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ABSTRACT OF THE DISSERTATION 

 
Chemical and Biological Studies of DNA Carboxymethylation 

 
by 
 

Jianshuang Wang 
 

Doctor of Philosophy, Graduate Program in Chemistry 
University of California, Riverside, March 2011 

Dr. Yinsheng Wang, Chairperson 
 
 

Chemical modification of DNA is of interest in toxicology and in evaluating 

human health risks associated with exposure to chemical carcinogens. Formation of 

various DNA adducts is considered an initial step for chemical species to exert their 

genotoxicity. DNA carboxymethylation has been suggested to be an important 

etiological factor in development of gastrointestinal cancers. In this dissertation, I 

focused on developing synthetic methods for preparation of novel carboxymethylated 

DNA lesions and incorporation of these lesions into oligodeoxyribonucleotides (ODNs) 

for biological studies. I also developed an LC-MS-based analytical method for 

identification of carboxymethylated DNA lesions formed in isolated DNA and in 

cultured human cells. The mutagenic and cytotoxic properties of these lesions in vivo 

were assessed by a newly developed next-generation sequencing (NGS) method. 

Chapters 2 and 3 described the synthetic methods developed for synthesizing four 



 x

novel carboxymethylated DNA lesions: N4-carboxymethyl-2’-deoxycytidine 

(N4-CMdC), N3-carboxymethylthymidine (N3-CMdT), O4-carboxymethylthymidine 

(O4-CMdT) and N6-carboxymethyl-2’-deoxyadenosine (N6-CMdA). By using 

LC-MS/MS, I confirmed that these lesions could be induced in calf thymus DNA 

treated with potassium diazoacetate (KDA). I also extended these synthetic methods to 

the preparation of lesion-carrying phosphoramidite derivatives, which allowed for the 

site-specific incorporation of these lesions into ODNs, and confirmed the identities of 

these ODNs by tandem mass spectrometry. Chapter 4 described the synthesis of stable 

isotope-labeled, carboxymethylated nucleoside derivatives which could serve as 

internal standards for future quantification study. With the use of these standards and 

LC-MS/MS, I found that O4-CMdT and N6-CMdA could be induced in human kidney 

epithelial cells (HEK 293T/17) upon exposure to azaserine. In Chapter 5, we developed 

a high-throughput method for examining the mutagenic and cytotoxic properties of 

carboxymethylated DNA lesions in cells. Our results illustrated that N3-CMdT induces 

predominantly T A transversion mutation while O4-CMdT induces T C transition 

mutation. Taken together, the combined chemical and biological approaches developed 

in this dissertation improved significantly our understanding of the biological 

implications of DNA carboxymethylation.  
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CHAPTER 1  DNA Carboxymethylation Induced by N-Nitroso Compounds and 

Its Biological Implications 

 

1.1 Introduction 

 

Chemical modification of DNA is of interest in toxicology and in evaluating 

human health risks associated with exposure to chemical carcinogens. Formation of 

various DNA adducts is considered an initial step for chemical species to exert their 

genotoxicity. In this dissertation, research is mainly focused on a specific type of DNA 

modification, namely, carboxymethylation, where a carboxymethyl moiety is 

covalently bonded to an oxygen or nitrogen atom at various positions of nucleobases. 

DNA carboxymethylation is mainly induced upon exposure to endogenous and 

exogenous sources of N-nitroso compounds (NOCs) (1, 2), and it has been 

hypothesized as a potential etiological factor for gastrointestinal carcinogenesis (3). 

NOCs are characterized by a nitroso group (-N=O) being bonded to a nitrogen atom 

and are capable of inducing a diverse array of DNA adducts (4). NOCs that can be 

considered as N-carboxymethyl-N-nitroso derivatives are potential carboxymethylating 

agents. Since the 1980s, a series of carboxymethylated DNA adducts have been shown 

to form in vitro and in vivo, and a number of carboxymethylating agents have been 
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uncovered. 

Initial toxicological and biological studies have concentrated on 

O6-carboxymethyl-2’-deoxyguanosine (O6-CMdG) since alkylation at O6 position of 

guanine is known to give rise to DNA adducts. O6-methyl-2’-deoxyguanosine 

(O6-MedG) is a highly mutagenic DNA adduct and subject to repair by 

O6-methylguanine methyltransferase (MGMT) (1); however, O6-CMdG cannot be 

repaired by MGMT (1, 5). In addition, the cytotoxicity of azaserine, a model 

carboxymethylating agent, is thought to be elicited by its effect on carboxymethylation, 

but not methylation (5). Moreover, replication of potassium diazoacetate (KDA, a 

carboxymethylating agent)-treated, human p53 gene-containing plasmid in yeast cells 

gave rise to a mutation spectrum that is distinct from that induced by 

N-methyl-N-nitrosourea (MNU, a methylating agent) (3). Importantly, the types and 

frequencies of non-CpG mutations in human p53 gene induced by KDA are strikingly 

similar to those found in stomach and colorectal cancers. Therefore, this study suggests 

that DNA carboxymethylation might be potentially involved in the early stage of 

gastrointestinal cancer development. 

Although DNA carboxymethylation has been known for almost three decades, we 

are still in the relatively early stage of studies about chemistry of this modification and 

about the replication and repair of these carboxymethylated DNA lesions. The goal of 
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this chapter is to summarize our current understanding about DNA carboxymethylation. 

 

1.2. The Chemistry of DNA Carboxymethylation 

 

1.2.1. Human exposure to N-nitroso compounds 

N-nitroso compounds are ubiquitously present in the human environment, 

although at a very low level. Humans are exposed to NOCs and their precursors in 

tobacco smoke, as well as from occupational, dietary and other environmental sources. 

For example, NOCs are found in tanneries and plants manufacturing pesticides, rubber 

products and tires (6, 7). The most abundant NOCs present in the diet are non-volatile 

N-nitrosated amino acids and amino acid derivatives such as N-nitrosated glycine (8), 

and they are mainly found in smoked and nitrate-cured meats, dried and smoked fish, 

seafood and smoked cheese (9). Other sources of NOCs are pharmaceuticals, toiletry 

and cosmetic products, and other household products such as detergents and pesticides 

(8). 

In addition to exogenous sources, in vivo formation of NOCs was estimated to 

account for 45-75% of total human NOC exposure (8). The endogenous transformation 

of amines to NOCs in laboratory animal and humans is well known. Many nitrogenous 

dietary precursors can be converted to NOCs through nitrite-derived nitrosation (4). 

The principal reactions involved in this process are shown in Scheme 1-1. For nitrite to 
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induce nitrosation, it must be acidified to form nitrous acid (HNO2). On one hand, 

nitrous acid dimerizes to form N2O3 with the loss of water, and the resulting N2O3 

reacts with amines to give NOCs; on the other hand, nitrous acid can be protonated to 

yield H2NO2
+ which preferentially reacts with amides to yield nitrosamides (4). Owing 

to the importance of acidic environment in the generation of NOCs from nitrite, the 

acidic gastric compartment is expected to be the major site for nitrite-derived 

nitrosation in humans (10, 11). 

Other than nitrite-induced nitrosation, mammalian cell-mediated nitrosation and 

bacterial nitrosation are two other major pathways for endogenous generation of NOCs. 

Many types of mammalian cells produce NO via a common biochemical pathway 

involving oxidation of an ω-nitrogen of L-arginine by NO synthesis (NOS) in the 

presence of O2 and co-enzyme NADPH (12, 13). Being a signaling molecule, NO 

formed in vivo has important biological functions (14). However, under certain 

conditions such as intense physical activity and immunostimulation, cells exhibit 

elevated endogenous NO synthesis, which may stimulate the generation of nitrosating 

species (15-17).  
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Some bacteria inhabiting gastrointestinal tract can also evoke the nitrosation of 

secondary amines at neutral pH (18), where the cytochrome cd1-nitrite reductase may 

catalyze nitrosation through the production of NO or NO-like species (19). Bacterial 

nitrosation at neutral pH is inhibited by ascorbic acid (20) and cysteine (21), suggesting 

that the nitrosating species are most likely N2O3 or N2O4 produced via an NO 

intermediate. For example, Escherichia coli reduces nitrite to NO and small amount of 

N2O under anaerobic conditions; under aerobic conditions, nitrosating agents are 

produced and they are presumably N2O3 and N2O4 (22).  

Several reviews summarized the mechanism by which NOCs exert their biological 

effects and their relevance to human cancers (23, 24). NOCs exhibit wide tissue 

specificity, and chemical modification of DNA induced by NOCs is thought to be the 

initial step of carcinogenesis (4).  

 

1.2.2. DNA caboxymethylation induced by N-nitroso compounds 

NOCs are known alkylating agents, and O6-MedG is a characteristic mutagenic 

and toxic adduct induced by N-methyl-N-nitroso compounds. As described above, 

NOCs that can be considered as N-carboxymethyl-N-nitroso derivatives are potential 

carboxymethylating agents. Scheme 1-1 illustrates an example of in vivo formation of 

NOCs that are carboxymethylating agents. Once N-carboxymethyl-N-nitroso 

compounds are generated, they can undergo decomposition in stomach or move to 
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other organs. The diffusion is mediated by a combined effect of their stability and 

surrounding pH (11). It is well known that N-nitrosamines (as alkylating agents) 

require metabolic activation by cytochrome P450 enzyme to give 

α-hydroxynitrosamines as the initial step of alkylation, and nitrosamides are converted 

to alkylating species by chemical, non-enzymic reactions. However, the detailed 

mechanism of carboxymethylation remains largely unknown, and it was hypothesized 

that carboxymethylation occurs through a highly reactive intermediate, diazoacetate (2, 

25). A representative mechanism based on nitrosamide and nitrosated primary amine is 

displayed in Scheme 1-2. The intermediates are proposed structures and have not been 

formally characterized, and other type of carboxymethylating agents may also require 

metabolic activation to initiate the decomposition.  
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It is of note that intermediates 2a and 2b in Scheme 1-2 are diazoates which 

possess a Z or E conformation. Fishbein et al. (26) previously demonstrated that in 

general simple (E)-alkanediazoates decompose with rate-limiting N-O bond heterolysis 

yielding diazonium ions that are diffusionally equilibrated intermediates. 

Decomposition of (Z)-diazoates requires acid catalysis to enable proton transfer to 

oxygen that is concerted with N-O bond heterolysis to yield diazonium ions. Z and E 

isomers usually have different decomposition rates, and in a case of 

trifluoroethanediazoic acid, the Z isomer decomposes 2,600 times faster than the E 

isomer. Although the intermediates generated from decomposition of 

carboxymethylating agents have not been characterized, it is reasonable to extend the 

aforementioned generation mechanism of diazonium ions from alkanediazoates to 

carboxymethyldiazoates (intermediates 2a and 2b).  

It should be pointed out that most carboxymethylating agents can also induce 

methylation to a lesser extent, and different compounds yield different ratios of methyl 

and carboxymethyl adducts upon reaction with DNA. This observation appears to rule 

out a possibility that the intermediate such as carboxymethyldiazonium ion can give 

rise to both carboxymethyl and methyl adducts. Instead it suggests that, during the 

decomposition of carboxymethylating agents, intermediates other than 

carboxymethyldiazonium ion may also arise from the precursors; however, these 
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intermediates are not in rapid equilibria with each other. As a result, the partition 

between carboxymethylation and methylation varies among different 

carboxymethylating agents (2, 25). The proposed mechanism for diazoacetate-mediated 

carboxymethylation, as illustrated in Scheme 1-2, is based on the alkylation mechanism 

of simple NOCs, though other mechanisms are also possible. 

 

1.2.3. Diverse carboxymethylated DNA adducts and carboxymethylating agents 

Many carboxymethylated DNA adducts emanating from exposure to NOCs have 

been identified, and the structures of known carboxymethylated DNA adducts are 

summarized in Scheme 1-3. In 1982, Longnecker et al. (27) identified the first 

carboxymethylated DNA adduct, N7-carboxymethylguanine (N7-CMG) in pancreatic 

acinar cells treated with azaserine (AS). Shuker et al. (28) subsequently carried out a 

large body of work about DNA carboxymethylation. In 1987, they found that the 

incubation of calf thymus DNA with N-nitrosoglycocholic acid (NOGC) in vitro gave 

rise to N7-CMG, N3-carboxymethyladenine (N3-CMA) and O6-carboxymethylguaninie 

(O6-CMG). Later in 1997, they reported the synthesis of O6-CMdG and detected, by 

using an immunochemical method, this adduct in calf thymus DNA treated in vitro with 

three different carboxymethylating agents encompassing 

N-(N’-acetyl-L-prolyl)-N-nitrosoglycine (APNG), azaserine (AS) and potassium 

diazoacetate (KDA) (29). In 2004, they discovered that O6-CMdG can be produced in 
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calf thymus DNA treated with a reaction mixture of nitric oxide (NO) and glycine, 

which was the first time that O6-CMdG was found to arise from NO exposure (30).  
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DNA carboxymethylation is largely induced by NOCs. Among the many 

N-alkyl-N-nitroso compounds that are known to be carcinogenic, many are 

carboxymethylating agents that share a common feature of being an 

N-carboxymethyl-N-nitroso derivative. Some examples of carboxymethylating agents 

are shown in Schemes 1-4. Strictly speaking, AS and KDA are not true NOCs, but they 

can be considered as the decomposition intermediates of their corresponding NOCs. 

Thus, we do not exclude them when discussing NOCs as carboxymethylating agents. 
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Aside from NOCs, other chemicals are also capable of inducing DNA 

carboxymethylation. As a toxic chemical present in the environment and a degradation 

product of glucose under physiological conditions, glyoxal was frequently observed to 

be present at elevated levels in the plasma of patients with diabetes, peritoneal dialysis 

and uremia (31-33). An earlier study by Kronberg et al. (34) demonstrated that 

treatment of 2’-deoxyguanosine or calf thymus DNA with glyoxal could give rise to 

N2-carboxymethyl-2’-deoxyguanosine (N2-CMdG) as well as some other adducts, but 

N2-CMdG was found to be the only stable adduct formed during this treatment. In 

addition, Wang et al. (35) recently observed that incubation of calf thymus DNA with 

glucose or glyoxal led to a dose-dependent formation of N2-CMdG (Scheme 1-5a), and 

exposure of HEK 293T cells to glyoxal further stimulated the formation of this adduct. 

It was also found that mesyloxyacetic acid (MAA) can induce both carboxymethylation 

and methylation at the O6 atom of 2’-deoxyguanosine in calf thymus DNA (Scheme 

1-5b) (2), and the ratio of O6-CMdG to O6-MedG was found to be 18 upon treatment 

with 5 mM of MAA (2). 
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1.3. Detection of Carboxymethylated DNA Lesions 

 

Detection of DNA adducts remains one of the core tasks for research in DNA 

damage. Various methods for DNA adduct detection have been developed over the past 

few decades (36). Except for immunohistochemistry method which can facilitate the 

detection of DNA adduct in intact tissues, other detection methods normally require 

sample preparation, where DNA extraction and adduct isolation constitute two major 

steps. 

Several methods are available for extracting DNA from tissues of laboratory 

animals and patients as well as from cultured cells that are treated with genotoxic 

agents. Phenol-chloroform extraction is a classic DNA isolation method that has been 

used for many decades. In order to avoid using toxic phenol, a simple high salt method 

was developed in which cellular proteins were first precipitated from a solution 

containing high concentrations of inorganic salts and DNA was subsequently isolated 

by ethanol precipitation (37). If operated properly, both methods can afford 

high-quality DNA. Since the amount of DNA adducts is typically many orders of 

magnitude lower than unmodified DNA bases in biological samples, enrichment of 

DNA adducts of interest is sometimes necessary prior to the measurement. During 

enrichment process, DNA adducts, in the form of nucleobases, 
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2’-deoxyribonucleosides or 2’-deoxyribonucleotides, are first liberated from DNA 

chain by hydrolysis or enzymatic digestion. The mild enzymatic digestion method has 

the least likelihood for the artificial generation or decomposition of DNA adduct(s) 

under investigation. On the other hand, neutral thermal hydrolysis is also effective in 

releasing N7-guanine and N3-adenine derivatives; the formation of the latter two 

modified nucleobases renders the N-glycosidic linkage labile. Adducts of interest are 

subsequently enriched from the mixtures by various separation techniques including 

column purification, HPLC, solid-phase extraction, extraction of hydrophobic adducts 

into butanol. The accumulated DNA adducts are then subject to analysis. 

A variety of analytical methods are available for DNA adduct detection, and the 

choice of a method depends on the form of DNA available for analysis and the type of 

DNA adduct under investigation. Next we discuss several methods that have been used 

for detecting carboxymethylated DNA adducts. 

 

1.3.1. Radioisotope-labeled DNA binding assay 

By dosing experimental animals, culturing cells or treating isolated DNA with 

radioisotope-labeled genotoxic compounds, radioisotope-labeled DNA adducts can be 

generated. This is probably the most reliable method to reveal all adducts that may be 

induced by a genotoxic agent. Owing to their long half-lives, 3H- and 14C-labeled 

compounds are most commonly used in such studies. The disadvantages of this method 
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lie in two aspects: First, not all genotoxic agents are available in the radiolabeled form; 

second, under certain experimental conditions or in specific biological tissues, the 

relatively rapid and easy exchange of 3H with the nonradioactive 1H results in 

false-positive identification and inaccurate quantification of DNA adducts (38). 

After radiolabeled compound treatment, DNA is isolated, purified, and the labeled 

adducts are detected by scintillation counting to quantify the total amount of bound 

radioactivity. In order to confirm the adduct formation and elucidate the chemical 

structure of adduct, the radioactively labeled DNA is usually digested to 

2’-deoxynucleosides and separated by HPLC to reveal whether the radiolabel is from a 

covalently bound adduct or other non-adduct species such as metabolites of 

radiolabeled compounds or non-covalent adduct. In addition, by comparison with the 

chromatogram of authentic compounds, certain DNA adducts can be identified (39, 40). 

Along this line, Longnecker et al. (27) cultured pancreatic acinar cells with 14C-labeled 

azaserine and subsequently employed neutral thermal hydrolysis to liberate the 

unstable N-alkylated purines. One component in the purine mixture co-eluted with 

authentic N7-CMG on three different HPLC systems, thereby establishing N7-CMG as 

a DNA adduct induced by azaserine. Radioisotope-labeled DNA binding assay is 

capable of detecting one adduct in up to 108 nucleotides, but requires sub-milligram to 

several milligrams of DNA sample. 
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1.3.2. Antibody-based immunoassay 

Immunoassay is based on the specific interaction between antibody and a DNA 

adduct of interest (41, 42). Among the various DNA adduct detection techniques, 

immunohistochemistry is unique in that it can detect DNA adduct in intact tissues. 

Intact DNA or digested DNA can be analyzed by competitive immunoassays, and 

antibodies to DNA adducts may also be used to prepare immunoaffinity columns. 

Although specific antibodies for adducts of interest are often not available, antibodies 

against some methyl and carboxymethyl adducts were developed. Along this line, 

Shuker et al. (2) established a combined immunoaffinity/HPLC method to assess the 

concomitant formation of O6-CMdG and O6-MedG in calf thymus DNA upon exposure 

to nitrosated glycine derivatives. 

It is worth noting that, in addition to the limitation of antibodies, some antibodies 

may not be highly specific to the adduct of interest and they may cross-react with 

adduct(s) of similar structure. Antibody-based immunoassay requires less DNA sample 

(normally 1-200 μg) than what is needed for radioisotope-labeled DNA binding assay. 

The sensitivity of immunoassay depends on the binding affinity of the antibody for the 

adduct of interest; thus, it is variable among different biological samples, but could 

reach one adduct per 108 nucleotides. 
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1.3.3. Mass spectrometry 

Today, mass spectrometry has become the most powerful bioanalytical tool in 

many fields of research, and still been improving to achieve greater capability. Among 

all the detection methods for DNA adducts in cellular or tissue DNA, mass 

spectrometry provides the most structural information especially when tandem mass 

spectrometry is employed (43, 44). Along this line, the elimination of 2-deoxyribose is 

frequently observed upon the collisionlly induced dissociation (CID) of 

2’-deoxynucleosides and their derivatives, and this loss is reflected by a mass 

difference of 116 Da between the fragment and precursor ions in tandem mass spectra. 

This fragmentation pathway is commonly employed for the LC-MS/MS analysis of 

modified 2’-deoxyribonucleosides. In this vein, this method was recently used for the 

successful identification of four carboxymethylated DNA adducts including N3-CMdT, 

O4-CMdT, N6-CMdA and N4-CMdC (45, 46).  

