate with the epoxide pointing above the plane of the molecule and away from the 

target guanine (Figure 5.14A), correctly orienting the molecule for nucleophilic attack 

by the N2-position of guanine. As discussed above, this orientation would favor an SN2-

type reaction and the formation of trans-BPDE-dG adducts. In addition, BPDE can also 

intercalate with the epoxide pointing below the plane of the molecule and toward the 

target guanine (Figure 5.14C and 5.14D). In this orientation, reaction with the target 

guanine base could only occur through a carbocation intermediate, producing cis or 

trans adducts. The presence of the cytosine analogs, F-C, I-C, and Pr-C, may influence 

the transition state geometry and bias the reaction toward the formation of (-)-cis-N2-

BPDE-dG adducts (Figures 5.5 and 5.6). 

The drastic changes in N2-BPDE-dG stereoisomer contribution observed for 

DNA duplexes containing cytosine analogs that are likely to affect the stability of the 

base pair with guanine (i.e. Dft, dNAP, or an abasic site) (Figures 5.5 and 5.6) are 

evidence that for these structural modifications, the BPDE reaction with DNA occurs 

through a different transition state geometry. For the standard G:C base pair the major 

isomer formed is (+)-trans-N2-BPDE-dG. However, reaction of the guanine base paired 

to dNAP leads to an increased contribution of (-)-trans and (-)-cis adducts, consistent 

with the 8-fold increase in reactivity of (-)-anti-BPDE with the target guanine as 

compared to the 2-fold increase in reactivity of (±)-anti-BPDE (Figures 5.5 and 5.6). 

Furthermore, the increase in the contribution of (+)-cis-N2-BPDE-dG adducts suggests 

that it is unfavorable for (+)-anti-BPDE to react though an SN2-type mechanism, which 
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may be due to decreased intercalation of (+)-anti-BPDE or reaction occurring through 

an external transition state. 

The isomer contribution of the guanine base paired to Dft when treated with (-)-

anti-BPDE is similar to that of the unsubstituted C:G base pair (Figure 5.6). In contrast, 

a drastically different isomer contribution, with the minor adducts predominating, was 

observed at the target guanine opposite Dft when the oligodeoxynucleotide was treated 

with (±)-anti-BPDE (Figure 5.5). The relative reactivity of the target guanine opposite 

Dft suggests that the (+)-anti-BPDE is less reactive than the (-)-anti-BPDE, resulting in 

a smaller contribution of the (+)-trans and (+)-cis adducts. Dft is known to strongly 

stack with neighboring bases in the DNA duplex (204), and we observed increased 

association of (+)-BP78D with Dft containing DNA (Figure 5.12). Therefore, we 

hypothesize that Dft decreases the intercalation of (+)-anti-BPDE, thereby decreasing 

the (+)-trans and (+)-cis adduct contributions. 

The presence of an abasic site opposite the target guanine also changed the 

observed isomer contribution. An increase in the contribution of cis adducts was 

observed at the target guanine when the oligodeoxynucleotide was treated with (±)-anti-

BPDE or (-)-anti-BPDE (Figures 5.5 and 5.6), suggesting a preference for reaction 

through the SN1-type mechanism. The void resulting from an abasic site opposite the 

target guanine may change the structure of the pre-covalent BPDE-DNA complex and 

favor reaction through a carbocation intermediate.  

 To summarize, we have conducted a systematic study of the effects of C-5 

cytosine substituents and related structural analogs on the reactivity of CG base pairs 

towards the diol epoxide metabolite of the important environmental carcinogen B[a]P. 
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Our results are biologically relevant because cytosine methylation at C-5 is an important 

endogenous base modification that influences gene expression (161) and appears to 

govern the formation of smoking-induced lung cancer mutational hotspots in the p53 

tumor suppressor gene (51). Our results demonstrate an increase in relative reactivity of 

guanine base paired to the majority of the cytosine analogs considered in this study 

towards BPDE, as well as an increased physical complex formation between BPDE and 

DNA. Density functional studies reveal that the electronic properties of the modified 

C:G base pair are affected by the C-5 cytosine substituent, but that these changes alone 

do not predict reactivity. We conclude that C-5 methylation on cytosine increases the 

yields of N2-BPDE-dG lesions at the base paired guanine mostly by facilitating the 

formation of pre-covalent intercalative complexes with BPDE. Additionally, the 

conformation and orientation of BPDE when it intercalates between DNA base pairs 

may change the adduct yields and stereochemistry. The presence of the cytosine analogs 

is likely to shift the preferred BPDE conformation and orientation within the BPDE-

DNA complex due to steric or hydrophobic interactions and therefore change the 

stereochemical composition of the resulting N2-BPDE-dG adducts. 