The great success of LC-MS/MS method is attributed to the development of 

electrospray ionization (ESI) which allows direct introduction of HPLC effluent into a 

mass spectrometer. If stable isotope-labeled internal standards are available, accurate 

quantitation can be achieved. The sensitivity of mass spectrometry has continued to 

improve, and it already reached the level of one adduct per 109-1010 nucleosides. 
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1.4. Chemical Synthesis of Carboxymethylated Nucleosides and Their Incorporation 

into DNA 

 

1.4.1. Synthesis of carboxymethylated nucleosides 

Although many methods for DNA adduct analysis have been developed, most of 

them rely on the availability of structurely defined DNA lesions as standards. Viewing 

that direct treatment of nucleosides with a chemical carcinogen often results in the 

formation of the adduct of interest in a relatively low yield and it is frequently difficult 

to isolate pure and sufficient modified nucleosides from the reaction mixture, synthesis 

of authentic compounds is often necessary. 

The introduction of an ester form of the carboxymethyl functionality into 

nucleobases has been recognized as a key step toward the synthesis of 

carboxymethylated DNA adducts, and the desired carboxymethylated adduct can be 

obtained from simple alkaline hydrolysis of the ester derivative. For instance, treatment 

of 2’-deoxyguanosine with ethyl bromoacetate yielded 7-ethoxycarbonylmethylguanine 

which, upon alkaline hydrolysis, rendered N7-CMG (Scheme 1-6) (47). 
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Since the 1990s, synthesis of authentic carboxymethylated DNA adducts has been 

extended to 2’-deoxyribonucleoside derivatives. Although proper protection and 

deprotection are sometimes required for deoxyribose hydroxyl groups, this approach 

offers several obvious advantages: (1) As described above, stable carboxymethylated 

nucleobase lesions can be released from DNA as nucleosides upon enzymatic digestion. 

The availability of the authentic nucleoside derivatives makes it feasible to identify 

carboxymethylated lesion(s) in the nucleoside mixture. (2) Upon appropriate 

nucleobase protection, 2’-deoxyribonucleoside derivatives can be converted to 

phosphoramidite building blocks, which are amenable for the incorporation of the 

modified nucleosides into DNA by automated solid-phase DNA synthesis. This aspect 

will be discussed further in Section 1.4.2. Since modification on O6 position of guanine 

is known to be mutagenic, efforts were first made toward synthesizing O6-CMdG 

(Scheme1-7) (29).  
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The synthetic route for O6-CMdG was based on an approach developed by Gaffney 

and Jones (48). In this regard, the 3’,5’-hydroxyl groups were first protected with 

readily hydrolyzable acetyl functionalities, and the O6-arylsulfonate is subsequently 

replaced with a trialkylamine, quinuclidine, with the resulting trialkylammonium 

intermediate reacting with methyl glycolate to give the corresponding ester derivative 

of O6-CMdG. It is of note that intermediate trimethylammonium or 

N-methylpyrrolidium ion in Gaffney and Jones’ reaction is not suitable for preparing 

O6-CMdG, and these two intermediates gave rise to the formation of substantial 

amounts of 6-(dimethylamino)- and 6-pyrrolidino-dG products, respectively. The 

introduction of quinuclidine overcame this problem and afforded a 65% conversion 

yield.  

 

1.4.2. Site-specific incorporation of carboxymethylated nucleosides into 

oligodeoxyribonucleotides. 

The availability of oligodeoxyribonucleotides (ODNs) bearing a site-specifically 

incorporated carboxymethylated adduct constitutes a crucial step toward examining the 

biological implications of these adducts at the molecular level. In this aspect, 

solid-phase oligodeoxyribonucleotide synthesis is a powerful method in making 

sequence-defined DNA oligomer. Generally, the method makes use of phosphoramidite 

derivatives (so called building blocks, Figure 1-1) of four nucleosides with exocyclic 
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nucleobase amino groups being properly protected, and the synthesis is carried out in a 

3' 5' direction that is different from the opposite 5’ 3’ direction through which 

enzymes synthesize DNA and RNA.  
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phsophoramidite building blocks 
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In the synthetic process, the 3' hydroxyl group of the first nucleoside is 

immobilized via a linker onto a Controlled Pore Glass (CPG) solid support on which all 

reactions take place. Based on the desired nucleotide sequence of the product, the 

phosphoramidites for the bases A, C, G, and T are added sequentially to react with the 

growing chain in a repeating cycle until the sequence is complete. (see scheme 1-8) In 

a typical reaction cycle, the 5’-OH protecting group, 4,4’-dimethoxytrityl (DMTr) is 

first removed by trichloroacetic acid in detritylation step; during the next coupling step, 

the resulting free 5’-OH reacts with incoming phosphoramidite building block of next 

nucleoside under 1H-tetrazole-catalyzed conditions to form a phosphotriester linkage. 

Small amount (~1%) of residual 5’-OH is permanently blocked by acetylation from 

further chain elongation, which constitutes the capping step. In the next step, the newly 

formed phosphotriester is oxidized with iodine and water in the presence of a weak 

base (pyridine) to generate a phosphate moiety where one synthetic cycle is complete. 

If a phosphoramidite derivative of a DNA adduct is available, this adduct can be 

site-specifically inserted into a certain ODN sequence by defining a specific order for 

adding phosphoramidite building blocks.  

At the end of synthesis, the ODN is cleaved from the CPG with concentrated 

ammonium hydroxide treatment during which the exocyclic amino protecting group 

and the 2-cyanoethyl group on the linkage are also simultaneously removed, and 
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eventually generate the desirable ODN. Today solid-phase ODN synthesized is fully 

automated, and provides a rapid and inexpensive access to custom-made ODNs of the 

desired sequence.  
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Scheme 1-8  Procedures for solid-phase synthesis of oligodeoxyribonucleotides. 
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In 2000, Xu (49) developed the first synthetic route to incorporate the O6-CMdG 

into a 12mer ODN. It was found that an acyl group at the N2-position of an 

O6-substituted guanine is much more resistant to removal by ammonia than that at 

N2-position of an unmodified guanine (50-52); therefore, the isobutyryl group that is 

frequently used for protecting the amino group in 2’-deoxyguanosine is no longer 

suitable for amino protection in O6-CMdG. For this reason, a base-labile functionality, 

phenoxyacetyl (PAc) group was chosen for N2 protection in O6-CMdG 

phosphoramidite synthesis (49). Xu’s synthetic pathway is summarized in Scheme 1-9.  
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After ODN assembly, the amino protecting groups on nucleobases need to be 

removed. However, since carboxymethyl moiety is in its ester form, common 

deprotection procedures with the concentrated ammonium hydroxide cannot be used as 

this will result in partial conversion of ester to amide. Nevertheless, aqueous NaOH at 

low concentration satisfactorily produced oligomers containing O6-CMdG. Risks that 

need to be aware of are that alkaline solution might lead to the conversion of 

N6-substituted adenine and N4-substituted cytosine into hypoxanthine and uracil, 

respectively, but this can be largely avoided by using NaOH solution at low 

concentration (49).  

 

1.5. Biological Implications 

 

1.5.1. Relevance between carboxymethylating N-nitroso compounds and 

gastrointestinal cancers 

A number of studies have suggested the implications of human exposure to 

N-nitroso compounds in the etiology of gastrointestinal cancer. Gastric cavity tends to 

suffer long-term NOC exposure under a wide range of pH. Maximum total NOC level 

was observed at pH 1.0-2.5 and 6.0-8.5, which was attributed to chemical nitrosation at 

low pH and bacterial nitrosation at high pH. At pH 2-6, the NOC level decreases, but it 

is still higher than 3 μM in many individuals’ gastric juice samples (53, 54). These 
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endogenously produced NOCs are known to cause damage to DNA, and the resulting 

DNA adducts can be both mutagenic and carcinogenic.  

Gastric infection with Helicobacter pylori contributes to the etiology of gastric 

cancer (55). Intestinal metaplasia of the stomach, a precursor lesion for gastric cancer, 

is associated with H. pylori infection, elevated bile acid levels and other factors (56). 

Earlier studies by Wogan et al. (57) revealed that the treatment of male Fischer rats 

with nitrosated bile acid conjugates N-nitrosoglycocholic acid (NOGC) and 

N-nitrosotaurocholic acid (NOTC) could induce significant levels of hepatocarcinoma 

in 54-70% of the treated animals, and 12-13% of the treated rats developed gastric 

tumors. Forward mutation assay in Salmonella typhimurium and in TK6 diploid human 

lymphoblasts showed that NOGC and NOTC are both mutagenic, with NOGC being 

more effective in inducing mutations in TK6 cells.  

By using Comet assay, Shuker et al. (58) observed a dose-dependent DNA lesion 

formation upon KDA treatment in three different types of mammalian cells including 

human peripheral lymphocytes, human adenocarcinoma colon Caco-2 cells, and rat 

primary colon cells. This finding confirmed that KDA is genotoxic in a range of 

mammalian cells; however, the relative contributions of carboxymethylation and 

methylation remained unclear. Later the same group demonstrated that red meat 

consumption enhances the colonic formation of O6-CMG (59). Red meat is known to 
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be associated with the endogenous formation of NOCs and increased risk for 

developing colorectal cancers. The percentage of positive staining for the NOC-specific 

DNA adduct, O6-CMG was significantly (P < 0.001) higher in colonic exfoliated cells 

of individuals on high red meat diet. O6-CMG was also found in intact small intestine 

from rats treated with the APNG and in HT-29 cells treated with diazoacetate. Since 

NOGC, APNG and diazoacetate can all give rise to carboxymethylation of nucleobases 

in DNA, the above studies suggest that DNA carboxymethylation induced by NOCs 

could be involved in pathology of gastrointestinal cancers. 

 

1.5.2. Mutagenicity and repair of carboxymethylated DNA adducts 

Mutation in p53 tumor suppressor gene is a hallmark for many human tumors. An 

earlier work by Greenblatt et al. (60), who reviewed more than 2500 p53 mutations, 

revealed a high frequency of G:C A:T transition mutations in human cancers which is 

accompanied by G T and G C transversion mutations. Simple alkylating NOCs may 

produce at least some of these G:C A:T transitions, especially those occurring at 

non-CpG sites through the generation of O6-alkyl adducts of dG. However, Shuker et al. 

(3) recently observed that the passage of KDA-treated, human p53 gene-containing 

plasmid in yeast cells can result in substantial single-base substitutions. Distinct from 

the high frequency of G:C A:T transition mutations (>80%) induced by methylating 

agent N-methyl-N-nitrosourea, KDA elicited almost equal distributions of transition 
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and transversion mutations, and strikingly the mutation spectrum induced by KDA at 

non-CpG site is very similar to the corresponding mutation spectra found in stomach 

and colorectal cancers (Figure 1-2). In addition to carboxymethylated DNA lesions, 

KDA can also induce, to a lesser extent, methylated DNA adducts. The above findings 

suggest that carboxymethylation may contribute significantly to p53 mutations in 

gastrointestinal cancers, and diazoacetate may constitute the major etiological agent in 

the development of gastrointestinal cancers. This conclusion was also consistent with a 

previous observation that the cytotoxicity of a model carboxymethylating agent 

azaserine is due to DNA carboxymethylation, but not methylation (5). 
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Figure 1-2  Comparison of mutation spectra of human p53 gene induced by KDA and MNU in 
yeast cells with those found in stomach and colorectal cancers 

(Reprinted with permission from Oxford University Press) 
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Another important aspect of this study highlighted a substantial frequency of 

single-base substitutions at A:T base pairs that are comparable to those observed in 

human gastrointestinal tumors. The percentages of mutations occurring at A:T base 

pairs account for 43% and 28% of all observed mutations while the human p53 

gene-containing plasmid was treated with KDA in PBS and Tris-EDTA, respectively. 

Additionally, the observation of a significant proportion of mutations at A:T base pairs 

supports that KDA can also induce promutagenic lesions at adenine and/or thymine. In 

this respect, our unpublished mutagenesis study showed that N3-CMdT and O4-CMdT 

are highly mutagenic in E. coli cells (Yuan, B. et al., manuscript under preparation). 

High frequency of G:C A:T mutations in p53 in human cancers reduces the 

usefulness of this mutation in identifying the responsible carcinogens; however, the 

unique mutation spectra found in stomach and colorectal cancers suggest that 

carboxymethylating agents could contribute significantly to the pathology of these 

cancers, and carboxymethylated DNA adducts may serve as potential biomarkers for 

early diagnosis of these diseases. 

To counteract the deleterious effects of DNA lesions, cells are equipped with an 

intricate DNA repair system. Some initial studies have been carried out for 

carboxymethylated DNA lesions, particularly for O6-CMdG. Despite the fact that 

O6-MedG is subject to repair by O6-methylguanine methyltransferase (MGMT), 
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O6-CMdG appears not to be repaired by MGMT. Along this line, Karran et al. (5) 

demonstrated that the azaserine-mediated cell killing cannot be rescued by the 

overexpression of MGMT, which agrees with a previous study by Shuker et al. (1) 

showing that O6-CMdG is not subject to repair by MGMT in vitro. Likewise, S6-CMdG, 

a structure analog of O6-CMdG, was found not to be a substrate for mismatch repair 

(MMR) system. On the other hand, lymphoblastoid cells deficient in nucleotide 

excision repair (NER) were significantly more sensitive to azaserine than the control 

repair-proficient cells, suggesting that O6-CMdG can be repaired by NER factors.  

 

1.6. Scope of This Dissertation 

 

This dissertation is focused on the study of DNA carboxymethylation. In this 

regard, emerging data indicate that DNA carboxymethylation induced by N-nitroso 

compounds constitute an important etiological factor involved in the development of 

gastrointestinal cancers. However, little attention has been paid to this field in the past 

several decades, and initial toxicological and biological studies have only concentrated 

on O6-CMdG since it was detected as a carboxymethylated DNA lesion. It remains 

largely unknown what kind of carboxymethylated derivatives can be formed at adenine, 

cytosine and thymine sites and how frequently these carboxymethylated DNA lesions 
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might be induced in DNA upon exposure to N-nitroso compounds. In addition, it was 

unclear how these carboxymethylated DNA lesions perturb the fidelity and efficiency 

of DNA replication and how they are repaired in mammalian cells. The answers to 

these questions will improve our understanding about the implications of these lesions 

in the development of gastrointestinal cancers. 

As the first step toward answering these questions, in Chapter 2 and Chapter 3 we 

will discuss the chemical syntheses of four novel carboxymethylated nucleoside 

derivatives: N4-carboxymethyl-2’-deoxycytidine (N4-CMdC), 

N3-carboxymethylthymidine (N3-CMdT), O4-carboxymethylthymidine (O4-CMdT) 

and N6-carboxymethyl-2’-deoxyadenosine (N6-CMdA). The structures of these 

compounds were fully characterized by two-dimensional NMR methods and 

high-resolution mass spectrometry. Next we assessed, by using the above-synthesized 

authentic compounds as standards, the formation of carboxymethylated DNA lesions in 

isolated DNA by using LC-MS/MS. In these two chapters, we will also describe our 

synthetic strategies for the preparation of phosphoramidite building blocks of the 

carboxymethylated DNA lesions and the use of these building blocks for the 

site-specific incorporation of these nucleoside derivatives into ODNs. In addition, the 

HPLC purification, mass spectrometric characterization of the lesion-carrying 

substrates, and in vitro replication studies about the N4-CMdC- and 
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N6-CMdA-containing ODNs are discussed in these chapters.  

In Chapter 4, the synthetic work was extended to synthesize stable isotope-labeled 

carboxymethylated nucleoside derivatives which will facilitate the accurate 

quantification of these lesions formed in vitro and/or in vivo. In the meantime, the 

above-mentioned LC-MS/MS method was modified to examine the formation of 

carboxymethylated DNA lesions in cultured mammalian cells, and the initial data have 

indicated that O4-CMdT and N6-CMdA can be induced in human kidney epithelial cells 

cultured in azaserine-containing medium.   

In Chapter 5, we report the development of a high-throughput method for 

examining the mutagenicity and cytotoxicity of DNA lesions by next-generation 

sequencing (NGS) technique. The mutagenic and cytotoxic properties of four 

carboxymethylated DNA lesions, along with two bulky DNA lesions 

(5’S)-8,5’-cyclo-2’-deoxyguanosine (S-cyclodG) and 

(5’S)-8,5’-cyclo-2’-deoxyadenosine (S-cyclodA) induced by reactive oxygen species 

(ROS), were simultaneously analyzed.  

Finally, concluding remarks and future directions are presented in Chapter 6. 
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CHAPTER 2  Chemical Synthesis of Oligodeoxyribonucleotides Containing N3- 

and O4-carboxymethylthymidine and Their Formation in DNA 

 

 

2.1 Introduction 

 

Humans are exposed to N-nitroso compounds (NOCs) from diet, tobacco smoke 

and other environmental sources as well as from endogenous sources, and it was 

estimated that the endogenous sources account for 45-75% of the total NOC exposure 

(1). The exposure to endogenous NOCs was found to be significantly associated with 

the risk of developing non-cardia gastric cancer in a recent large-scale epidemiological 

study, i.e., European Prospective Investigation into Cancer and Nutrition (EPIC) (2). 

This study included more than half a million individuals and 314 incident cases of 

gastric cancer that had occurred after an average of 6.6 years of follow-up (2).  

Some endogenously produced NOCs are known to cause damage to DNA and 

they are both mutagenic and carcinogenic. Earlier studies by Wogan et al. (3) revealed 

that the treatment of male Fischer rats with nitrosated bile acid conjugates 

N-nitrosoglycocholic acid (NOGC) and N-nitrosotaurocholic acid (NOTC) could 

induce significant levels of hepatocarcinoma in 54-70% of the treated animals, and 
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12-13% of the treated rats developed gastric tumors. Forward mutation assay in 

Salmonella typhimurium and in TK6 diploid human lymphoblasts showed that NOGC 

and NOTC are both mutagenic, with NOGC being more effective than NOTC in 

inducing mutations in TK6 cells (4). In this regard, NOGC could arise from the 

nitrosation of glycocholic acid under simulated gastric conditions (5). Shuker et al. (6) 

later demonstrated that the treatment of calf thymus DNA with NOGC can induce the 

formation of O6-carboxymethyl-2′-deoxyguanosine (O6-CMdG) and, to a much lesser 

extent, O6-methyl-2′-deoxyguanosine (O6-MdG, Scheme 1-2). By using immunoslot 

blot assay or immunoaffinity/HPLC method with antibody recognizing 

O6-carboxymethylguanine, Shuker et al. (7-9) showed that O6-CMdG can be induced in 

DNA by N-nitroso glycine (NG, Scheme 1-2). In addition, O-diazoacetyl-L-serine (also 

known as azaserine, AS, Scheme 1-2), a pancreatic carcinogen (10), could induce the 

carboxymethylation of guanine residues in DNA in pancreatic acinar cells (11).  

The above carboxymethylation was thought to proceed through a common 

reactive intermediate, diazoacetate (DA, Scheme 1-2), and it was demonstrated that 

potassium diazoacetate (KDA) can induce the formation of O6-CMdG and, to a lesser 

degree (about 1/16 of that of O6-CMdG), O6-methyl-2′-deoxyguanosine in DNA (7-9). 

Furthermore, it was observed that humans consuming red meat have a higher level of 

nitrosated compounds in feces (12) and an elevated level of O6-CMdG in colonic 
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exfoliated cells than control group consuming vegetarian diet (13). O6-CMdG was also 

detected at a level of 3-8 lesions per 107 nucleosides in the blood DNA of healthy 

human subjects (9).  

Some initial replication and repair studies have been carried out for O6-CMdG.  

In this context, it was found that the azaserine-mediated cell killing cannot be rescued 

by the overexpression of O6-methylguanine methyltransferase (MGMT) (14), which is 

keeping with the observation that O6-CMdG is not subjected to repair by MGMT in 

vitro (6). On the other hand, lymphoblastoid cells with deficiency in nucleotide 

excision repair (NER) were significantly more sensitive to azaserine than the control 

repair-proficient cells, suggesting that O6-CMdG can be repaired by NER factors (14).  

A very recent study by Gottschalg et al. (15) revealed that the passage of 

KDA-treated, human p53 gene-containing plasmid in yeast cells could result in 

substantial single-base substitutions.  Interestingly, KDA induced almost equal 

distributions of transition and transversion mutations, which differs markedly from the 

predominant GC AT transition mutation (>80%) induced by methylating agent 

methylnitrosourea (15), suggesting that DNA methylation is not the major contributor 

to KDA-induced mutations.  Moreover, the identities and frequencies of mutations 

induced by diazoacetate at non-CpG sites are remarkably similar to the mutations at 

non-CpG sites in p53 gene observed in human stomach and colorectal tumors (15), 
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suggesting that diazoacetate may constitute an important etiological agent for the 

development of gastrointestinal cancer.  

Gottschalg et al. (15) also observed a substantial frequency of single-base 

substitutions at A:T base pairs in p53 gene from shuttle vector studies and in human 

gastrointestinal tumors.  For instance, the percentages of mutations at A:T base pairs 

account for 43% and 28% of all the observed mutations while the vector was treated 

with KDA in PBS and Tris-EDTA, respectively (15).  The observation of a significant 

proportion of mutations at A:T base pairs supports that KDA can also induce 

promutagenic lesions at adenine and/or thymine.  Although KDA has been shown to 

induce the formation of O6-CMdG, it remains unexplored what types of lesions can be 

induced at adenine and thymine sites in DNA by KDA and what the mutagenic 

properties are for the lesions induced at these two nucleobases.  

As a first step toward answering these questions, we report here the chemical 

syntheses of N3- and O4-carboxymethylthymidine, their incorporation into 

oligodeoxyribonucleotides (ODNs), and the demonstration of their formation in calf 

thymus DNA upon treatment with diazoacetate. 
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2.2 Experimental Procedures 

 

Materials.  All chemicals, unless otherwise specified, were from Sigma-Aldrich 

(St. Louis, MO). All anhydrous solvent were purchased from VWR International (West 

Chester, PA).  

Mass Spectrometry (MS).  Electrospray ionization-mass spectrometry (ESI-MS) 

and tandem MS (MS/MS) experiments were carried out on an LCQ Deca XP ion-trap 

mass spectrometer (Thermo Fisher Scientific, San Jose, CA). A mixture of acetonitrile 

and water (50:50, v/v) was used as solvent for electrospray. The spray voltage was 3.0 

kV, and the temperature of the heated capillary was maintained at 275 °C. 

High-resolution mass spectra (HRMS) were acquired on an Agilent 6210 TOF LC/MS 

instrument (Agilent Technologies, Palo Alto, CA) equipped with an electrospray 

ionization (ESI) source.  

NMR.  1H NMR spectra were recorded at 300 MHz on a Varian Inova 300 NMR 

spectrometer (Varian Inc., Palo Alto, CA). Two dimensional NMR spectra were 

recorded in D2O using a Varian Unity (Varian, Inc., Palo Alto, CA) spectrometer 

operating at 500 MHz at 25 ºC. A triple resonance 5 mm 1H13C15N probe was used. 

Resonance assignments were made based on 1H-1H COSY and 1H-13C HMBC 

experiments. The HMBC spectra were acquired using sweep widths of 5006.3 Hz and 
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30177.3 Hz for 1H and 13C, respectively. The first delay was set to match a 140-Hz 

coupling constant, and the second delay was set to match a long-range coupling 

constant of 8 Hz. 

 

2.2.1 Synthesis of N3-carboxymethylthymidine (N3-CMdT) 

Synthesis of N3-methoxycarbonylmethylthymidine (2a, Scheme 2-1). (16, 17) 

In a flask, 242 mg of thymidine and 166 mg of potassium carbonate were dissolved in 

50 mL of anhydrous methanol. To the solution was subsequently added 184 mg of 

methyl bromoacetate. The resulting solution was refluxed for 6 hrs. Evaporation of 

solvent under reduced pressure afforded white solid which was then purified by silica 

gel column chromatography with EtOAc/MeOH (85/15, v/v) as mobile phase to give 

152 mg of 2a as colorless viscous liquid (Yield: 48%). HRMS (ESI): [M + H]+ calcd 

m/z 315.1192, found 315.1184. 1H NMR (300 MHz, CDCl3, 25 °C, Figure S2-1): δ 

7.49 (s, 1H, H-6), 6.20 (t, 1H, H-1′, J = 6.6 Hz), 4.69 (s, 2H, N3-CH2), 4.54 (m, 1H, 

H-3′), 3.98 (m, 1H, H-4′), 3.83-3.80 (m, 2H, H-5′ and H-5′′), 3.75 (s, 3H, 3-OCH3), 

2.35 (m, 2H, H-2′ and H-2′′), 1.94 (s, 3H, 5-CH3).  

 

Synthesis of N3-carboxymethythymidine (N3-CMdT, Scheme 2-1). Compound 

2a (152 mg) was hydrolyzed with 2.0 mL of aqueous NaOH solution (0.5 M) for 6 hrs. 

The solution was then neutralized with 1.0 M HCl, and the solvent was removed in a 
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Speed-vac to afford white solid residue which was washed with CHCl3 (200 μL ×3) 

and extracted with methanol (500 μL ×4). The methanol layer was combined and dried 

to render N3-CMdT as white solid (119mg, Yield: 84%). HRMS (ESI): [M + H]+ calcd 

m/z 301.1025, found 301.1028. 1H NMR (300 MHz, D2O, 25 °C, Figure S2-2): δ 7.72 

(s, 1H, H-6), 6.34 (t, 1H, H-1′, J = 6.6 Hz), 4.50 (m, 3H, N3-CH2 and H-3′), 4.07 (m, 

1H, H-4′), 3.93-3.79 (m, 2H, H-5′ and H-5′′), 2.41-2.45 (m, 2H, H-2′ and H-2′′), 1.96 (s, 

3H, 5-CH3). UV spectrum (in H2O, Figure S2-3): Max. Abs. at 268 nm.  
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Scheme 2-1  Synthetic route for preparing N3-CMdT 
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2.2.2 Synthesis of O4-carboxymethylthymidine (O4-CMdT) 

Synthesis of 3’, 5’-O-(4,4’-dimethoxytrityl)-(1H-1, 2, 4-triazol-1-yl)-thymidine 

(3b, Scheme 2-2). Compound 3a was prepared following the previously published 

procedures(18). Compound 1,2,4-triazole (414 mg) was suspended in anhydrous 

acetonitrile (9.0 mL) in an ice bath, and then POCl3 (110 μL) was slowly added with 

rapid stirring followed by dropwise addition of TEA (840 μL). Compound 3a (261 mg) 

in ~ 2.0 mL acetonitrile was subsequently added, and the solution was continuously 

stirred for 90 min. The reaction was terminated by adding saturated NaHCO3 solution 

and extracted with CH2Cl2. The organic layer was washed sequentially with saturated 

NaHCO3 and brine, dried with Na2SO4, and the solvent was evaporated under reduced 

pressure. Purification with silica gel column chromatography using ethyl ether as 

mobile phase rendered 3b as white solid (154 mg; yield: 63%). HRMS (ESI): [M + 

Na]+ calcd m/z 920.3635, found 920.3606. 1H NMR (300 MHz, DMSO-d6, 25 °C, 

Figure S2-4): δ 9.35 (s, 1H, triazolyl H), 8.35 (s, 1H, triazolyl H), 8.27 (s, 1H, H-6), 

6.80-7.32 (m, 26H, aromatic H of DMTr), 6.22 (t, 1H, H-1′, J = 6.2 Hz), 4.09 (m, 1H, 

H-3′), 3.82 (m, 1H, H-4′), 3.71 (m, 12H, OCH3 of DMTr), 3.23-3.04 (m, 2H, H-5′ and 

H-5′′), 2.23 (m, 1H, H-2’), 1.92 (m, 1H, H-2′′), 2.04 (s, 3H, 5-CH3). 

Synthesis of O4-methoxycarbonylmethylthymidine (3c, Scheme 2-2). 

Compound 3b (450 mg) was dissolved in anhydrous acetonitrile (8.0 mL), and to this 

solution were added methyl glycolate (240 μL) and DBU (60 μL). The resulting 
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solution was stirred at room temperature overnight and subsequently acidified by 

adding an equal volume of 3% trichloroacetic acid (TCA) in CH2Cl2. The solvent was 

removed under reduced pressure, and the resulting residues were subjected to 

purification with silica gel column chromatography by using EtOAc/MeOH (85/15, v/v) 

as the mobile phase. Compound 3c (182 mg) was obtained as colorless viscous liquid 

(Yield: 58%). HRMS (ESI): [M + H]+ calcd m/z 315.1192, found 315.1186. 1H NMR 

(300 MHz, D2O, 25 °C, Figure S2-5): δ 7.78 (s, 1H, H-6), 6.32 (t, 1H, H-1′, J = 6.0 Hz), 

4.78 (s, 2H, O4-CH2), 4.51 (m, 1H, H-3′), 3.91 (m, 1H, H-4′), 3.87 (m, 2H, H-5′ and 

H-5′′), 3.82 (s, 3H, O4-OCH3), 2.41 (m, 2H, H-2′ and H-2′′), 1.96 (s, 3H, 5-CH3). 

Synthesis of O4-carboxymethylthymidine (O4-CMdT, Scheme 2-2). Compound 

3c (150 mg) was hydrolyzed with 2.0 mL of aqueous NaOH solution (0.1 M) for 6 hrs. 

The solution was then neutralized with 1.0 M HCl, and the solvent was removed in a 

Speed-vac to afford white solid residue which was washed with CHCl3 (200 μL ×3) 

and extracted with methanol (500 μL ×4). The methanol layer was combined and dried 

to render O4-CMdT as white solid (142 mg; yield: 92%). HRMS (ESI): [M + H]+ calcd 

m/z 301.1035, found 301.1034. 1H NMR (300 MHz, D2O, 25 °C, Figure S2-6): δ 7.71 

(s, 1H, H-6), 6.34 (t, 1H, H-1′, J = 6.0 Hz), 4.48 (m, 3H, O4-CH2 and H-3′), 4.06 (m, 

1H, H-4′), 3.87 (m, 2H, H-5′ and H-5′′), 2.43 (m, 2H, H-2′ and H-2′′), 1.96 (s, 3H, 

5-CH3). UV spectrum (in H2O, Figure S2-7): Max. Abs. at 282 nm.  
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2.2.3 Synthesis of phosphoramidite building block for preparation of 

N3-CMdT-containing ODNs  

Synthesis of 

5′-O-(4,4′-dimethoxytrityl)-N3-methoxycarbonylmethylthymidine (2b, Scheme 

2-3). Compound 2b was prepared from 2a following standard procedures (19).  

Briefly, 450 mg of compound 2b was dissolved in anhydrous pyridine (10 mL) and the 

solution was cooled in an ice-bath. 4-Dimethylaminopyridine (DMAP, 10 mg) and 

dimethoxytrityl chloride (DMTr-Cl, 340 mg) were added, and the resulting solution 

was stirred at room temperature for 90 min.  The reaction was then quenched with 

methanol (0.5 mL), and the solvent was removed under reduced pressure. The product 

was isolated by silica gel column chromatography using 15% MeOH in EtOAc as 

mobile phase, and dried under reduced pressure to give a foam (565 mg; yield: 64%). 

HRMS (ESI): [M + Na]+ calcd m/z 639.2318, found 639.2300. 1H NMR (300 MHz, 

DMSO-d6, 25 °C, Figure S2-8): δ 7.65 (s, 1H, H-6), 7.45-6.80 (m, 13H, aromatic H of 

DMTr), 6.25 (t, 1H, H-1′, J = 6.3 Hz), 5.38 (s, 1H, 3′-OH), 4.58 (s, 2H, N3-CH2), 4.36 

(m, 1H, H-3′), 4.04 (m, 1H, H-4′), 3.72 (s, 6H, OCH3 of DMTr), 3.67 (s, 3H, 3-OCH3), 

3.23 (m, 2H, H-5′ and H-5′′), 2.25 (m, 2H, H-2′ and H-2′′), 1.99 (s, 3H, 5-CH3). 

Synthesis of 

5′-O-(4,4′-dimethoxytrityl)-N3-methoxycarbonylmethylthymidine-3′-O-[(2-cyanoe

thyl)-N,N-diisopropylphosphoramidite] (2c, scheme 2-3).  
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To a flask, which was suspended in an ice bath and contained a solution of compound 

2b (92.4 mg) in dry CH2Cl2 (3.0 mL), was added N,N-diisopropylethylamine (DIEA, 

52 μL) followed by dropwise addition of 2-cyanoethyl-N,N-diisopropyl 

chlorophosphoramidite (60 μL). The mixture was stirred at room temperature for 30 

min under an argon atmosphere. The reaction was quenched by cooling the mixture in 

an ice bath followed by slow addition of CH3OH (0.40 mL). The solution was quickly 

extracted with EtOAc (8.0 mL). The organic layer was washed with saturated NaHCO3 

(4.0 mL) and brine (4.0 mL), and dried with anhydrous Na2SO4. The solvent was 

evaporated in vacuo to yield 2c in white foam that was used for ODN synthesis directly 

(101 mg; yield: 84%). HRMS (ESI): [M + Na]+ calcd m/z 839.3397, found 839.3379. 

31P NMR (80 MHz, CDCl3, 25°C, Figure S2-9): δ 149.9, 149.8.  
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2.2.4 Synthesis of phosphoramidite building block for preparation of 

O4-CMdT-containing ODNs 

Synthesis of 5′-O-(4,4′-dimethoxytrityl)-4-(1H-1, 2, 

4-triazol-1-yl)-thymidine-3′-O-[(2-cyanoethyl)-N,N-diisopropylphosphoramidite] 

(3d, scheme 2-4). Compound 1, 2, 4-triazole (414 mg) was suspended in anhydrous 

acetonitrile (9.0 mL) in an ice bath, and then POCl3 (110 μL) was slowly added with 

rapid stirring followed by dropwise addition of TEA (840 μL). Phosphoramidite 

building block of thymidine (100 mg) in 2.0 mL of acetonitrile was subsequently added, 

and the solution was continuously stirred for 90 min. The reaction was terminated by 

adding saturated NaHCO3 solution and extracted with CH2Cl2. The organic layer was 

washed sequentially with saturated NaHCO3 and brine, dried with Na2SO4, and the 

solvent was evaporated under reduced pressure. The product 3d was obtained in light 

yellow foam and used for ODN synthesis directly (101 mg; yield: 84%). HRMS (ESI): 

[M + Na]+ calcd m/z 839.3397, found 839.3385. 31P NMR (80 MHz, CDCl3, 25°C, 

Figure S2-10): δ 149.8, 149.4.  
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2.2.5 ODN Synthesis and Purification 

Synthesis.  ODNs (sequences shown in the text) were synthesized on a Beckman 

Oligo 1000S DNA synthesizer (Fullerton, CA) at 1-μmol scale. The synthesized 

phosphoramidite building block was dissolved in anhydrous acetonitrile at a 

concentration of 0.07 M. Standard phosphoramidite building blocks (Glen Research 

Inc., Sterling, VA) of dA, dC, dG, and dT were employed, and a standard ODN 

assembly protocol was used without any modification.  

Synthesis of the ODNs containing N3-CMdT started with 2c as phosphoramidite 

building block, after synthesis the ODNs containing 

N3-methoxycarbonylmethylthymidine were cleaved from the controlled-pore glass 

(CPG) support with 1.0 M NaOH (3.0 mL) at room temperature for 2 days. Under such 

conditions, the nucleobase protecting groups were removed and the ester was 

hydrolyzed to the corresponding carboxylic acid derivative to yield the ODN 

containing N3-CMdT. 

An O4-triazolyl derivative of standard dT phosphoramidite building block was 

used for synthesis of the ODNs containing O4-CMdT (Scheme 2-5). After the ODN 

assembly, the CPG support bearing 3e was first suspended in anhydrous acetonitrile 

(3.0 ml). To the solution were then added 50 equivalents of methyl glycolate and 15 

equivalents of DBU, and the suspension was stirred at room temperature for 24 hrs, 

which offered the CPG support bearing 3f. The solvent was removed by filtration.  
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The 3f-containing ODN was hydrolyzed with 0.1 M NaOH (3.0 mL) at room 

temperature for 3 days to afford 3g, and in the meantime 3g was cleaved from the CPG 

support and deprotected. The beads were then removed, and the solution was 

neutralized with 0.1 M HCl to pH 7.0 and lyophilized to dryness.  

HPLC Purification.  The purification of ODNs was performed on a Beckman 

HPLC System (32 Karat software version 3.0, pump module 125) with a UV detector 

(module 126) monitoring at 260 nm. A 4.6 × 250 mm Apollo C18 column (5 μm in 

particle size and 300 Å in pore size, Alltech Associate Inc., Deerfield, IL) was used, 

and a 50 mM triethylammonium acetate buffer (TEAA, pH 6.6, Solution A) and a 

mixture of 50 mM TEAA and acetonitrile (70/30, v/v, Solution B) were employed as 

mobile phases. 
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2.2.6 Examination of the formation of N3-CMdT and O4-CMdT in KDA-treated 

calf thymus DNA 

KDA treatment of calf thymus DNA.  KDA was synthesized via alkaline 

hydrolysis of ethyl diazoacetate (20). The concentration of KDA was estimated by 

assuming that the hydrolysis reaction was quantitative. Calf thymus DNA (~1.0 mg/ml) 

was treated with freshly prepared KDA (8 or 20 mM) in PBS buffer (pH 7.3) at 37 °C 

for 8 hrs. The resulting DNA was isolated by ethanol precipitation, and the recovered 

pellets were taken up into doubly distilled water.  

Enzymatic digestion of KDA-treated calf thymus DNA.  One unit of nuclease 

P1, 0.01 unit of calf spleen phosphodiesterase, and 2.5 μL of buffer solution, which 

contained sodium acetate (300 mM, pH 5.0) and zinc acetate (10 mM), were added to a 

20 μL solution of KDA-treated calf thymus DNA. The digestion was continued at 37 

°C for 6 hrs. To the digestion mixture were then added 10 units of alkaline phosphatase, 

0.05 unit of snake venom phosphodiesterase, and 5 μL of 0.5 M Tris-HCl (pH 8.9). The 

digestion was continued at 37 °C for 6 hrs, and the enzymes were removed by 

chloroform extraction. The resulting aqueous solution was lyophilized to dryness and 

redissolved in ultra-pure water for LC/MS analysis. 

LC/MS.  Coupled liquid chromatography and ESI tandem mass spectrometry 

experiments were performed on an Agilent 1100 capillary HPLC pump (Agilent 

Technologies) and an LTQ linear ion trap mass spectrometer (Thermo Fisher Scientific, 
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San Jose, CA). A 0.5 × 150 mm Zorbax SB-C18 column (5 μm in particle size, Agilent 

Technologies) was used, and a 0.1% formic acid in water (Solution A) and a 0.1% 

formic acid in methanol (Solution B) were employed as mobile phases. The ESI spray 

voltage was 3.0 kV, and the temperature of the heated capillary was maintained at 275 

°C. 

 

2.3 Results 

 

2.3.1. Chemical synthesis of N3- and O4-carboxymethylthymidine  

To understand the implications of carboxymethylation of thymidine in the 

diazoacetate-induced mutations observed at A:T base pairs in human p53 tumor 

suppressor gene, we set out to assess the carboxyalkylation chemistry of thymidine. To 

this end, we first synthesized the authentic N3- and O4-carboxymethylthymidine (N3- 

and O4-CMdT).  

We introduced the methyl ester derivative of the carboxymethyl functionality to 

the N3 position of thymidine by alkylation with methyl bromoacetate, and treated the 

resulting compound with 0.5 M NaOH to give the desired N3-CMdT (Scheme 2-1). 

The chemical synthesis of O4-CMdT was inspired by the previous synthesis of ODNs 

bearing an O4-methylthymidine (21) and O6-CMdG (22) (Scheme 2-2). We 

incorporated the 1,2,4-triazolyl moiety to the C4 carbon atom of 
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3′,5′-O-di-DMTr-protected thymidine, which, upon treatment with methyl glycolate in 

the presence of DBU, renders the corresponding methyl ester of the di-DMTr-protected 

O4-CMdT. The DMTr groups in the latter derivative were removed by using 3% TCA 

in CH2Cl2 (Scheme 2-2, details shown in Materials and Methods), and the resulting 

product was incubated with 0.1 M NaOH to give the corresponding carboxylic acid 

derivative. 