 

 173 

VI. SUMMARY AND CONCLUSION 

Lung cancer is the leading cause of cancer death for both men and women in the 

U.S. (1). Exposure to carcinogens present in tobacco leads to DNA damage and 

mutations that initiate the pathways leading to lung cancer (3). Tobacco smoke contains 

over 60 known carcinogens (5). Many of these carcinogens are metabolically activated 

by cytochrome P450 monooxygenases to electrophiles that react with DNA to produce 

DNA adducts (10-13,20). If not repaired, DNA adducts can cause mutations, which may 

result in a loss of control over cell growth, unregulated cell proliferation, and tumor 

initiation. A specialized repair protein, O6-alkylguanine DNA alkyltransferase (AGT), 

directly repairs O6-alkyl-dG adducts induced by tobacco-specific nitrosamines, thereby 

preventing the accumulation of mutagenic DNA lesions.  

Two important targets for DNA adduct formation and mutations induced by 

tobacco carinogens are the K-ras proto-oncogene and the p53 tumor suppressor gene 

(3). Mutations in these genes lead to improperly functioning proteins that alter the cell 

cycle and lead to a loss of control over cell growth and proliferation (27-29). These 

genetic changes are present in smoking-induced lung tumors and correlate with 

exposure to tobacco smoke, suggesting that they are caused by exposure to tobacco 

carcinogens (32-35,96-101). Interestingly, the mutations in the K-ras and p53 genes are 

not distributed randomly, suggesting that certain sites within gene sequences are more 

prone to adduct formation and/or persistence (32,33,132). In particular, lung cancer p53 

mutational “hotspots” are observed at endogenously methylated CG dinucleotides (4). 

We have developed a mass spectrometry based methodology to examine the 

kinetics of AGT repair of O6-alkyl-dG lesions as a function of local sequence context 
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and in the presence of neighboring 5-methylcytosine (Chapters II and III). Our results 

reveal that the identities of neighboring nucleosides have only a moderate effect on 

AGT repair rates of O6-Me-dG within K-ras gene-derived duplexes, suggesting that O6-

Me-dG repair by AGT is not the determining factor for K-ras codon 12 mutagenesis 

following exposure to methylating agents (Chapter II, Figure 2.7). Other factors such as 

preferential adduct formation, mispairing, or mutant selection for growth, may be 

responsible for the observed mutational specificity.  

All CG dinucleotides within the coding sequence of the p53 tumor suppressor 

gene are endogenously methylated, and the same sites, e.g. codons 158, 245, 248, and 

273, are targeted for mutations in smoking induced lung cancer (4). We found that the 

presence of a neighboring MeC influences the rate of AGT-mediated repair of O6-Me-dG 

(Chapter III). In the context of the p53 codons 245 and 248, the presence of 

neighboring MeC resulted in a decreased rate of repair of O6-Me-dG lesions (Chapter 

III). These results suggest that O6-Me-dG adducts that occur at endogenously 

methylated CpG islands in the p53 gene may not be efficiently repaired by AGT, 

thereby contributing to mutagenesis at these sites. Furthermore the effect of MeC on 

repair of O6-Me-dG lesions is thought to be attributed to differences in the rates of alkyl 

transfer, since MeC does not affect AGT-DNA binding or AGT-mediated nucleotide 

flipping (Chapter III). 

N2-BPDE-dG adducts of benzo[a]pyrene derived diol epoxides are preferentially 

formed at endogenously methylated mutational hotspots sites within the p53 tumor 

suppressor gene (50,51,169). The mechanism for the increased reactivity of BPDE 

towards methylated CG dinucleotides was investigated (Chapter V). The reaction of 
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BPDE with DNA is a multi-step process that may involve pre-covalent binding of 

BPDE to DNA grooves, followed by BPDE intercalation into the DNA duplex, 

formation of a reactive conformation with the exocyclic amine of guanine, and chemical 

reaction to form covalent BPDE-dG adducts. By utilizing a number of cytosine analogs 

(Figure 5.2), we were able to analyze the effects of sterics and electronics, as well as 

intercalative complex formation on the reaction of DNA with BPDE (Chapter V). We 

have found that the increase in reactivity of guanine at MeC:G sites is due to the 

influence of the methyl substituent on the formation and geometry of BPDE-DNA 

complexes, as well as the orientation of BPDE in the intercalative complex (Chapter V).  