The structures of the two synthesized carboxymethylated thymidine derivatives 

were supported by 1H-NMR and 2-dimensional heteronuclear multi-bond correlation 

(HMBC) measurements. In particular, the two methylene protons in the carboxymethyl 

functionality of N3-CMdT exhibit strong correlation with the C2 and C4 of the thymine 

ring in the 2-D HMBC spectrum; whereas the two corresponding methylene protons in 

O4-CMdT show correlation with the C4, but not the C2, of the thymine ring. These 

distinct spectral features support the sites of carboxymethylation in these two 

thymidine lesions. 
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Figure 2-1  1H-13C HMBC spectra of N3-CMdT and O4-CMdT 
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2.3.2 Formation of N3-CMdT and O4-CMdT in calf thymus DNA upon 

treatment with KDA 

The availability of the standard N3-CMdT and O4-CMdT enabled us to assess 

whether these two lesions can be induced in calf thymus DNA. To this end, we treated 

calf thymus DNA with potassium diazoacetate, removed the salts from the reaction 

mixture by ethanol precipitation, digested the DNA with enzymes, and subjected the 

resulting nucleoside mixture to LC-MS/MS analysis, where we monitored selectively 

the fragmentation of the [M+H]+ ion (m/z 301.1) of carboxymethylated thymidines.  

The selected-ion chromatogram (SIC) for monitoring the formation of the protonated 

carboxymethylthymine (i.e., m/z 185.1) revealed two peaks with elution time at 27.8 

and 29.2 min, respectively (Figure 2-2c). The product-ion spectra averaged from these 

two peaks showed the formation of a predominant fragment ion of m/z 185 (insets in 

Figure 2-3c & 2-3d), which is attributed to form from the elimination of a 

2-deoxyribose component. Further fragmentation of this ion (i.e., MS3 experiment) 

leads to the facile loss of a water molecule to give the ion of m/z 167 (Figure 2-3c-d).  
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Figure 2-2  LC-MS/MS for monitoring the formation of N3-CMdT and O4-CMdT in calf thymus 

DNA upon treatment with diazoacetate. Shown are the SICs for monitoring the m/z 
301.1 185.1 transition, corresponding to the loss of a 2-deoxyribose, from the LC-MS/MS 
analyses with the injection of: (a) N3-CMdT standard; (b) O4-CMdT standard; (c) enzymatic 

digestion mixture of calf thymus (ct) DNA treated with 20 mM KDA; (d) the sample in (c) with the 
addition of standard N3-CMdT; and (e) the sample in (c) with the addition of standard O4-CMdT. 
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Figure 2-3  Tandem mass spectra supporting the formation of N3-CMdT and O4-CMdT in calf 
thymus DNA. Shown are the MS3 results, which monitors the further fragmentation of the 
protonated carboxymethylthymine (m/z 185.1), for: (a) standard N3-CMdT; (b) standard 

O4-CMdT; (c) the 27.8-min fraction shown in Figure 2-2c; and (d) the 29.2-min fraction shown in 
Figure 2-2c. Depicted in the insets are the corresponding MS/MS for the [M+H]+ ions of the 
modified nucleosides. The ion of m/z 185.1 found in MS/MS is attributed the elimination of a 

2-deoxyribose. 
 

 



 76

We also subjected standard N3-CMdT and O4-CMdT to LC-MS/MS analysis 

under the same experimental conditions. It turned out that these two modified 

nucleosides share the same retention times (Figure 2-2a – 2-2c) and the identical 

product-ion spectra (both MS/MS and MS3, Figure 2-3) as the two components present 

in the enzymatic digestion mixture of KDA-treated calf thymus DNA. Moreover, 

doping the nucleoside mixture arising from the KDA-treated calf thymus DNA with 

N3-CMdT leads to increase in signal for the first peak (Figure 2-2d), similar doping 

with O4-CMdT results in a rise in signal intensity for the later-eluting peak (Figure 

2-2e), lending further support that both N3-CMdT and O4-CMdT could be induced in 

calf thymus DNA upon KDA treatment. 

 

2.3.3. Incorporation of N3-CMdT and O4-CMdT into ODNs 

To understand the implications of N3-CMdT and O4-CMdT in the KDA-induced 

mutations observed at T:A base pairs, it is important to obtain ODN substrates housing 

a site-specifically inserted N3-CMdT and O4-CMdT for future replication and repair 

studies. Therefore, we developed synthetic methods for the insertion of these two 

lesions into ODNs at a unique site. In this respect, the phosphoramidite building block 

of the methyl ester derivative of N3-CMdT was prepared from the above-described 

modified nucleoside following standard procedures (19). After solid-phase ODN 

assembly, we cleaved the ODN from the resin and removed the nucleobase protecting 
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groups by treatment with 1.0 M NaOH, which also converted the methyl ester 

derivative to the corresponding carboxylic acid (22).  

A similar nucleoside conversion strategy as described above for the synthesis of 

O4-CMdT was employed for the synthesis of ODNs housing a site-specifically inserted 

O4-CMdT (Scheme 2-5). The 1,2,4-triazolyl-protected thymidine was incorporated into 

ODNs by using standard phosphoramidite chemistry, and the triazolyl functionality on 

thymidine was displaced with methyl glycolate while the ODN was still on the resin.  

The resin was subsequently treated with 0.1 M NaOH to convert the ester derivative to 

the corresponding carboxylic acid; such treatment also resulted in the cleavage of the 

ODN from the solid support and the removal of the nucleobase protecting groups 

(Scheme 2-5).  

It is worth noting that alkaline conditions were employed for the above conversion 

from methyl ester to the corresponding carboxylic acid and for the nucleobase 

deprotection, it is important to assess the stability of the lesion-carrying ODNs under 

these basic conditions. Our LC-MS/MS analyses showed that while the dodecameric 

ODN containing N3-CMdT is stable under the alkaline conditions (1.0 M NaOH for 24 

hrs), the corresponding O4-CMdT-bearing ODN is not very stable under strong alkaline 

conditions. Thus, we treated the ODN-carrying solid support with 0.1 M NaOH for 24 

hrs to facilitate the above ester-to-acid conversion and the nucleobase deprotection.  
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In this context, our LC-MS analysis showed that approximately 15% of the ODN has 

lost the carboxymethyl group to produce the corresponding unmodified 

thymidine-containing ODN. The thymidine and O4-CMdT-bearing ODNs, however, 

can be resolved by HPLC. 

The ODNs obtained from the above-described procedures were characterized by 

ESI-MS and MS/MS to confirm their sequence and the location of carboxymethylation. 

Taking the characterizations of the d(ATGGCGXGCTAT) (where “X” represents 

O4-CMdT) as an example, we found that the measured m/z values for the multiply 

deprotonated ions are consistent with their calculated ones (Figure 2-4, inset). In 

addition, MS/MS of the [M – 3H]3– ion (m/z 1243.9, Figure 2-4) gives a series of 

sequence ions, allowing us to establish unambiguously that there is an O4-CMdT at the 

7th position in this ODN counting from the 5′ terminus. Upon collisional activation in a 

mass spectrometer, an ODN undergoes cleavages at the N-glycosidic bond and the 3′ 

C-O bond of the same nucleoside to form [an – Base] and its complementary wn ions, 

which carry the 5′ and 3′ termini of the ODN, respectively (23). Because of the low 

proton affinity of thymine, the N-glycosidic bond in thymidine is usually not 

susceptible to cleavage and, as a result, chain cleavage is often not observed at the 3′ 

C-O bond of this nucleoside (24). In Figure 2-4, we observed [a3 – G], [a4 – G], [a5 – 

C], [a6 – G], [a8 – G], [a9 – C], [a11 – A], w3, w4, w5, w6, w7, w8, w9, and w11 ions. The 
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observed masses of w6, w7, w8, w9, and w11 ions are 58 Da higher in masses than the 

calculated masses of the corresponding fragments for the unmodified ODN, whereas 

the masses of the w3, w4, w5 ions are the same the calculated masses for the 

corresponding fragments from the unmodified ODN, supporting the presence of an 

O4-CMdT at the 7th position of this ODN. The same conclusion can be drawn based on 

the observed masses of the [a – Base] series fragment ions. Likewise, we characterized 

the synthesized N3-CMdT-containing ODN by ESI-MS and MS/MS. 
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Figure 2-4  The product-ion spectrum of the ESI-produced [M – 3H]3– ions of 

d(ATGGCGXGCTAT), where “X” represents O4-CMdT. Illustrated in the insets is the 
negative-ion ESI-MS for the modified ODN. 
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2.4 Discussion 

 

Humans are exposed to NOCs from both endogenous and exogenous sources (1), 

and a recent epidemiological study found a significant correlation between the human 

exposure toward endogenous NOCs and the risk of developing non-cardia gastric 

cancer (2). Endogenously induced NOCs can be metabolically activated to give 

diazoacetate, which can result in the alkylation of DNA (1). An earlier study by Zurlo 

et al. (11) showed that the exposure of pancreatic acinar cells to O-diazoacetyl-L-serine, 

which can be metabolically activated to give diazoacetate (Scheme 1-2), could induce 

the formation of N7-CMG in DNA. It was also observed that the treatment of calf 

thymus DNA with potassium diazoacetate or NOCs could result in the formation of 

O6-CMdG (6-9). In addition, O6-CMdG was detected at a level of 3-8 lesions per 107 

nucleosides in the blood DNA of healthy human subjects (9), and humans consuming 

red meat have elevated level of O6-CMdG in colonic exfoliated cells than control group 

consuming vegetarian diet (13). Moreover, the propagation of diazoacetate-treated, 

human p53 gene-containing shuttle vector in yeast cells gave similar mutation pattern 

at non-CpG sites as that found in human stomach and colon cancers (15). Together, 

these previous studies established a strong link between human exposure to N-nitroso 

compounds and the carboxymethylation of DNA and suggested that the exposure to 
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N-nitroso compounds may constitute an important etiological factor in human cancer 

development. 

Aside from the above two dG adducts, the diazoacetate-mediated 

carboxymethylation chemistry of other nucleosides in DNA has not been assessed. 

Shuttle vector studies revealed that diazoacetate treatment can also lead to significant 

mutations at T:A base pairs (15), suggesting that diazoacetate can also lead to the 

modification of thymine and/or adenine in DNA. Here, we synthesized authentic 

N3-CMdT and O4-CMdT, and demonstrated, by using LC-MS/MS, that indeed these 

two lesions could be induced and they constitute the main thymidine products formed 

in calf thymus DNA upon exposure to diazoacetate. The methods for the syntheses of 

N3-CMdT and O4-CMdT can be readily adapted for the preparation of the 

corresponding stable isotope-labeled derivatives, which facilitates the future 

LC-MS/MS quantification of these lesions formed in vitro and in vivo by using the 

isotope dilution technique. In this context, it is worth noting LC-MS/MS also revealed 

the carboxymethylation of 2’-deoxyadenosine in calf thymus DNA. The chemical 

nature of the carboxymethylated adenine is currently under investigation. The results 

from this study will be published in due course. 

The formation of N3-CMdT and O4-CMdT in calf thymus DNA calls for the 

examination of the replication and repair of these lesions. To carry out such studies, we 
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need to obtain ODN substrates housing a site-specifically incorporated N3-CMdT and 

O4-CMdT. Thus, we also developed facile synthetic methods for the site-specific 

incorporation of these two lesions into ODNs. In this respect, the methods facilitated 

the preparation of 12-mer ODNs in reasonably good yield. After HPLC separation and 

desalting, we were able to obtain ~100 nmol of the lesion-bearing ODNs from a 

1-µmol scale synthesis. Thus, the synthetic strategy facilitates the availability of 

sufficient ODN substrates for future NMR structural studies. The lesion-bearing 

substrates can also be employed to construct, by enzymatic ligation, longer 

lesion-bearing ODNs for in-vitro DNA repair studies (25) and damage-containing 

shuttle vectors for in-vivo replication and repair studies (26, 27). 
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CHAPTER 3  Synthesis and Characterization of ODNs Containing a 

Site-specifically Incorporated N4-CMdC or N6-CMdA 

 

3.1 Introduction 

 

Human genome is frequently attacked by various endogenous and exogenous 

species, and the resulting damage to DNA has been implicated in a number of 

pathological conditions including cancer and neurological disorders (1). Emerging data 

have supported a previous hypothesis that DNA damage induced by N-nitroso 

compounds (NOCs) in the gastric cavity may constitute the early steps of 

carcinogenesis in gastric cancer due to the high nitrite content of the gastric juice (2, 3). 

In a recent review, Risch (4) proposed that frequent gastrointestinal exposure to NOCs 

contributes to increased risk for developing pancreatic cancer. In this respect, NOCs 

induce DNA adducts and single-strand breaks (5) which appear to stimulate DNA 

synthesis in the pancreatic ductal epithelium (6). Thus, exposure to NOCs may work 

synergistically with other factors to induce tumor development (7).  

Humans are exposed to NOCs from diet, tobacco smoke and other environmental 

sources as well as from endogenous sources, and it was estimated that endogenous 

sources contribute to 45-75% of the total NOC exposure (3). Earlier studies by Wogan 



 89

et al. (8) revealed that the treatment of male Fischer rats with nitrosated bile acid 

conjugates N-nitrosoglycocholic acid (NOGC) and N-nitrosotaurocholic acid (NOTC) 

could induce hepatocarcinoma in 54-70% of the treated animals, and 12-13% of the 

treated rats developed gastric tumors. Forward mutation assays showed that NOGC and 

NOTC are mutagenic in bacteria cells and human lymphoblasts. In this regard, NOGC 

could arise from the nitrosation of glycocholic acid under simulated gastric conditions 

(9, 10). The treatment of calf thymus DNA with NOGC could induce the formation of 

O6-carboxymethyl-2’-deoxyguanosine (O6-CMdG) and, much less frequently, 

O6-methyl-2’-deoxyguanosine (O6-MdG) (11). By using immunoslot blot assay or 

immunoaffinity/HPLC method with antibody recognizing O6-carboxymethylguanine, 

Shuker et al. (12-14) showed that O6-CMdG could be induced in DNA by 

N-nitrosoglycine. In addition, O-diazoacetyl-L-serine (also known as azaserine), a 

pancreatic carcinogen (15), could result in the carboxymethylation of guanine residues 

in DNA in pancreatic acinar cells (16).  

The NOC-induced DNA carboxymethylation was thought to occur through a 

common reactive intermediate, diazoacetate, which was shown to induce the formation 

of O6-CMdG and, much less efficiently (about 1/16 of that of O6-CMdG), O6-MdG in 

DNA (12-14). In addition, the passage of potassium diazoacetate (KDA)-treated, 

human p53 gene-containing plasmid in yeast cells could lead to substantial single-base 
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substitutions. Importantly, the mutation spectra of KDA obtained from the shuttle 

vector study exhibit remarkable similarity as the mutation spectra of p53 gene in 

human stomach and colorectal cancers (17). This finding underscores that 

gastrointestinal exposure to NOCs and the resulting generation of diazoacetate may 

constitute a significant etiological factor for the development of gastrointestinal tumors 

(17). In addition, KDA induced almost equal frequencies of transition and transversion 

mutations, which is distinctive from the predominant GC AT transition mutation 

(>80%) induced by methylating agent methylnitrosourea (17). Moreover, the 

percentages of mutations occurring at AT base pairs contribute to 43% and 28% of all 

observed mutations while the p53 gene-containing vector was treated with KDA in 

PBS and Tris-EDTA, respectively. The above observation supports that KDA can 

induce promutagenic lesions at both GC and AT base pairs in DNA.  

As discussed above, KDA was found to induce the formation of O6-CMdG and we 

recently reported the formation of N3- and O4-carboxymethylthymidine in calf thymus 

DNA upon exposure to KDA (18). However, it remains unexplored what kind of DNA 

lesions can be induced at adenine and cytosine sites in DNA. In the present study, we 

set out to examine the chemistry of diazoacetate-induced modifications of adenine and 

cytosine in DNA, and to synthesize oligodeoxyribonucleotides (ODNs) containing 

carboxymethylated derivatives of 2’-deoxyadenosine and 2’-deoxycytidine at defined 
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sites. In addition, we will have a preliminary assessment about how these lesions 

destabilize duplex DNA and how they perturb DNA replication in vitro. 

 

3.2 Experimental Procedures  

 

Materials.  Chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and 

Thermo Fisher Scientific (Pittsburgh, PA) unless otherwise specified. Reagents for 

solid-phase DNA synthesis were obtained from Glen Research Co. (Sterling, VA), and 

unmodified ODNs were from Integrated DNA Technologies (Coralville, IA). Calf 

intestinal alkaline phosphatase, nuclease P1 and Klenow fragment (Kf-) were purchased 

from New England Biolabs (Beverly, MA) and US Biological (Swampscott, MA), 

respectively. [γ-32P]ATP was obtained from Amersham Biosciences Co. (Piscataway, 

NJ).  

Mass spectrometry (MS) and NMR.  Electrospray ionization-mass 

spectrometry (ESI-MS) and tandem MS (MS/MS) experiments were carried out on an 

LCQ Deca XP ion-trap mass spectrometer (Thermo Fisher Scientific, San Jose, CA). A 

mixture of methanol and water (50:50, v/v) was used as solvent for electrospray. The 

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

300°C. High-resolution mass spectra (HRMS) were acquired on an Agilent 6510 
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Q-TOF LC/MS instrument (Agilent Technologies, Santa Clara, CA) equipped with an 

ESI source. 1H NMR spectra were recorded on Varian Inova NMR spectrometers at 

300 or 400 MHz (Varian Inc., Palo Alto, CA), and 31P NMR spectra were acquired at 

80 MHz. The H2’/H2” assignments were based on coupling constant arguments (19). 

 

3.2.1 Synthesis of N4-Carboxymethyl-2’-deoxycytidine (N4-CMdC) 

Synthesis of 3’,5’-O-diacetyl-2’-deoxyuridine (1a, Scheme 3-1). (20, 21) 

Commercial available 2’-deoxyuridine (200 mg) was dissolved in 5.0 mL of 

acetonitrile. To this solution, 2 mg of DMAP and 340 μL of acetic anhydride were 

added, and the resulting solution was stirred at room temperature for 3 hours. The 

solvent was then removed under vacuum, and the residue was redissolved in 10 mL of 

methylene chloride. The organic phase was washed with water twice (2.0 ml each time), 

and then concentrated to small volume for silica gel purification in which Hexane/Ethyl 

acetate/Methylene chloride (1/3/1 by volume) was used as mobile phase. 194 mg of 

final product was obtained as white solid. Yield 71%. HRMS (ESI): [M+H]+ calcd m/z 

313.1036, found 313.1044. 1H NMR (300 MHz, CDCl3, 25°C, Figure S3-1): δ 9.65 (s, 

1H, N-H), 7.48 (d, 1H, H-6, J = 9 Hz), 6.27 (t, 1H, H-1’, J = 6 Hz), 5.78 (d, 1H, H-5, J 

= 9.0 Hz), 5.21 (m, 1H, H-3’), 4.4 (m, 1H, H-4’), 4.26-4.32 (m, 2H, H-5’ and H-5’’), 

2.45 (m, 1H, H-2’), 2.13 (m, 1H, H-2’’), 2.08 and 2.10 (s, 6H, two acetyl CH3).  
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Synthesis of 3’, 5’-O-diacetyl-4-(1H-1, 2, 4-triazol-1-yl)-2’-deoxyuridine (1b, 

Scheme 3-1). Compound 1b was prepared following a previously described protocol 

(22) with slight modification. Briefly, compound 1, 2, 4-triazole (414 mg) was 

suspended in anhydrous acetonitrile (9.0 mL) in an ice bath, and then POCl3 (110 μL) 

was slowly added with rapid stirring followed by dropwise addition of TEA (840 μL). 

Compound 1a (180 mg) in 2.5 mL of acetonitrile was subsequently added, and the 

solution was continuously stirred for 90 min. The reaction was terminated by adding 

saturated NaHCO3 solution and extracted with CH2Cl2. The organic layer was washed 

sequentially with saturated NaHCO3 and brine, dried with Na2SO4, and the solvent was 

evaporated under reduced pressure. Purification with silica gel column chromatography 

using Ethyl acetate/Methanol (5/1 by volume) as mobile phase rendered compound 1b 

as white solid (183 mg; yield 87%). HRMS (ESI): [M+H]+ calcd m/z 364.1257, found 

364.1265. 1H NMR (300 MHz, CDCl3, 25°C, Figure S3-2): δ 9.27 (s, 1H, H-11), 8.28 

(d, 1H, H-6, J = 9 Hz), 8.13 (s, 1H, H-9), 7.10 (d, 1H, H-5, J = 9.0 Hz), 6.27 (t, 1H, 

H-1’, J = 6 Hz), 5.24 (m, 1H, H-3’), 4.43-4.40 (m, 3H, H-4’, H-5’ and H-5’’), 2.94 (m, 

1H, H-2’), 2.13 (m, 1H, H-2’’), 2.09 and 2.12 (s, 6H, two acetyl CH3).  

Synthesis of glycine ethyl ester. (23, 24) To a previously cooled ethanol solution 

(10 mL, at -20°C) was added dropwise thionyl chloride (2.6 mL) followed by addition 

of glycine (750 mg). The reaction mixture was stirred at room temperature until all 
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compounds were dissolved. The solvent was evaporated in vacuo and the residue was 

dissolved in ethanol and precipitated with ethyl ether. The salt was collected by 

filtration and washed with ether to give glycine ethyl ester hydrochloride (498 mg). 

This solid product was then mixed with solid K2CO3 (1.1 g) and two drops of saturated 

aqueous NaCl solution, and the mixture was subsequently triturated to give a thick 

paste, which was extracted twice with Et2O. The combined organic layer was dried 

over MgSO4 and the solvent was removed under reduced pressure. The resulting 

glycine ethyl ester, in light yellow liquid (324 mg; yield: 31%), was used for 

subsequent reactions without further purification.  

Synthesis of 3’,5’-O-diacetyl-N4-ethoxycarbonylmethyl-2’-deoxycytidine (1c, 

Scheme 3-1). (25) Compound 1b (181 mg, 0.5 mmol), glycine ethyl ester (102 mg, 1.0 

mmol), and TEA (167 μL, 1.2 mmol) were mixed in anhydrous acetonitrile (10 mL) in 

a round bottom flask and the solution was stirred at room temperature for 3 days. The 

solvent was removed in vacuo and product 1c was isolated by silica gel column 

chromatography by using EtOAc as mobile phase. The product was obtained as light 

yellowish oil (95 mg; Yield: 48%). HRMS (ESI): [M+H]+ calcd m/z 398.1563, found 

398.1571. 1H NMR (300 MHz, CDCl3, 25°C, Figure S3-3): δ 7.66 (d, 1H, H-6, J = 6.0 

Hz), 6.28 (t, 1H, H-1’, J = 6.4 Hz), 6.09 (broad, 1H, NH), 5.82 (d, 1H, H-5, J = 6.0 Hz), 

5.17 (m, 1H, H-3’), 4.32 (m, 1H, H-4’), 4.20 (m, 6H, CH2, CH2, H-5’ and H-5’’), 2.68 
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(m, 1H, H-2’), 2.00 (m, 2H, H-2’’), 2.05 (s, 3H, acetyl CH3), 2.06 (s, 3H, acetyl CH3), 

1.27 (s, 3H, CH3). 

Synthesis of N4-carboxymethyl-2’-deoxycytidine (N4-CMdC, Scheme 3-1). 

Compound 1c (20 mg) was dissolved in 1.5 mL methanol, and to the solution was 

added 1.0 M NaOH (1.5 mL). The mixture was stirred at room temperature for one day 

to complete the hydrolysis of ethyl ester. The solution was then neutralized with 1.0 M 

HCl, and the solvent was removed in a Speed-vac to afford light yellow solid residue 

which was washed with CHCl3 (200 μL ×3) and extracted with methanol (500 μL ×4). 

The methanol layer was combined and dried to render N4-CMdC as white solid (Yield: 

92%). HRMS (ESI): [M+H]+ calcd m/z 286.1039, found 286.1045. 1H NMR (300 MHz, 

D2O, 25°C, Figure S3-4): δ 7.79 (d, 1H, H-6, J = 6.0 Hz), 6.33 (t, 1H, H-1’, J = 6.7 Hz), 

6.13 (d, 1H, H-5, J = 6.0 Hz), 4.48 (m, 1H, H-3’), 4.10 (m, 1H, H-4’), 3.86 (broad, 2H, 

NCH2), 3.87-3.80 (m, 2H, H-5’ and H-5’’), 2.50-2.30 (m, 2H, H-2’ and H-2’’). UV 

Spectrum (in H2O, Figure S3-5): Max. Abs. at 273 nm.  
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Scheme 3-1  Synthetic route for preparing N4-CMdC 
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3.2.2 Synthesis of N6-carboxymethyl-2’-deoxyadenosine (N6-CMdA) 

Synthesis of N6-ethoxycarbonylmethyl-2’-deoxyadenosine (4a, Scheme 3-2). 

(26) To a round-bottom flask were added70 mg (0.26 mmole) of commercially 

available 6-chloro-9-(β-D-2-deoxyribofuranosyl)purine (6-CldA, Berry & Associates, 

Dexter, MI), glycine ethyl ester (132 mg, 1.3 mmol), TEA (209 μL, 1.5 mmol), and 

anhydrous acetonitrile (5.0 mL). The solution was stirred at room temperature for 2 

days, and the solvent was removed in vacuo. Product 4a was isolated by silica gel 

column chromatography with EtOAc and then EtOAc/MeOH (50/1, v/v) as mobile 

phases. The product was obtained in white solid (48 mg; Yield: 61%). HRMS (ESI): 

[M+H]+ calcd m/z 338.1464, found 338.1470. 1H NMR (400 MHz, CDCl3, 25°C, 

Figure S3-6): δ 8.33 (s, 1H, H-8), 7.87 (s, 1H, H-2), 6.61 (b, 1H, NH), 6.35 (t, 1H, H-1’, 

J = 6.4 Hz), 4.78 (m, 1H, H-3’), 4.41 (w, 2H, 3’-OH and 5’-OH) 4.25 (m, 5H, H-4’, 

NCH2 and OCH2), 3.95 (m, 1H, H-5’), 3.81 (m, 1H, H-5’’), 3.05 (m, 1H, H-2’), 2.33 

(m, 1H, H-2’’), 1.30 (t, 3H, CH3, J = 6.0 Hz).  

Synthesis of N6-carboxymethyl-2’-deoxyadenosine (N6-CMdA, Scheme 3-2). 

Compound 4a (20 mg) was dissolved in 1.5 mL methanol, and to the solution was 

added 1.0 M NaOH (1.5 mL). The mixture was stirred at room temperature for 6 hrs to 

complete the hydrolysis of ethyl ester. The solution was then neutralized with 1.0 M 

HCl, and the solvent was removed in a Speed-vac to afford light yellow solid residue 

which was washed with CHCl3 (200 μL ×3) and extracted with methanol (500 μL ×4). 
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The methanol layer was combined and dried to render N6-CMdA as a pale yellow solid 

(16 mg; Yield: 87%). HRMS (ESI): [M+H]+ calcd m/z 310.1151, found 310.1159. 1H 

NMR (400 MHz, D2O, 25°C, Figure S3-7): δ 8.15 (s, 1H, H-8), 8.06 (s, 1H, H-2), 6.33 

(t, 1H, H-1’, J = 6.7 Hz), 4.55 (m, 1H, H-3’), 4.08 (s, 1H, H-4’), 3.96 (broad, 2H, 

NCH2), 3.74 (m, 1H, H-5’), 3.68 (m, 1H, H-5’’), 2.69 (m, 1H, H-2’), 2.49 (m, 2H, 

H-2’’). UV spectrum (in H2O, Figure S3-8): Max. Abs. at 268 nm.  
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3.2.3 Synthesis of phosphoramidite building block for preparation of 

N4-CMdC-containing ODNs 

Synthesis of N4-methoxycarbonylmethyl-2’-deoxycytidine (1d, Scheme 3-3) 

(27). Compound 1c (95 mg) was dissolved in 3.0 mL of 0.4 M triethylamine in 

methanol, and the solution was stirred at room temperature for 2 days. The solution 

was concentrated to a small volume and co-evaporated with anhydrous methanol (twice) 

and toluene (twice) to give white solid (66 mg; yield: 92%). HRMS (ESI): [M+H]+ 

calcd m/z 300.1196, found 300.1202. 1H NMR (300 MHz, CDCl3, 25°C, Figure S3-9): 

δ 8.31 (s, 1H, NH), 7.97 (d, 1H, H-6, J = 6.0 Hz), 6.25 (t, 1H, H-1’, J = 7.0 Hz), 5.95 (d, 

1H, H-5, J = 7.5 Hz), 4.86 (broad, 2H, 3’-OH and 5’-OH), 4.36 (m, 1H, H-3’), 4.17 (s, 

2H, NCH2), 3.93 (m, 1H, H-5’), 3.80-3.65 (m, 4H, OCH3, and H-5’’), 3.32 (m, 1H, 

H-4’), 2.34 (m, 1H, H-2”), 2.15 (m, 1H, H-2’). 

Synthesis of 

5’-O-(4,4’-dimethoxytrityl)-N4-methoxycarbonylmethyl-2’-deoxycytidine (1e, 

Scheme 3-3). (26, 28) Compound 1d (50 mg) was dissolved in anhydrous pyridine (3.0 

mL) and the solution was cooled in an ice-bath. To the solution were added 

4-dimethylaminopyridine (DMAP, 0.5 mg) and dimethoxytrityl chloride (DMTr-Cl, 65 

mg), and the resulting solution was stirred at room temperature for 90 min. The 

reaction was then quenched with methanol (0.1 mL), and the solvent was removed 

under reduced pressure. The product was by silica gel column purification in which the 
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column was first washed with CH2Cl2 (with 0.1% TEA), and the desired compound 

was eluted from the column with CH2Cl2/CH3OH (9/1 with 0.1% TEA). Compound 1e 

was obtained as yellow foam (Yield: 74%). HRMS (ESI): [M+H]+ calcd m/z 602.2502, 

found 602.2511. 1H NMR (300 MHz, DMSO, 25°C, Figure S3-10): δ 8.08 (m, 1H, NH), 

7.67 (d, 1H, H-6, J = 6.3 Hz), 7.40-7.17 (m, 9H, aromatic Hs), 6.90 (m, 4H, aromatic 

Hs), 6.13 (t, 1H, H-1’, J = 6.7 Hz), 5.70 (d, 1H, H-5, J = 7.5 Hz), 5.26 (s, 1H, 3’-OH), 

4.27 (m, 1H, H-3’), 4.13-4.06 (m, 2H, H-5’ and H-5’’), 3.82 (m, 1H, H-4’), 3.75 (s, 3H, 

COOCH3), 3.64 (s, 2H, NCH2), 3.32 (m, 6H, OCH3,), 2.20 (m, 1H, H-2’), 2.10 (m, 1H, 

H-2’’). 

Synthesis of 

5’-O-(4,4’-dimethoxytrityl)-N4-methoxycarbonylmethyl-2’-deoxycytidine-3’-O-[(2-

cyanoethyl)-N,N-diisopropylphosphoramidite] (1f, Scheme 3-3). (18, 25) To a round 

bottom flask, which was suspended in an ice bath and contained a solution of 

compound 1e (70 mg) in dry CH2Cl2 (5.0 mL), was added N,N-diisopropylethylamine 

(DIEA, 50 μL) followed by 2-cyanoethyl-N,N-diisopropyl chlorophosphoramidite (45 

μL). The mixture was stirred at room temperature for 30 min under an argon 

atmosphere, and quenched by adding 0.1 mL CH3OH. The solution was then mixed 

quickly with EtOAc (8.0 mL). The organic phase was washed with saturated NaHCO3 

(2.0 mL), brine (2.0 ml), and dried with anhydrous Na2SO4. The solvent was 
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evaporated under vacuum to yield final product 1f which was obtained as white foam 

and used directly for ODN synthesis without further purification (Yield: 75%). HRMS 

(ESI): [M+Na]+ calcd m/z 824.3400, found 824.3413. 31P NMR (80 MHz, CDCl3, 25°C, 

Figure S3-11): δ 150.1, 149.6.  
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3.2.4 Synthesis of phosphoramidite building block for preparation of 

N6-CMdA-containing ODNs 

Synthesis of 5’-O-(4,4’-dimethoxytrityl)-N6-ethoxycarbonylmethyl-2’- 

deoxyadenosine (4b, Scheme 3-4). This compound was synthesized following the 

similar procedures as described for the synthesis of 1e. The product was isolated from 

the reaction mixture on a silica gel column with the use of EtOAc as mobile phase, and 

obtained as yellow foam (88 mg; yield: 77%). HRMS (ESI): [M+H]+ calcd m/z 

640.2771, found 640.2783. 1H NMR (400 MHz, DMSO, 25°C, Figure S3-12): δ 8.29 (s, 

1H, H-8), 8.15 (s, 1H, H-2), 7.32 (m, 5H, aromatic Hs), 7.21-7.19 (m, 5H, 4 aromatic 

Hs and NH), 6.81 (m, 4H, aromatic Hs), 6.38 (t, 1H, H-1’, J = 6.5 Hz), 5.36 (m, 1H, 

H-3’), 4.47 (broad, 1H, 3’-OH), 4.25-3.90 (m, 5H, H-4’, NCH2 and ethoxy CH2), 3.72 

(s, 6H, OCH3), 3.17 (m, 2H, H5’ and H-5’’), 2.87 (m, 1H, H-2’), 2.33 (m, 1H, H-2’’), 

1.17 (t, 3H, CH3, J = 6.2 Hz).  

Synthesis of 5’-O-(4,4’-dimethoxytrityl)-N6-ethoxycarbonylmethyl-2’- 

deoxyadenosine-3’-O-[(2-cyanoethyl)-N,N-diisopropylphosphoramidite] (4c, 

Scheme 4-4). This compound was synthesized following the similar procedures as 

described for the synthesis of 1f. The product 4c was obtained in white foam and used 

directly for ODN synthesis (72 mg; Yield; 68%). HRMS (ESI): [M+Na]+ calcd m/z 

862.3669, found 862.3678. 31P NMR (80 MHz, CDCl3, 25°C, Figure 3-13): δ 149.8, 

149.0.
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3.2.5 ODN synthesis and purification 

ODN synthesis. ODNs were synthesized on a Beckman Oligo 1000S DNA 

synthesizer (Fullerton, CA) at a 1-μmole scale. The synthesized phosphoramidite 

building blocks were dissolved in anhydrous acetonitrile at a concentration of 0.067 M. 

Standard phosphoramidite building blocks (Glen Research Inc., Sterling, VA) of dA, 

dC, dG, and dT were employed, and a standard ODN assembly protocol was used 

without any modification. After synthesis, the ODN-bearing control-pore glass (CPG) 

beads were first treated with 2.0 mL of 0.4 M NaOH at room temperature for 5 hrs, and 

the beads were removed by filtration. The resulting ODN-containing solution was 

neutralized with 1.0 M HCl, and the solvent was removed in a Speed-vac. The residue 

was then treated with concentrated NH4OH (3.0 mL) at room temperature for 2 days, 

and the solvent was removed by using Speed-vac. The dried pellet was reconstituted in 

water and purified by HPLC. 

In an alternative ODN synthesis protocol, ultra-mild phosphoramidite building 

blocks of dA, dC, and dG (Glen Research Inc., Sterling, VA) were used. After synthesis, 

the ODN-bearing ultra-mild CPG beads were suspended in 0.4 M NaOH solution (3.0 

mL) at room temperature for 5 hrs, and the beads were subsequently removed by 

filtration. The resulting solution was neutralized with 1.0 M HCl and subjected to 

HPLC purification; HPLC Gradients I and II were used for purification of 12mer and 

20mer ODNs, respectively (ODN sequences are shown in Table 3-1).   
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Enzymatic digestion of synthetic ODNs. A 20-μL solution containing 10 nmol of 

ODN1 or ODN2 was digested with four enzymes following the same procedures as 

described above for the digestion of KDA-treated calf thymus DNA. The resulting 

mixtures were subsequently subjected to HPLC analysis in which Gradient III was 

employed. 

HPLC.  HPLC experiments were performed on an Agilent 1100 HPLC System 

with an Apollo C18 column (4.6×250 mm, 5 μm in particle size and 300 Å in pore size, 

W. R. Grace & Co., Deerfield, IL). For the purification of ODNs, a triethylammonium 

acetate buffer (50 mM, pH 6.6, Solution A) and a mixture (Solution B) of solution A 

and acetonitrile (70/30, v/v) were employed as mobile phases. The flow rate was 0.8 

mL/min, and gradient profiles in terms of solution B were as following: (Gradient I) 5 

min 0-20%, 40 min 20-40%, 15 min 40-100%, and 5 min at 100%; (Gradient II) 5 min 

0-35%, 60 min 35-50%, 10 min 50-100%, and 10 min at 100%. For the separation of 

nucleosides, an ammonium formate buffer (10 mM, pH 6.9, Solution A) and a mixture 

of solution A and acetonitrile (70/30, v/v, Solution B) were served as mobile phases. 

The flow rate was 0.8 mL/min, and Gradient III used in this experiment was 5 min 0-10 

% B followed by 40 min 10-40% B. 
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Table 3-1  Sequences of synthesized ODNs and the primer used for in vitro replication study 
 

ODNs Sequences * 

12 mer 5’-ATG GCG XGC TAT-3’ 

20 mer 5’-ATG GCG XGC TAT GAT CCT AG-3’ 

primer 5’-GCT AGG ATC ATA GC-3’ 

  * X indicates a carboxymethylated DNA lesion 
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3.2.6 Examination of the formation of N4-CMdC and N6-CMdA in KDA-treated 

calf thymus DNA 

KDA treatment of calf thymus DNA.  KDA was prepared through alkaline 

hydrolysis of ethyl diazoacetate following previously described procedures (17, 18), 

and its stock solution (0.8 M) was diluted to an appropriate concentration before usage. 

Calf thymus DNA (1.0 mg/mL) in PBS buffer (pH 7.3) was treated with freshly 

prepared KDA solution (10 mM) at 37°C overnight. The resulting DNA was desalted 

by ethanol precipitation, and the recovered DNA pellets were then taken up in doubly 

distilled water and digested with four enzymes. One unit of nuclease P1, 0.01 unit of 

calf spleen phosphodiesterase, and 2.5 μL of buffer solution containing sodium acetate 

(300 mM, pH 5.0) and zinc acetate (10 mM) were added to a 20 μL solution of 

KDA-treated calf thymus DNA (20 μg). The digestion was continued at 37°C for 6 hrs. 

To the digestion mixture were then added 10 units of alkaline phosphatase, 0.05 unit of 

snake venom phosphodiesterase, and 5 μL of 0.5 M Tris-HCl (pH 8.9). The digestion 

was continued at 37°C for 6 hrs, and the enzymes were removed by chloroform 

extraction. The resulting aqueous solution was dried in a Speed-vac and redissolved in 

doubly distilled water for LC-MS/MS analysis. 

LC-MS/MS.  Coupled liquid chromatography-ESI tandem MS (LC-MS/MS) 

experiments were performed using an Agilent 1100 capillary HPLC pump and an LTQ 

linear ion trap mass spectrometer (Thermo Fisher Scientific, San Jose, CA). A Zorbax 
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SB-C18 column (0.5×150 mm, 5 μm in particle size, Agilent Technologies) was used, 

and a 0.1% formic acid in water (Solution A) and a 0.1% formic acid in methanol 

(Solution B) were employed as mobile phases. The ESI spray voltage was 3.0 kV, and 

the temperature for the heated capillary was maintained at 275°C. 

 

3.2.7 In-vitro replication study 

In-vitro replication studies with exonuclease-free Klenow fragment of E. coli 

DNA polymerase I (Kf-). Primer extension experiments were carried out under 

standing-start conditions. The 20mer lesion-containing templates (see Figures S3-14 & 

15 for ESI-MS/MS characterization) and normal templates (50 nM) with dA or dC in 

lieu of N6-CMdA or N4-CMdC were annealed with a 5’-[32P]-labeled 14mer primer (50 

nM), to which was added a mixture of all four dNTPs (100 μM each). The reaction was 

continued in a 10-μL solution containing 10 mM Tris-HCl (pH 7.5), 10 mM MgCl2, 50 

mM NaCl, and 1 mM dithiothreitol (DTT) at 37°C for 30 min with different amounts 

of Kf- added (0, 0.05, 0.1, 0.2, and 0.3 unit). 

In-vitro replication experiments were also performed in the presence of one 

type of dNTP at a time, where the concentration for individual dNTP was 1.0 mM and 

0.1 unit of Klenow fragment was added. The reaction was continued at 37°C for 10 min 

and terminated by adding 8 μL of gel-loading buffer, which contained 80% formamide 

(pH 8.0), 10 mM EDTA, and 1.0 mg/mL each of xylene cyanol and bromophenol. The 
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products were resolved on 20% denaturing polyacrylamide gels containing 8 M urea. 