In summary, repair of O6-Me-G lesions was found to be sequence dependent and 

influenced by the presence of endogenous cytosine methylation in the context of 

mutational hotspots observed in the K-ras gene and the p53 gene of smoking induced 

lung cancer. Furthermore, the formation of BPDE-dG adducts is modulated by the 

presence of endogenous cytosine methylation, which may be due to increased pre-

covalent interactions and intercalation of BPDE at MeCG sites in the DNA duplex. The 

current work demonstrates that DNA sequence context and endogenous cytosine 

methylation can control DNA adduct formation and repair. 
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VII. FUTURE WORK 

7.1 Cytosine methylation effect on the repair of O6-POB-dG lesions in CG 
dinucleotides 

 
 Following metabolic activation to methyl and pyridyloxobutyl diazohydroxides, 

the tobacco-specific nitrosamine NNK can react with DNA to form covalent adducts 

(Chapter I, Figure 1.2). The resulting O6-Me-dG and O6-POB-dG lesions are mutagenic 

due to their strong mispairing characteristics. Increased O6-alkyl-dG adduct formation 

or decreased adduct repair at specific sites in the genome can lead to mutational 

“hotspots”. We have shown that endogenous cytosine methylation within the p53 tumor 

suppressor gene can lead to a decreased rate of repair of O6-Me-G by AGT, suggesting 

that O6-Me-dG accumulation at endogenously methylated CG dinucleotides may 

contribute to mutagenesis at these sites (Chapter III). However, limited work has been 

done so far to determine the effect of cytosine methylation on AGT-mediated repair of 

O6-POB-dG adducts (80,90). Previous studies investigating the rate of AGT repair of 

O6-POB-dG adducts in DNA duplexes derived from the H-ras proto-oncogene revealed 

that repair rates were strongly influenced by DNA sequence context (80,90), suggesting 

that is can also be mediated by neighboring 5-methycytosines. 

 The current methods developed in our laboratory to determine the rate of AGT-

mediated repair of O6-Me-G lesions will be applied to studies investigating the effect of 

cytosine methylation on the rate of AGT-mediated repair of O6-POB-G lesions 

(124,140). Oligodeoxynucleotides containing a single O6-POB-G lesion in the context 

of a p53-derived sequence containing codon 158, 245, or 248 with or without 

neighboring MeC have already been synthesized following previously published 
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methods (205). The oligodeoxynucleotide duplexes will be incubated with human 

recombinant AGT protein and the rates of repair will be determined using isotope 

dilution HPLC-ESI-MS/MS analysis (52,124,140). The results of the current and future 

work will help establish the role of endogenous cytosine methylation on O6-alkyl-dG 

repair by AGT in CG dinucleotides (140). 

 

7.2 Molecular dynamic simulations of BPDE intercalated into DNA 

 Endogenous cytosine methylation has been shown to increase the reactivity of 

neighboring guanine bases towards carcinogens and DNA alkylating drugs (51,54,146-

156). A major target for DNA adduct formation and mutation following exposure to 

tobacco smoke is the p53 tumor suppressor gene, which contains endogenous 5-

methylcytosine at all the CG dinucleotides within exons 5-8. N2-BPDE-dG adducts 

(Chapter I, Figure 1.5) have been shown to form preferentially at the MeCG sites within 

the p53 gene which are also known mutational hotspots in smoking induced lung cancer 

(50,51,169). Our studies so far suggest that the increased N2-BPDE-dG adduct 

formation at MeC:G base pairs is a result of pre-covalent interactions of BPDE with the 

methyl group of MeC and increased BPDE intercalation at MeCG sites (Chapter V). 