Gel images were obtained by using a Typhoon 9410 Variable Mode Imager (Amersham 

Biosciences Co.) and ImageQuant 5.2 software (Amersham Biosciences Co.,). 

 

3.3 Results 

 

3.3.1 Syntheses and structure characterization of N6-CMdA and N4-CMdC. 

Previous studies have shown that KDA is capable of inducing O6-CMdG, 

N3-CMdT and O4-CMdT in isolated DNA (11, 18). It remains unexplored what types 

of adducts can be induced by KDA at adenine and cytosine sites in DNA. To examine 

the diazoacetate-induced carboxymethylation chemistry of adenine and cytosine, we 

first developed synthetic strategies for the preparation of N6-CMdA and N4-CMdC. To 

this end, we introduced the ethoxycarbonylmethyl functionality to the N6 position of 

2’-deoxyadenosine by substitution of the chlorine atom in 6-CldA with glycine ethyl 

ester (26), and the resulting compound 4a was hydrolyzed under alkaline conditions to 

render N6-CMdA. N4-CMdC was synthesized by using a nucleoside conversion strategy 

(29). In this context, the 1,2,4-triazolyl moiety in compound 1b was replaced with 

glycine ethyl ester to render compound 1c, which was hydrolyzed under similar 

alkaline conditions to yield the desired N4-CMdC. 

Identities of N6-CMdA and N4-CMdC were supported by 1H NMR and HRMS 
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measurements. Moreover, we employed 2D heteronuclear multiple bond correlation 

(HMBC) experiment to assign unambiguously the sites of carboxymethylation in these 

two modified nucleosides. In particular, the two methylene protons (at 3.96 p.p.m.) in 

the carboxymethyl functionality of the N6-CMdA exhibit strong correlation with the 

carboxylic carbon atom, as well as the C6 atom (at 154 p.p.m.), but not the C2 atom, of 

the purine ring in a 2D HMBC spectrum (Figure 3-1). On the other hand, the 

corresponding methylene protons (at 3.86 p.p.m.) of the N4-CMdC display strong 

correlation with the C4 atom (at 164 p.p.m.) of the pyrimidine ring and the carboxylic 

carbon. These distinct spectral features reveal without ambiguity the sites where the 

carboxymethyl moiety is introduced.  
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Figure 3-1  1H-13C HMBC spectra of N4-CMdC and N6-CMdA 
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3.3.2 Formation of N6-CMdA and N4-CMdC in calf thymus DNA upon exposure 

to KDA.  

The availability of authentic N6-CMdA and N4-CMdC enabled us to assess 

whether these two lesions can be induced in DNA upon diazoacetate treatment. To 

address this question, we treated calf thymus DNA with potassium diazoacetate, 

removed salts from the reaction mixture by ethanol precipitation, digested the DNA 

with enzymes, and subjected the resulting nucleoside mixture to LC-MS/MS analysis, 

where we monitored selectively the fragmentation of the [M+H]+ ions of the 

carboxymethylated derivatives of 2’-deoxyadenosine (m/z 310.1) and 2’-deoxycytidine 

(m/z 286.1). The selected-ion chromatograms (SICs, Figure 3-2) for monitoring the 

neutral loss of 2-deoxyribose (116 Da) from the protonated ions of the two 

carboxymethylated lesions revealed peaks at 30.5 and 12.2 min, respectively (Figure 

3-2b & 3-2d). The product-ion spectra averaged from these two peaks showed the 

formation of predominant fragment ions of m/z 194 and 170 for carboxymethylated 

2’-deoxyadenosine and carboxymethylated 2’-deoxycytidine, respectively (Figure 3-3b 

& 3-3d), which are attributed to arise from the elimination of a 2-deoxyribose 

component. 

We also subjected standard N6-CMdA and N4-CMdC to LC-MS/MS analysis 

under the same experimental conditions. It turned out that these two modified 

nucleosides share the same retention times (Figure 3-2a & 3-2c) and identical 
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product-ion spectra (Figure 3-3a & 3-3c) as the two components present in the 

enzymatic digestion mixture of KDA-treated calf thymus DNA. This result 

demonstrated that N6-CMdA and N4-CMdC are the major carboxymethylated lesions of 

dA and dC, respectively, induced by KDA in calf thymus DNA.  
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Figure 3-2  LC-MS/MS for monitoring the formation of N6-CMdA and N4-CMdC in calf thymus 
DNA upon treatment with diazoacetate. Shown are the selected ion chromatograms (SICs) for 
monitoring the m/z 310.1 194.1 and 286.1 170.1 transition, corresponding to the loss of a 
2-deoxyribose, from the LC-MS/MS analyses with the injection of: (a) N6-CMdA standard; (b) 

enzymatic digestion mixture of calf thymus DNA treated with 10 mM of KDA; (c) N4-CMdC 
standard; (d) the same sample as in (b).  

 
 



 117

 

m/z

R
el

at
iv

e 
A

bu
nd

an
ce

0

50

100
170.0

- 2-deoxyribose m/z 286.1(c) N4-CMdC std.

0

50

100
170.0

- 2-deoxyribose m/z 286.1
(d) digested ctDNA

0

50

100 194.0
- 2-deoxyribose m/z 310.1(a) N6-CMdA std.

0

50

100
194.1

- 2-deoxyribose m/z 310.1(b) digested ctDNA

100 140 180 220
 

Figure 3-3  CID mass spectra supporting the formation of N6-CMdA and N4-CMdC in calf 
thymus DNA. Shown are the MS/MS results which monitor the fragmentation of the protonated 
N6-CMdA (m/z 310.1) and N4-CMdC (m/z 286.1), for: (a) standard N6-CMdA; (b) the 30.5-min 
fraction shown in Figure 3-2b; (c) standard N4-CMdC and (d) the 12.2-min fraction shown in 

Figure 3-2d. 
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Based on the peak areas found in the SICs for monitoring the neutral loss of 

2-deoxyribose from the carboxymethylated derivatives of all four natural nucleosides 

and with the assumption that these carboxymethylated nucleosides exhibit the same 

ionization and fragmentation efficiencies, we estimated that the amount of N6-CMdA 

was approximately ten times greater than any other known carboxymethylated 

nucleosides. In this context, we were also able to detect N3-CMdT, O4-CMdT, and 

O6-CMdG in the same digestion mixture (18), and it is worth emphasizing that the 

accurate quantification of these lesions formed in vitro or in cells requires the use of 

stable isotope-labeled forms of the carboxymethylated nucleosides, and these 

compounds are currently being synthesized in our laboratory. 

 

3.3.3 Solid-phase synthesis of ODNs containing site-specifically inserted 

N6-CMdA and N4-CMdC.  

Our experimental data clearly revealed that N6-CMdA and N4-CMdC can be 

induced in calf thymus DNA upon exposure to KDA, and ODNs bearing a 

site-specifically incorporated lesion are essential for future studies about how these 

lesions perturb DNA replication and how they are repaired. Therefore, we extended the 

above-described synthetic methods to the preparation of the phosphoramidite building 

blocks that allow for the insertion of N6-CMdA and N4-CMdC into ODNs by using 

automated solid-phase synthesis (Scheme 3-3 & 3-4). In this regard, it is worth noting 
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that previous studies by Harris et al. (26) showed that ODNs containing some 

N6-substituted dA derivatives could be obtained by nucleophilic displacements of 

chlorine atom in 6-CldA with amine-containing species. We attempted to employ a 

similar approach by incorporating 6-CldA into an ODN and treating the ODN with 

glycine or glycine ethyl ester; however, no appreciable displacement was observed 

after three days. Thus, we converted compound 4a to its phosphoramidite building 

block (4c) and obtained the desired N6-CMdA-bearing ODNs via post-oligomerization 

alkaline hydrolysis. 

Likewise, we prepared the phosphoramidite building block for the methyl ester 

derivative of N4-CMdC from compound 1c. Removal of two hydroxyl groups in 

compound 1c was carried out by treatment with 0.4 M TEA in methanol for one day, 

and in the mean time, the ethoxycarbonylmethyl moiety on C4 was converted to 

methoxycarbonylmethyl moiety (Scheme 2b). After this step, the phosphoramidite 

building block 1f can be readily prepared following standard procedures.  

We next incorporated the ester derivatives of N6-CMdA and N4-CMdC into ODNs. 

After synthesis, the ODN-bearing CPG beads were first treated with 0.4 M NaOH at 

room temperature for 5 hrs. Upon this treatment, the ester derivatives of the 

carboxymethyl functionality were hydrolyzed to the corresponding carboxylic acid, the 

ODNs were cleaved from the CPG beads, and the nucleobase protecting groups were 
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partially removed. The complete deprotection of nucleobases was attained by further 

treatment with concentrated NH4OH at room temperature for two days. It is worth 

noting that the above conversion/deprotection protocol is essential since direct 

treatment of the ester precursor-containing ODNs with concentrated NH4OH, as used in 

standard ODN deprotection, gave rise to the facile conversion of the ester to its 

corresponding amide. 

We also developed an alternative ODN synthesis protocol where ultra-mild 

phosphoramidite building blocks were employed. Since the exocyclic amino groups of 

dA and dC are conjugated with ethoxy- and methoxycarbonylmethyl moieties which 

simultaneously serve as nucleobase protecting groups, the phosphoramidite building 

blocks 1f and 4c can therefore be used directly for ODN assembly. After synthesis, a 

5-hr NaOH treatment is sufficient for cleavage, deprotection and ester-to-acid 

conversion. This strategy totally obviated the use of NH4OH, and it constituted an 

alternative protocol for the synthesis of ODNs bearing a carboxymethylated DNA 

adduct. The completely deprotected ODNs were then purified by HPLC, and the HPLC 

traces are shown in supporting information.  
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3.3.4 ESI-MS and MS/MS characterizations of ODNs containing N6-CMdA and 

N4-CMdC.  

We next characterized the N6-CMdA and N4-CMdC-carrying ODNs by mass 

spectrometry. Here, we use d(ATG GCG XGC TAT) (ODN1, ‘X’ represents N6-CMdA) 

as an example to illustrate how we use ESI-MS and MS/MS to confirm the site of 

N6-CMdA incorporation. (see Figure S3-16 for OND2 characterization) Negative-ion 

ESI-MS analysis of this ODN gave a deconvoluted mass of 3741.8 Da for ODN1 

(Figure 3-4a), which is 58 Da higher than the calculated mass of the unmodified d(ATG 

GCG AGC TAT) (i.e., 3683.8 Da). This result is consistent with the presence of an 

N6-CMdA adduct in this substrate. The product-ion spectrum of the [M-3H]3- ion (m/z 

1246.7) of ODN1 showed the formation of wn ions (Figure 3-4b): w3
-, w4

-, w5
-, w6

-, 

w5
2-, w6

2-, w7
2-, w8

2-, w9
2-, and w11

3-, as well as [an - Base] ions: [a3 - G]-, [a4 - G]-, [a5 - 

C]-, [a6 - G]-, [a7- X]2-, [a8- G]2-,[a9- C]2- and [a11- A]2-ions. The measured masses for 

the w3, w4, and w5 ions were the same as the calculated masses for the corresponding 

ions of the unmodified ODN, whereas the w6, w7, w8, w9, and w11 ions exhibited 58 Da 

higher in mass than the corresponding fragment ions formed from the unmodified ODN. 

These results are consistent with the presence of an N6-CMdA at the seventh position in 

the ODN. The above finding is further supported by the observed masses for the [an - 

Base] ions. In this respect, the measured masses for the [a8- G], [a9- C] and [a11- A] ions 
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are 58 Da higher, whereas the measured masses of the [a3 - G], [a4 - G], [a5 - C], [a6 - 

G], and [a7- X] ions are the same as the calculated ones of the corresponding fragment 

ions for the unmodified d(ATG GCG AGC TAT). The other sequences were also 

confirmed by the similar ESI-MS and MS/MS analyses.  
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Figure 3-4  ESI and MS/MS characterizations of d(ATGGCGXGCTAT), X=N6-CMdA: (a) 

negative-ion ESI-MS; (b) product-ion spectrum of the [M-3H]3- ion (m/z 1246.3) 
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3.3.5 Homogeneity of the lesion-containing ODNs.  

To further confirm the incorporation of N6-CMdA and N4-CMdC into ODNs, we 

digested ODN1 (12-mer containing N6-CMdA) and ODN2 (12-mer containing 

N4-CMdC) into 2’-deoxynucleosides, separated the digestion mixtures by HPLC and 

verified each component by ESI-MS. Indeed the HPLC traces revealed the presence of 

N6-CMdA in the digestion mixture of ODN1 (the 25.4 min fraction, Figure 3-5a) and 

N4-CMdC in the digestion mixture of ODN2 (the 12.6 min fraction, Figure 3-5b).  

We further integrated the peak areas of dC, dT, dG and N6-CMdA or N4-CMdC in 

HPLC traces; peak area of dA was not estimated due to the partial deamination of dA to 

2’-deoxyinosine (dI) induced by residual adenosine deaminase present in the 

commercial preparation of the enzyme(s) used in DNA digestion. With the 

consideration of the molar extinction coefficients of nucleosides at 260 nm (i.e., 12,100 

L mol-1 cm-1 and 9,300 L mol-1 cm-1 were found for N6-CMdA and N4-CMdC by using 

a previously described method (30)), the molar ratio of N6-CMdA:dC:dT:dG turned out 

to be 1.0:2.1:3.1:4.2 for ODN1, and the molar ratio of N4-CMdC:dC:dT:dG for ODN2 

was 1.0:2.0:3.0:4.0. These data are consistent with the presence of one N6-CMdA or 

N4-CMdC, two dC, three dT and four dG residues in the two ODNs.  
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Figure 3-5  HPLC analysis of the nucleosides mixtures from the enzymatic digestion of  
ODNs: (a) ODN1; (b) ODN2  
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3.3.6 In-vitro replication studies with Klenow fragment.   

We next examined the bypass of N6-CMdA and N4-CMdC with the Klenow 

fragment by carrying out in-vitro primer extension assays. To this end, we assessed the 

ability of the Klenow fragment, which has been used extensively as a model replicative 

polymerase, to extend a 5’-[32P]-labeled 14-mer primer annealed with the N6-CMdA- or 

N4-CMdC-bearing 20mer template in the presence of all four dNTPs. The primer 

extension results unveiled that N6-CMdA does not block substantially the DNA 

synthesis mediated by Kf-, and the full-length products can be readily detected. 

N4-CMdC, however, inhibits markedly the DNA synthesis, though a small amount of 

full-length products could also be detected. In both cases, synthesis did not stop after 

the incorporation of one nucleotide opposite N6-CMdA or N4-CMdC (Figure 3-5b). 

When the above primer/template complex was incubated with Kf- in the presence of 

one type of nucleotide at a time, we found that the correct nucleotides, dT and dG, are 

preferentially incorporated opposite N6-CMdA and N4-CMdC, respectively. However, 

misincorporation also occurred, that is, Kf- incorporates dAMP opposite N6-CMdA, 

and dTMP or dAMP opposite N4-CMdC (Figure 3-5a). 
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Figure 3-6  In-vitro replication studies of N6-CMdA- or N4-CMdC-bearing ODNs and the 
corresponding unmodified substrates with Klenow fragment of E. coli DNA polymerase I. A 

template, d(ATGGCGXGCTATGATCCTAG) (‘X’ represents N6-CMdA, N4-CMdC, dA, or dC), 
and a 5’-[32P]-labeled primer, d(p*GCTAGGATCATAGC) were employed. The concentration of 

the resulting duplex ODNs were 50 nM. The replication experiments were carried out: (a) in the 
presence of dNTPs individually ([dNTP] = 1.0 mM) at 37°C for 10 min, and 0.1 unit of Kf- was 
used; (b) in the presence of all four dNTPs at a concentration of 1.0 mM each for 30 min, and 

the amounts of Kf- are indicated in the figure.   
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3.4 Discussion 

 

Recently, emerging data have shown that exposure to NOCs and the resultant 

carboxymethylation of DNA are significantly associated with the risk of developing 

non-cardia gastric cancer (2, 31). Some earlier studies (11) along with recent results 

from our laboratory (18) suggested that all four nucleotides can be carboxymethylated, 

with the highest yield being observed for N6-CMdA. Obtaining ODNs bearing a 

site-specifically incorporated carboxymethylated lesion constitutes a crucial step 

toward examining the biological implications of the lesion at the molecular level. 

Syntheses of O6-CMdG-, N3-CMdT-, and O4-CMdT-containing ODNs were reported 

previously (12, 18). In this study, we developed facile synthetic strategies for the 

preparation of authentic N6-CMdA and N4-CMdC, as well as the phosphoramidite 

building blocks of their ester derivatives. The latter compounds facilitate the 

incorporation of N6-CMdA and N4-CMdC into ODNs at defined sites. We demonstrated 

that the method facilitated the preparation of 12- and 20mer ODNs in reasonably good 

yield. We were able to obtain ~200 nmol of the lesion-bearing ODNs from a 1-μmol 

scale synthesis. Together with previously published synthetic strategy for O6-CMdG 

(12, 27), N3-CMdT and O4-CMdT (18), it can be concluded that the ester derivatives of 

carboxymethyl moieties are universal precursors for the syntheses of phosphoramidite 
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building blocks for the preparation of ODNs containing site-specifically inserted 

carboxymethylated DNA lesions. Additionally, the alkaline conditions for the 

conversion from ester to acid after oligomerization are compatible with ODN 

deprotection protocols. 

The primer extension results unveiled that N6-CMdA does not block significantly 

the DNA synthesis across the lesion site mediated by Klenow fragment, and full-length 

products can be detected at a relatively high percentage. N4-CMdC, however, blocked 

remarkably the DNA synthesis across the lesion site although there was a small amount 

of full-length products. These results are consistent with previous studies showing that 

Klenow fragment could bypass other N6-dA adducts induced by styrene oxide or 

benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide (32, 33), whereas little is known about 

how Klenow fragment bypasses N4-dC adducts. 

When the in vitro replication with Klenow fragment was first carried out in the 

presence of one type of nucleotide at a time, we found that, aside from correct 

nucleotide insertion, Kf- incorporated readily the wrong nucleotides, dAMP, opposite 

N6-CMdA, and the enzyme also induced the misinsertion of dAMP and dTMP opposite 

N4-CMdC. This finding is consistent with results from a previous shuttle vector study 

showing that KDA induces GC TA and AT TA transversions and GC AT 

transitions in a p53 gene (17). Future steady-state kinetic measurements for nucleotide 
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incorporation opposite and beyond the lesion sites and studies on how N6-CMdA and 

N4-CMdC perturb DNA replication in vivo will afford more insights into the biological 

implications of these carboxymethylated lesions, and the availabilities of the 

lesion-containing substrates render such studies possible.  

Some initial repair studies have been carried out for O6-CMdG, and it was found 

that the azaserine-mediated cell killing cannot be rescued by the overexpression of 

O6-methylguanine methyltransferase (MGMT) (34), which is in line with the 

observation that O6-CMdG is not subjected to repair by MGMT in vitro (11). On the 

other hand, lymphoblastoid cells deficient in nucleotide excision repair (NER) were 

significantly more sensitive to azaserine than the control repair-proficient cells, 

suggesting that some azaserine-induced DNA lesions can be repaired by NER factors 

(34). The availability of the N6-CMdA- and N4-CMdC-carrying substrates also 

facilitates the future investigations about how these lesions are repaired. 
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CHAPTER 4  Syntheses of Stable Isotope-labeled Carboxymethylated DNA 

Lesions and Assessment of the Formation of these lesions in Azaserine-treated 

Mammalian Cells 

 

4.1 Introduction 

 

In Chapters 2 and 3, we have demonstrated that carboxymethylated lesions can be 

induced at adenine, cytosine and thymine sites in calf thymus DNA treated with KDA. 

This finding is consistent with a previous study by Shuker et al. (1) who observed 

substantial frequencies of mutations at A:T base pair in human p53 gene that was 

treated with KDA and replicated in yeast cells. We also showed that authentic 

carboxymethylated nucleoside derivatives could serve as standards for identifying these 

lesions formed in isolated DNA. However, accurate quantification of these DNA 

adducts generated in vitro and in vivo requires the use of stable isotope-labeled 

carboxymethylated nucleosides as internal standards. In addition, carboxymethylating 

agents can also induce the formation of O6-MedG (2, 3); thus, it is also important to 

examine the formation of this lesion, which necessitates the availability of stable 

isotope-labeled O6-MedG. The outcome of this study will improve further our 
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understanding of the biological implications of carboxymethylating agents.  

Azaserine is a naturally occurring antibiotic produced through nitrosation of 

amino acids. It’s a known pancreatic carcinogen (3), and it was found to induce 

carcinomas in kidneys of rats (4). Azaserine exerts its cytotoxicity via two known 

mechanisms. On one hand, it blocks de novo purine synthesis by inhibiting glutamine 

aminotransferase (5, 6) and on the other hand it induces N7-CMG, N3-CMA and 

O6-CMdG in DNA by acting as a carboxymethylating agent (7-9). Similar to other 

carboxymethylating agents, azaserine is also a methylating agent and introduces 

detectable amount of O6-CMdG in DNA (7). This lesion has demonstrable biological 

effects and azaserine is selectively mutagenic in bacteria lacking O6-MeG repair 

machinery (10).  

In order to evaluate how carboxymethylation contributes to the cytotoxicity of 

azaserine, it’s important to examine the types and quantities of carboxymethylating 

DNA lesions (N4-CMdC, N3-CMdT, O4-CMdT and N6-CMdA) induced in mammalian 

cells treated with azaserine, and to study how these lesions perturb the fidelity and 

efficiency of DNA replication, and how they are repaired in mammalian cells.  

In this chapter, we discuss the synthesis of stable isotope-labeled 

carboxymethylated DNA lesions: [15N, 13C2]-N4-CMdC, [15N2]-N3-CMdT, [15N, 

13C2]-N6-CMdA, [D2]-O6-CMdG and [D3]-O6-MedG. The identification of 
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carboxymethylated DNA lesions in human kidney epithelial cells treated with azaserine 

will also be reported.  

 

4.2 Experimental Procedures 

 

Materials.  All chemicals, unless otherwise specified, were from Sigma-Aldrich 

(St. Louis, MO). All anhydrous solvents were purchased from VWR International 

(West Chester, PA). Stable isotope-labeled compounds were obtained from Cambridge 

Isotope Labs (Cambridge, MA). Calf intestinal alkaline phosphatase and nuclease P1 

were purchased from New England Biolabs (Beverly, MA) and US Biological 

(Swampscott, MA), respectively. Human 293T cells and human PANC-1 cells were 

obtained from ATCC (Manassas, VA).  

Mass Spectrometry (MS).  Electrospray ionization-mass spectrometry (ESI-MS) 

and tandem MS (MS/MS) experiments were carried out on an LCQ Deca XP ion-trap 

mass spectrometer (Thermo Fisher Scientific, San Jose, CA). A mixture of acetonitrile 

and water (50:50, v/v) was used as solvent for electrospray. The spray voltage was 3.0 

kV, and the temperature of the ion transport tube was maintained at 275 °C. 

High-resolution mass spectra (HRMS) were acquired on an Agilent 6210 TOF LC/MS 

instrument (Agilent Technologies, Palo Alto, CA) equipped with an electrospray 
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ionization (ESI) source.  

 

4.2.1 Synthesis of stable isotope-labeled carboxymethylated DNA lesions 

Synthesis of [15N, 13C2]-N4-carboxymethyl-2’-deoxycytidine (i-N4-CMdC, 

Scheme 4-1a) and [15N, 13C2]-N6-carboxymethyl-2’-deoxyadenosine (i-N6-CMdA, 

Scheme 4-1b).  Commercially available [15N, 13C2]-glycine was converted to [15N, 

13C2]-glycine ethyl ester by using the same procedures as described for the synthesis of 

its unlabeled counterpart (see section 3.2.1). Synthesis of i-N4-CMdC and i-N6-CMdA 

was achieved by following the same procedures as those for the preparation of the 

corresponding unlabeled compounds (Scheme 3-1 in section 3.2.1 and Scheme 3-2 in 

section 3.2.2) where glycine ethyl ester was replaced with [15N, 13C2]-glycine ethyl 

ester. ESI-HRMS characterization: [M + H]+ of i-N4-CMdC calcd m/z 289.1077, found 

289.1084; [M + H]+ of i-N6-CMdA calcd m/z 313.1189, found 313.1185.  
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Scheme 4-1  Synthetic routes for preparing stable isotope-labeled i-N4-CMdC and i-N6-CMdA 
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Synthesis of [D2]-O4-carboxymethylthymidine ([D2]-O4-CMdT, Scheme 4-2a) 

and [D2]-O6-carboxymethyl-2’-deoxyguanosine (i-O6-CMdG, Scheme 4-2b). 

Commercially available [D2]-glycolic acid was converted to [D2]-methyl glycolate by a 

boric acid-catalyzed esterification (11). Synthesis of [D2]-O4-CMdT and i-O6-CMdG 

was subsequently achieved by using the methods described in section 2.2.2 and section 

1.4.1 for making O4-CMdT (Scheme 2-2) and O6-CMdG (Scheme 1-7) (9), 

respectively. ESI-HRMS characterization: [M + H]+ of [D2]-O4-CMdT calcd m/z 

303.1161, found 303.1168; [M + H]+ of i-O6-CMdG calcd m/z 328.1226, found 

328.1231.  
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Scheme 4-2  Synthetic routes for preparing stable isotope-labeled [D2]-O4-CMdT and 
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Synthesis of [15N2]-N3-carboxymethylthymidine (i-N3-CMdT, Scheme 4-3b). 

One mg of [15N2]-thymidine-5’-monophosphate was dissolved in 200 µl of Tris-HCl 

buffer (0.05 M, pH 8.6), and to this solution were added 50 unit of calf intestinal 

alkaline phosphatase (CAIP) and 0.5 unit of snake venom phosphodiesterase (Exo PI). 

Digestion was carried out at 37 ºC overnight, and after this, the enzymes were removed 

by chloroform extraction. The aqueous layer was mixed with 0.8 ml of potassium 

diazoacetate solution which was freshly prepared through alkaline hydrolysis of ethyl 

diazoacetate following previously described procedures (1, 12). The resulting solution 

was incubated at r.t. for one day, and neutralized with 1.0 M HCl. The product, namely, 

i-N3-CMdT was isolated and enriched by HPLC. For the HPLC isolation of 

i-N3-CMdT, an ammonium formate buffer (10 mM, pH 6.9, Solution A) and a mixture 

of solution A and acetonitrile (70/30, v/v, Solution B) were served as mobile phases. 

The flow rate was 0.8 mL/min, and a gradient used in this experiment was 5 min 0-10 

% (solution B) followed by 40 min 10-40% (solution B). ESI-HRMS characterization: 

[M + H]+ of i-N3-CMdT calcd m/z 303.0976, found 303.0982.  
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Scheme 4-3  Synthetic routes for preparing stable isotope-labeled i-N3-CMdT 
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Synthesis of [D3]-O6-methyl-2’-deoxyguanosine (i-O6-MedG, Scheme 4-4). 

Synthesis of i-O6-MedG was prepared from compound 5b (Scheme 1-7) following the 

procedures for making O6-CMdG (9) with slight modification. Briefly, compound 5b 

was first treated with quinuclidine in CH3CN, and then CD3OD was added to the 

reaction mixture to produce compound i-5d which was subsequently hydrolyzed with 

0.5 M NaOH at r.t. for 6 hrs to render the final compound i-O6-MedG. ESI-HRMS 

characterization: [M + H]+ calcd m/z 285.1391, found 285.1397. 
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4.2.2 Assessments of the formation of carboxymethylated DNA lesions in 

cultured human cells 

Cell culture and azaserine treatment.  Human kidney epithelial cells (HEK 

293T/17) were cultured in ATCC-recommended medium (Dulbecco's modified eagle's 

medium) at 37°C under 5% CO2 atmosphere. All media were supplemented with 10% 

fetal bovine serum. After growing to 70% confluence (at a density of 106 cells/mL), 

cells were cultured in freshly prepared medium containing 150 μM of azaserine for 4 

hrs. After treatment, the adherent 293T/17 cells (~ 1×107 cells) were first detached by 

trypsin-EDTA treatment and harvested by centrifugation. The cell pellets were 

subsequently washed twice with PBS buffer. 

DNA isolation.  The cell pellet (~ 1×107 cells) was resuspended in a centrifuge 

tube with 1.5 ml of lysis buffer (pH 8.0) which contained 10 mM Tris-HCl, 0.1 M 

EDTA, and 0.5% SDS. Frequent shaking was necessary to assist cell lysis; after about 1 

hr, proteinase K was added to the cell lysate to a final concentration of 0.5 mg/ml, and 

the resulting solution was incubated at 55 °C with intermittent shaking for 8 hrs. After 

protein digestion was complete, 0.7 ml of saturated NaCl solution was added to the 

tube and the mixture was shaken vigorously for 1 min, followed by centrifugation 

twice at 10000 rpm for 15 min. The genomic DNA in supernatant was dried, desalted 

with ethanol precipitation, and redissovled in TE buffer (pH 7.5) which contained 10 

mM Tris-HCl and 0.2 mM Na2EDTA. In order to completely remove residual RNA, 
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RNase A and RNase T1 were added to the DNA solution at final concentrations of 50 

μg/ml and 50 unit/ml, respectively. The solution was incubated at 37 °C for 4 hrs and 

the enzymatic were subsequently removed by chloroform extraction. The genomic 

DNA was desalted by ethanol precipitation and washed twice with 70% ethanol. DNA 

pellet was dissolved in double-distilled water and its concentration was measured by 

UV absorbance at 260 nm. 

Enzymatic digestion of DNA isolated from azaserine-treated cells.  The 

method for digestion of KDA-treated calf thymus DNA was used with slight 

modification where the amounts of enzymes were changed according to the amount of 

DNA isolated from cells. 

HPLC Enrichment.  HPLC removal of unmodified nucleosides in the digestion 

mixture of cellular DNA was carried out by using a 4.6×250 mm Grace C18 column (5 

μm in particle size and 300 Å in pore size, Grace Inc., Deerfield, IL). An Agilent 1100 

HPLC system with a capillary pump (Agilent Technologies) and a UV detector was 

used, and a Peak Simple Chromatography Data System was employed for data 

collection (SRI Instruments Inc., Las Vegas, NV, USA). A solution of 10 mM 

ammonium formate (pH 4.0, solution A) and a mixture of 10 mM ammonium formate 

and acetonitrile (70:30, v/v, pH 4.0, solution B) were used as mobile phases. A gradient 

of 5 min 0-10% B, 40 min 10-40% B, 2 min 40-100% B and 10 min 100% B was 
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employed and the flow rate was 0.80 mL/min. The fractions containing N4-CMdC, 

N3-CMdT, O4-CMdT and N6-CMdA were collected, dried in a Speedvac, reconstituted 

in distilled water and subjected to LC-MS/MS analysis.  

LC/MS.  Coupled liquid chromatography and ESI tandem mass spectrometry 

experiments were performed on an Agilent 1100 capillary HPLC pump (Agilent 

Technologies) and an LTQ linear ion trap mass spectrometer (Thermo Fisher Scientific, 

San Jose, CA). A 0.5 × 150 mm Zorbax SB-C18 column (5 μm in particle size, Agilent 

Technologies) was used, and a 0.1% formic acid in water (Solution A) and a 0.1% 

formic acid in methanol (Solution B) were employed as mobile phases. A gradient of 5 

min 0-10% B, 40 min 10-70% B and 2 min 70-100% B was employed and the flow rate 

was 8 μl/min The ESI spray voltage was 3.0 kV, and the temperature of the heated 

capillary was maintained at 300 °C. 

 

4.3 Results and Discussion  

 

Synthesis of stable isotope-labeled carboxymethylated DNA lesions.  Stable 

isotope labeling technique has become the gold standard of MS-based quantitative 

measurements due to its capability in providing highly accurate quantification. In this 

chapter, we describe how we developed synthetic methods for the preparation of stable 
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isotope-labeled carboxymethylated DNA lesions.  

The carboxymethyl moiety in N4-CMdC and N6-CMdA is bonded to a nitrogen 

atom; therefore, [15N, 13C2]-glycine is a suitable precursor. By following the protocol of 

synthesizing glycine ethyl ester; we were able to generate [15N, 13C2]-glycine ethyl 

ester which was used subsequently for preparing both i-N4-CMdC and i-N6-CMdA 

(Scheme 4-1). The [15N, 13C2] labeling provides a 3-Da mass difference between the 

internal standards and the corresponding analytes, which is enough for quantification. 

Likewise, by using the commercially available [D2]-glycolic acid, we were able to 

synthesize [D2]-O4-CMdT and i-O6-CMdG. However, significant H/D exchange was 

observed in a solution of [D2]-O4-CMdT at r.t. over a week, where approximately 10% 

of deuterium atom was replaced with normal hydrogen atom. This observation suggests 

that [D2]-O4-CMdT is not suitable for serving as an internal standard. By contrast, H/D 

exchange was not observed in a solution of i-O6-CMdG even over a period of one 

month, rendering the i-O6-CMdG a good internal standard.  

We developed an alternative synthetic route to prepare stable isotope-labeled 

N3-CMdT by reacting thymidine directly with iodoacetic acid. (13) However, 

[13C]-iodoacetic acid can only provide a 1-Da mass shift which is not appropriate for 

quantitation. Therefore, we developed an alternative method to generate stable 

isotope-labeled carboxymethylated thymidine. The fact that carboxymethylation is 
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induced by NOCs suggests a possibility that carboxymethylated thymidine can be 

generated by treating thymidine with certain NOCs. To test this, we removed 

5’-phosphate in the commercially available [15N2]-thymidine-5’-monophosphate by 

alkaline phosphatase and treated the resulting [15N2]-thymidine with KDA. Our HPLC 

analysis revealed that [15N2]-N3-carboxymethylthymidine (i-N3-CMdT) can be readily 

obtained (Figure S4-1). 

Previous studies indicated that carboxymethylating agents can also induce 

methylation, which is less frequent than carboxymethylation, and O6-MedG was 

identified as one of such methylated DNA lesions. O6-MedG is a well-known 

mutagenic DNA lesion; however, the in vitro and/or in vivo level of O6-MedG induced 

by carboxymethylating agents has not been examined. In this dissertation, we also 

synthesized stable isotope-labeled i-O6-MedG (Scheme 4-4) which, along with other 

stable isotope-labeled carboxymethylated internal standards, enables us to quantify 

simultaneously the levels of these lesions formed in cultured human cells treated with 

carboxymethylating agents.  

Formation of carboxymethylated DNA lesions in human 293T/17 cells.  In 

Chapter 2 and Chapter 3, we have demonstrated that N3-CMdT, O4-CMdT, N4-CMdC 

and N6-CMdA can be induced in KDA-treated calf thymus DNA, and it’s important to 

examine if these lesions can be induced in mammalian cells. To this end, we employed 
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human kidney epithelial cells (HEK 293T/17) to assess the cellular formation of 

carboxymethylated DNA lesions. Our strategy is schematically shown in Figure 4-1. 

The formation frequency of most DNA lesions in cells is with the range of few lesions 

per 106-108 bases. After enzymatic digestion, relatively huge amount of unmodified 

nucleosides can significantly inhibit the detection of carboxymethylated DNA lesions, 

therefore, we performed an off-line HPLC enrichment where the carboxymethylated 

nucleosides were first isolated from enzymatic digestion mixture and subjected 

subsequently to LC-MS analysis. 
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Figure 4-1  A schematic diagram illustrating the strategy for LC-MS assessment of the 
formation of carboxymethylated DNA lesions in cultured mammalian cells 
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The collected samples from off-line HPLC enrichment were subsequently 

analyzed by using LC-MS/MS method where we monitored selectively the 

fragmentation of the [M+H]+ ions of potential carboxymethylated DNA lesions. The 

selected-ion chromatograms (SICs, Figure 4-2) for monitoring the neutral loss of 

2-deoxyribose (116 Da) from the protonated ions of carboxymethylated lesions 

revealed three peaks at 25.11, 22.64 and 23.77 min, respectively (Figure 4-2b, 4-2d and 

4-2f). The product-ion spectra averaged from these three peaks showed the formation 

of predominant fragment ions of m/z 185.1, 194.1 and 210.1 for 

carboxymethylthymidine, carboxymethylated 2’-deoxyadenosine and 

carboxymethylated 2’-deoxyguanosine, respectively (Figure 4-3a, 4-3c, and 4-3e), 

which are attributed to arise from the elimination of a 2-deoxyribose component. 

We also simultaneously monitored the transitions of m/z 303.1 187.1, 

313.1 197.1 and 328.1 212.1 that are corresponding to the loss of 2-deoxyribose 

from previously added stable isotope-labeled internal standards: [15N2]-N3-CMdT, 

[15N2, 13C]-N6-CMdA and [D2]-O6-CMdG. It turned out that [15N2, 13C]-N6-CMdA and 

[D2]-O6-CMdG share the same retention times (Figure 4-2e & 4-2g) and identical 

product-ion spectra (Figure 4-3d & 4-3f) as the two components (Figure 4-2d and 4-2f) 

present in the enzymatic digestion mixture of the genomic DNA. On the other hand, 

[15N2]-N3-CMdT appeared at retention time of 23.69 min (Figure 4-2c) while the 
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carboxymethylthymidine lesion from genomic DNA appeared at 25.11 min (Figure 

4-2b). This significant difference indicated that the carboxymethylthymidine leions 

formed in genomic DNA is not N3-CMdT. Since we don’t currently have stable 

isotope-labeled O4-CMdT, we subjected the authentic O4-CMdT compound for 

LC-MS/MS analysis under same experimental conditions. It turned out that the 

authentic O4-CMdT compound share the same retention time (Figure 4-2a) and 

identical product-ion spectrum (Figure 4-3b) as the carboxymethylthymidine lesion 

(Figure 4-2b and 4-3a) present in the enzymatic digestion mixture of the genomic DNA. 

Taken together, these results demonstrated that O4-CMdT, N6-CMdA and O6-CMdG 

were formed in the genomic DNA of HEK 293T/17 cells when cultured in 

azaserine-containing medium; however, under such experimental conditions N4-CMdC 

and N3-CMdT were not detected.  

It’s necessary to point out that the product-ion spectrum of 16.26-min component 

present in the enzymatic digestion mixture of genomic DNA (Figure 4-2b) doesn’t 

show a predominant peak of 185.1, and suggests that this component is not a 

carboxymethylthymidine derivative. In addition, in this context, it is worth 

emphasizing that with our synthesized stable isotope-labeled internal standards, we 

should be able to accurately quantify the carboxymethylated DNA lesions formed in 

human pancreatic ductal epithelial cell (PANC-1) cultured in azaserine-containing 
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medium, and this work is currently being performed in our laboratory.  

In summary, stable isotope-labeled carboxymethylated DNA lesions: [15N, 

13C2]-N4-CMdC, [15N2]-N3-CMdT, [15N, 13C2]-N6-CMdA, [D2]-O6-CMdG and 

[D3]-O6-MedG were successfully synthesized, and their identities were confirmed by 

high-resolution mass spectrometry. With the use of standard lesions, we demonstrated 

by LC-MS/MS that O4-CMdT, N6-CMdA and O6-CMdG could be induced in human 

kidney epithelial cells upon azaserine treatment.  
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Figure 4-2  LC-MS/MS for monitoring the formation of carboxymethylated DNA lesions in 
human kidney epithelial cells (HEK 293T/17) cultured in azaserine-containing medium. Stable 

isotope-labeled internal standards were added into the nucleoside mixture. Shown are the SICs 
for monitoring the transitions: m/z (a) 301.1 185.1, (b) 301.1 185.1, (c) 303.1 187.1, (d) 
310.1 194.1, (e) 313.1 197.1, (f) 326.1 210.1 and (g) 328.1 212.1 corresponding to the 
loss of 2-deoxyribose from: (a) standard O4-CMdT and (b)-(g) enzymatic digestion mixture of 
genomic DNA isolated from HEK 293T/17 cells with internal standards added, respectively.  
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Figure 4-3  Product ion spectra supporting the formation of O4-CMdT, N6-CMdA and O6-CMdG 

in human kidney epithelial cells (HEK 293T/17) cultured in azaserine-containing medium. 
Shown are the MS/MS results which monitor the loss of 2-deoxyribose (116 Da) from: (a) 

25.11-min fraction shown in Figure 4-2b; (b) standard O4-CMdT; (c) 22.64-min fraction shown in 
Figure 4-2d; (d) standard [15N2, 13C]-N6-CMdA; (e) 23.77-min fraction shown in Figure 4-2f; (f) 

standard [D2]-O6-CMdG.  
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CHAPTER 5  High-throughput Analysis of the Mutagenicity and Cytotoxicity of 

DNA Lesions by Next-genenation Sequencing 

 

5.1 Introduction 

 

Human genome is constantly assaulted by endogenous and exogenous agents (1), 

among which produced NOCs can be metabolized to give diazoacetate, which induces 

the carboxymethylation of DNA (2, 3). In addition to NOCs, reactive oxygen species 

(ROS) can be produced by normal aerobic metabolism, ionizing radiation and 

antitumoral agents (4). Aside from single-nucleobase lesions, ROS could also induce 

the formation of bulky DNA lesions including 8,5’-cyclo-2’-deoxyguanosine (cyclo-dG) 

and 8,5’-cyclo-2’-deoxyadenosine (cyclo-dA) (5). The accumulation of ROS- and 

NOC-induced DNA lesions may bear important implications in the pathogenesis of a 

number of human diseases including cancer and neurodegeneration (6, 7). However, 

the mutagenic properties of these DNA lesions in cells remain unexplored. 