In order to characterize the structure and energies of BPDE-DNA complexes in 

the presence and in the absence of MeC, we will employ several molecular modeling 

techniques. To estimate the overall affinity of the BPDE for the MeC:G site, docking 

techniques will be carried out using AutoDock (206). DNA structures selected from the 

PDB Data Bank and containing intercalated compounds, such as ellipticine and 

cryptolepine, at MeCG/CG and MeCG/AT base pair stacks will be used. The intercalated 
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compound will be removed, and BPDE will be docked into the intercalation site. Our 

density functional studies have revealed that the isomers of BPDE exist in two low 

energy conformations (Figure 5.7), both of which will be used in these studies. The 

selection of the best docking hits will be based on interaction free energies (as estimated 

by the AutoDock scoring function) and the proximity of the reacting moieties. To 

improve the models, we will carry out a set of relaxation cycles involving simulated 

annealing and conjugate gradient minimization using an implicit solvent model (GBSA) 

as implemented in the AMBER molecular simulation package (207). The free energies 

of interaction obtained from molecular dynamics using the GBSA implicit solvent 

model will be used as a first estimate for the differential reactivity of BPDE 

enantiomers at the guanine base paired to cytosine or MeC. The difference between the 

free energies of binding will be improved using free energy perturbation (FEP) method 

on a much more computationally expensive, fully solvated DNA-BPDE complexes. 

These studies should reveal possible complexes that the BPDE and DNA may 

form during intercalation of the carcinogen.  In conjunction with the experimental work, 

the computational studies will help to elucidate the structural details of the mechanisms 

by which endogenous cytosine methylation increases reactivity of neighboring 

guanines. 

 

7.3 Effect of cytosine C-5 substituents on the formation of DNA adducts by other 
PAHs 

 
 Polycyclic aromatic hydrocarbons (PAHs) are produced from incomplete 

combustion of organic materials and are present in cigarette smoke. Metabolic 
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activation of PAHs produces electrophilic diol epoxides that react with DNA to form 

DNA adducts. Previous studies have shown that DNA adducts formed from reaction of 

DNA with BPDE, the ultimate carcinogen of B[a]P, are promutagenic and lead to tumor 

initiation in animal models (208). The presence of endogenous cytosine methylation 

leads to increased adduct formation at neighboring guanines in MeCG sites (50,51,169). 

Our studies described in Chapter V suggest that increase N2-BPDE-dG adduct 

formation is a result of hydrophobic interactions of BPDE with the methyl group of MeC 

and increased intercalation at MeCG sites. Continued work will determine whether 

endogenous cytosine methylation also increases the reactivity of neighboring guanines 

towards other PAH diol epoxides. 

The environmental pollutant benzo[c]phenanthrene (B[c]Ph) is metabolically 

activated to benzo[c]phenanthrene-3,4-diol 1,2-epoxide (B[c]PhDE) which then reacts 

with DNA to form guanine and adenine adducts (Figure 7.1). Agarwal et al. showed 

that the major guanine adducts formed following reaction of B[c]PhDE with guanine 

were the trans-adducts (209). Our preliminary studies with B[c]PhDE, using isotope 

labeling mass spectrometry methodology developed in our group revealed that the 

presence of MeC increases the reactivity of the base paired guanine in a p53-derived 

sequence (Figure 7.2). When C-5 halogenated cytosine analogs were base paired to 

guanine, the results were similar to those observed when BPDE reacted with the base 

paired guanine (Figure 7.2 and Figure 5.5). These preliminary findings suggest that 

endogenous cytosine methylation also increases reaction of other PAH metabolites with 

guanines at MeCG sites and may be a result of hydrophobic interactions of the 

carcinogen with the methyl group of MeC. In our future experiments additional cytosine 
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analogs (Figure 5.2) base paired to the target guanine will be used to probe the 

mechanism of reactivity and the isomer contribution of the adducts will be determined. 

These studies will include additional PAH diol epoxides, such as 1,2-dihydroxy-3,4-

epoxy-5-methyl-1,2,3,4-tetrahydrocyrysene, 11,12-dihydroxy-13,14-epoxy-

11,12,13,14-tetrahydrobenzo[g]chrysene, and 11,12-dihydroxy-13,14-epoxy-

9,10,11,12-tetrahydrodibenzo[a,l]pyrene (Figure 7.3), to determine the effect of 

endogenous cytosine methylation on adduct formation resulting from reaction with 

other known carcinogenic PAH metabolites. 
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Figure 7.1 Metabolic activation of benzo[c]phenanthrene to diol epoxide leading to the 
formation of N2-BPhDE-dG adducts. 
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Figure 7.2 Relative formation of N2-BPhDE-dG at guanine base paired to a cytosine 
analog in a double-stranded DNA sequence derived from p53 exon 5 treated with (±)-
anti-BPhDE. 
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