Shuttle vector technology has been widely used for examining how a structurally 

defined DNA lesion affects the efficiency and fidelity of DNA replication in cells (8, 9). 

In this assay, a replicable plasmid harboring a site-specifically inserted and structurally 

defined lesion is allowed to replicate in host cells. The progeny plasmids are 
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subsequently isolated and transfected into bacterial cells for further amplification and 

phenotypic selection. Although this type of assay can couple with DNA sequencing to 

determine the identities and frequencies of mutations, phenotypic assay is indirect and 

potentially affected by selection bias. It also necessitates scoring a sufficient number of 

mutations to provide statistically robust information. Recently Essigmann and 

coworkers (8, 10) introduced the CRAB (competitive replication and adduct bypass) 

and REAP (restriction endonuclease and post-labeling) assays to assess quantitatively 

the cytotoxic and mutagenic properties of DNA lesions. In these assays, the entire 

population of progeny genome is interrogated, which affords statistically robust 

information about the bypass efficiencies and mutation frequencies, and no phenotypic 

selection is required. However, lesion-containing M13 genomes are transfected into E. 

coli cells and analyzed one at a time, which is time-consuming. 

The development of Sanger DNA sequencing method about 30 years ago has had 

a profound impact on biological research, and the recent introduction of 

next-generation sequencing (NGS) has made it feasible to produce a tremendous 

volume of sequencing data cheaply (11). NGS technology has had a significant impact 

on genomic research (12, 13) and had many applications including whole-genome 

analysis of cancer cells (14), genome-wide DNA cytosine methylation mapping (15), 

DNA-protein interaction studies (ChIP-Seq) (16), etc. NGS technology has enabled 
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investigators to design scientific approaches that were previously not technically 

feasible or affordable. We reason that NGS technology may render it possible to assess 

the mutagenic and cytotoxic properties of DNA lesions by sequencing a large number 

of DNA molecules without tedious phenotypic scoring. We also envision that, with the 

numerous reads produced cheaply and rapidly by NGS and with a barcoding strategy, 

statistically sound results for the bypass efficiencies and mutation frequencies of 

multiple DNA lesions might be obtained from a single sequencing experiment. 

In this study, we established an NGS coupled with shuttle vector technology for 

high-throughput and cost-effective discovery of how DNA lesions compromise DNA 

replication in cells. Using this method, we assessed the mutagenic and cytotoxic 

properties of four carboxymethylated DNA lesions, N4-CMdC, N3-CMdT, O4-CMdT 

and N6-CMdA, and two oxidatively induced bulky DNA lesions, S-cyclodG and 

S-cyclodA.  

The author of this dissertation contributes the synthesis of DNA lesions and 

incorporation of these lesions into ONDs 

 

5.2 Experiment Procedures 

 

Chemicals and Bacterial Strains. Unmodified Oligodeoxyribonucleotides 
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(ODNs) used in this study were purchased from Integrated DNA Technologies 

(Coralville, IA). [γ-32P]ATP was obtained from Perkin Elmer (Piscataway, NJ). Shrimp 

alkaline phosphatase was obtained from USB Corporation (Cleveland, OH), and all 

other enzymes were from New England Biolabs (Ipswich, MA). 

1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) was purchased from TCI America (Portland, 

OR). Chemicals unless otherwise noted were obtained from Sigma-Aldrich (St. Louis, 

MO). M13mp7(L2) and wild-type AB1157 E. coli strains were kindly provided by Prof. 

John M. Essigmann, and polymerase-deficient AB1157 strains [Δpol B1::spec (pol 

II-deficient), ΔdinB (pol IV-deficient), ΔumuC::kan (pol V-deficient) and ΔumuC::kan 

ΔdinB (pol IV, pol V-double knockout)] were generously provided by Prof. Graham C. 

Walker (17). 

 

5.2.1 Preparation of ODN substrates containing a modified DNA lesion 

Phosphoramidite building block of S-cyclodG was synthesized by following a 

previously published procedure (scheme 5-1). Phosphoramidite building block of 

S-cyclodA was purchased from Glen Research (Sterling, VA). The 12mer 

lesion-containing ODNs 5’-ATGGCGXGCTAT-3’ (‘X’ represents modified nucleoside) 

were synthesized following previously published procedures (18-20). The identities of 

the modified ODNs were confirmed by electrospray ionization-mass spectrometry 

(ESI-MS) and tandem MS analyses. To differentiate the progeny vectors for individual 
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lesions after in-vivo replication, a 10mer ODN with a dinucleotide barcode 

(5’-GCAGGATGBB-3’, ‘BB’ represents barcode) was ligated to the 12mer 

lesion-bearing ODN and the resulting ligation product was purified by denaturing 

PAGE (The 22mer sequences are listed in Table 5-1). The identities of the modified 

22mer ODNs were again confirmed by ESI-MS and tandem MS analyses. 
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Table 5-1  The sequences of the 22mer lesion-containing and the control lesion-free 
ODNs used for replication studies. ‘X’ designates DNA lesion and the dinucleotide 
lesion barcode is underlined in each 22mer sequence. 
 

Name of ODNs Sequences 

N4-CMdC 5’-GCAGGATGCGATGGCGXGCTAT-3’ 

N6-CMdA 5’-GCAGGATGATATGGCGXGCTAT-3’ 

O4-CMdT 5’-GCAGGATGTCATGGCGXGCTAT-3’ 

N3-CMdT 5’-GCAGGATGTGATGGCGXGCTAT-3’ 

cyclo-dG 5’-GCAGGATGGAATGGCGXGCTAT-3’ 

cyclo-dA 5’-GCAGGATGAGATGGCGXGCTAT-3’ 

control 5’-GCAGGATGACATGGCGCGCTAT-3’ 

competitor 5’-GCAGGATGCGATGGCGATAAGCTAT-3’ 
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5.2.2 Construction of ssM13 genomes harboring a site-specifically inserted DNA 

lesion 

The M13mp7(L2) viral genomes, either lesion-free or carrying a site-specifically 

inserted DNA lesion, were prepared following the previously described procedures (10). 

Briefly, 20 pmol of ssM13mp7(L2) was digested with 40 U EcoRI at 23°C for 8 h to 

linearize the vector. Two scaffolds, 

5’-CATCCTGCCACTGAATCATGGTCATAGCTTTC-3’ and 

5’-AAAACGACGGCCAGTGAATTATAGC-3’ (25 pmol), each spanning one end of 

the cleaved vector and the modified ODN insert, were annealed with the linearized 

vector. The 22mer insert (30 pmol, 5’-GCAGGATGBBATGGCGXGCTAT-3’, where 

‘X’ and ‘BB’ represent modified nucleoside and the lesion-specific barcode, 

respectively) was 5’-phosphorylated with T4 polynucleotide kinase. The 

5’-phosphorylated 22mer inserts were ligated to the above vector by using T4 DNA 

ligase in the presence of the two scaffolds at 16°C for 8 h. T4 DNA polymerase (22.5 U) 

was subsequently added and the resulting mixture was incubated at 37°C for 4 h to 

degrade the scaffolds and residual unligated vector. The solution was extracted with 

phenol/chloroform/isoamyl alcohol (25:24:1, v/v), and the aqueous phase was passed 

through the QIAquick PCR Purification column (Qiagen) to remove residual phenol 

and salt. The constructed genomes were normalized against a lesion-free competitor 
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genome, which was prepared by inserting a 25mer unmodified ODN (Table 5-1) into 

the EcoRI-linearized genome, following the procedures described by Delaney et al. 

(10) 

 

5.2.3 Transfection of E. coli cells with ssM13 vectors containing a DNA lesion 

Desalted N4-CMdC-, N6-CMdA-, O4-CMdT-, N3-CMdT-, (5’S)-cyclo-dG- and 

(5’S)-cyclo-dA-containing as well as control M13 genomes were mixed at 1:1 ratio (25 

fmol each) and transfected into SOS-induced wild-type AB1157 E. coli cells and the 

isogenic E. coli cells that are deficient in pol II, pol IV, pol V, or both pol IV and pol V. 

The electrocompetent SOS-induced cells were prepared following the previously 

published procedures (21). After transfection, the E. coli cells were grown in LB 

culture at 37°C for 6 h, after which the phage was recovered from the supernatant by 

centrifugation at 13,000 rpm for 5 min. The resulting phage was further amplified in 

SCS110 E. coli cells to increase the progeny/lesion-genome ratio (10). The phage 

recovered from the supernatant was passed through a QIAprep Spin M13 column 

(Qiagen) to isolate the ssM13 DNA. 

 

5.2.4 Generation of sequencing library and determination of the bypass 

efficiency and mutation frequency using NGS 

The sequencing library was generated using NEBNext® DNA Sample Prep 
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Master Mix Set 1 (New England Biolabs, Ipswich, MA, Figure 5-1). Briefly, 15 sets of 

primers each housing a unique dinucleotide barcode (Table S5-1), which designated 

host cell lines or individual biological replicates, were employed to generate PCR 

products from the progeny vectors. PCR amplification of the region of interest in the 

resulting progeny genome was performed by using Phusion high-fidelity DNA 

polymerase (New England Biolabs) and running at 98°C for 60 s and 15 cycles at 98°C 

for 10 s, 46°C for 30 s and 72°C for 5 s, with a final extension at 72°C for 5 min. The 

15 sets of PCR products were purified by QIAquick Nucleotide Removal Kit (Qiagen) 

and then mixed at equal amounts. The PCR mixture was phosphorylated at the 5’ end 

using T4 polynucleotide kinase. A single ‘A’ nucleotide was added to the 3’ end of the 

PCR products and the resulting purified PCR mixture was ligated to two PE Adapters 

(Table S5-1). The ligation products were further amplified using PE PCR primers 

(Table S5-1) under the same conditions as described above. The resulting PCR 

products (166 bp) were gel-purified and subjected to NGS using Illumina Genome 

Analyzer IIe system (Illumina, San Diego, CA).  

After obtaining the raw sequencing data, the reads that failed to pass the Illumina 

chastity filter were removed. The low-quality reads which contained more than 1 

nucleotide with a quality score below 20 or any undefined nucleotide "N" were further 

filtered and removed. Only the reads with perfect match to characteristic strings 
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"ATTCAGTGGCAGGATG" from the 3rd to 18th nucleotides and "ATGG" from the 21st 

to 24th nucleotides for forward sequence reads, or the reads with perfect match to 

characteristic strings "CGGCCAGTGAATTATAG" from the 3rd to 19th nucleotides and 

"CCAT" from the 24th to 27th nucleotides for reverse sequence reads were selected for 

analysis of barcode distribution. An “R” script was used to specify cell line/biological 

replicate barcode or lesion-related barcode at a given position, and to calculate the 

nucleobase (A, T, C or G) frequencies at the specific lesion site. The bypass efficiency 

was calculated using the following formula, %bypass = (total number of reads from 

lesion genome)/(total number of reads from control genome)×100%. The percentages 

of base substitution at lesion site were calculated using the following formula, %base 

substitution = (total number of reads of A, T, C or G at original lesion site from lesion 

genome)/(total number of reads from lesion genome)×100%.  
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Lesion containing ODN

Incorporate 
into plasmid

In-vivo 
replication

PCR 
amplification

PCR 
products

Add dA at 3’ end
Ligate to Illumina adaptors

PCR 

DNA lesion
Barcode for DNA lesion
DNA base after in-vivo repication

Sense PCR primer with barcode for different cell line
Antisense PCR primer with barcode for different cell line

PE Adapter 1 PE Adapter 2
PE PCR primer 1

Gel purification
Sequencing

PE PCR primer 2
PE DNA Sequencing primer 1

PCR 
products

5’-…CATGATTCAGTG GCAGGATGBBATGGCGXGCTAT AATTCACTGGCCGTCGTT…-3’

5’-…TGATTCAGTG GCAGGATGBBATGGCGPGCTAT AATTCACTGGCCGTC…-3’

3’-BBTAAGTCAC CGTCCTAC BBTACCGCQCGATA TTAAGTGACCGGC BB-5’

5’-BBATTCAGTG GCAGGATG-3’

3’-GATA TTAAGTGACCGGC BB-5’

5’-BBATTCAGTG GCAGGATGBBATGGCGPGCTAT AATTCACTGGCCGBB-3’

In-vivo replication

5’-…CATGATTCAGTG GCAGGATGBBATGGCGPGCTAT AATTCACTGGCCGTCGTT…-3’

PCR amplification with barcode-primers (15 cycles)

Resulting PCR products

Add 3’ dA, 5’-phosphorylation
Ligate to adapters

Gel purification
Sequencing

PCR amplification (15 cycles)

BBGCCGGTCACTTAA TATCGPGCGGTABBGTAGGACG GTGACTTABB
BBCGGCCAGTGAATT ATAGC QCGCCATBBCATCCTGC CACTGAAT BB

BBTAAGTCAC CGTCCTAC BBTACCGCQCGATA TTAAGTGACCGGC BB

BBGCCGGTCACTTAA TATCGPGCGGTABBGTAGGACG GTGACTTABB

27bp

29bp

BBTAAGTCAC CGTCCTAC BBTACCGCQCGATA TTAAGTGACCGGC BB
BBATTCAGTG GCAGGATGBBATGGCGPGCTAT AATTCACTGGCCGBB

BBGCCGGTCACTTAA TATCGPGCGGTABBGTAGGACG GTGACTTABB
BBCGGCCAGTGAATT ATAGC QCGCCATBBCATCCTGC CACTGAAT BB

BBTAAGTCAC CGTCCTAC BBTACCGCQCGATA TTAAGTGACCGGC BB
BBATTCAGTG GCAGGATGBBATGGCGPGCTAT AATTCACTGGCCGBB

5’-…CATGATTCAGTG GCAGGATGBBATGGCGXGCTAT AATTCACTGGCCGTCGTT…-3’

5’-…TGATTCAGTG GCAGGATGBBATGGCGPGCTAT AATTCACTGGCCGTC…-3’

3’-BBTAAGTCAC CGTCCTAC BBTACCGCQCGATA TTAAGTGACCGGC BB-5’

5’-BBATTCAGTG GCAGGATG-3’

3’-GATA TTAAGTGACCGGC BB-5’

5’-BBATTCAGTG GCAGGATGBBATGGCGPGCTAT AATTCACTGGCCGBB-3’

In-vivo replication

5’-…CATGATTCAGTG GCAGGATGBBATGGCGPGCTAT AATTCACTGGCCGTCGTT…-3’

PCR amplification with barcode-primers (15 cycles)

Resulting PCR products

Add 3’ dA, 5’-phosphorylation
Ligate to adapters

Gel purification
Sequencing

PCR amplification (15 cycles)

BBGCCGGTCACTTAA TATCGPGCGGTABBGTAGGACG GTGACTTABB
BBCGGCCAGTGAATT ATAGC QCGCCATBBCATCCTGC CACTGAAT BB

BBTAAGTCAC CGTCCTAC BBTACCGCQCGATA TTAAGTGACCGGC BB

BBGCCGGTCACTTAA TATCGPGCGGTABBGTAGGACG GTGACTTABB

27bp

29bp

BBTAAGTCAC CGTCCTAC BBTACCGCQCGATA TTAAGTGACCGGC BB
BBATTCAGTG GCAGGATGBBATGGCGPGCTAT AATTCACTGGCCGBB

BBGCCGGTCACTTAA TATCGPGCGGTABBGTAGGACG GTGACTTABB
BBCGGCCAGTGAATT ATAGC QCGCCATBBCATCCTGC CACTGAAT BB

BBTAAGTCAC CGTCCTAC BBTACCGCQCGATA TTAAGTGACCGGC BB
BBATTCAGTG GCAGGATGBBATGGCGPGCTAT AATTCACTGGCCGBB

(A)

(B)
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Figure 5-1  (A) A schematic diagram shows the experimental procedures. The 22mer 
lesion-containing ODNs with barcodes were ligated to the EcoR I-linearized M13 vector, mixed 

at equal amounts and subjected to in-vivo replication. The harvested M13 progenies were 
amplified with barcoded PCR primers, and equal amounts of PCR products from different cell 
lines were mixed and ligated with PE adapters. The ligation products were further amplified 
using PE PCR primers, and the resulting PCR products were purified and subjected to NGS 
analysis. (B) Detailed sequence information for the PCR amplification of progeny genome, 

adapter ligation, and PCR amplification for the construction of sequencing library. ‘X’, ‘P’ and ‘Q’ 
represent the lesion, the DNA base after in-vivo replication of DNA lesion, and the paired 

nucleobase of “P” in the complementary strand, respectively. ‘BB’ in green and blue represent 
lesion-specific barcode and the barcode for host cell lines and biological replicates, respectively. 
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5.2.5 Determination of bypass efficiency using CRAB assay 

The bypass efficiencies of O4-CMdT, (5’S)-cyclodG and (5’S)-cyclodA were 

further evaluated by employing CRAB assay developed by Essigmann et al. (10) The 

transfection and in-vivo replication of lesion-containing M13 vectors were conducted 

using previously described methods (10). PCR amplification of the region of interest in 

the resulting progeny genome was performed by using Phusion high-fidelity DNA 

polymerase. The primers were 5’-YCAGCTATGACCATGATTCAGTGCCATG -3’ and 

5'-YTCGGTGCGGGCCTCTTCGCTATTAC-3' (Y is an amino group), and the 

amplification cycle was 30, each consisting of 10 s at 98°C, 30 s at 62°C and 15 s at 

72°C, with a final extension at 72°C for 5 min. The PCR products were purified by 

using QIAquick PCR purification kit (Qiagen). 

For the bypass efficiency assay, a portion of the above PCR fragments was treated 

with 10 U Tsp509I in 10-μL NEB buffer 2 at 65°C for 30 min and 1 U shrimp alkaline 

phosphatase at 37°C for 30 min, followed by heating at 65°C for 20 min to deactivate 

the shrimp alkaline phosphatase. The above mixture was then treated in a 15-μL NEB 

buffer 2 with 5 mM DTT, ATP (50 pmol cold, premixed with 1.66 pmol [γ-32P]ATP) 

and 10 U T4 polynucleotide kinase. The reaction was continued at 37°C for 30 min, 

followed by heating at 65°C for 20 min to deactivate the T4 polynucleotide kinase. To 

the reaction mixture was subsequently added 10 U BtsCI, and the solution was 
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incubated at 37°C for 30 min, followed by quenching with 15 μL formamide gel 

loading buffer containing xylene cyanol FF and bromophenol blue dyes. The mixture 

was loaded onto a 30% native polyacrylamide gel (acrylamide:bis-acrylamide=19:1) 

and products were quantified by phosphorimager analysis. After the restriction 

cleavages, the original lesion site was housed in a 12mer/18mer duplex, 

d(pATGGCGPGCTAT)/d(p*AATTATAGCQCGCCATBB), where ‘P’ represents the 

nucleobase incorporated at the initial damage site during in-vivo DNA replication, ‘Q’ 

is the paired nucleobase of ‘P’ in the complementary strand, and ‘p*’ designates the 

5’-radiolabeled phosphate (Figure S5-1). The 18mer products were monitored instead 

of the 12mer products because the latter products co-migrated with non-specific bands. 

The bypass efficiency was calculated using the following formula, %bypass= (lesion 

signal/competitor signal)/(non-lesion control signal/its competitor signal) (10). The 

mutation frequencies were determined by LC-MS/MS since the 18mers bearing a 

single nucleobase difference could not be well-resolved by PAGE. 

 

5.2.6 Determination of bypass efficiency and mutation frequency using 

LC-MS/MS 

In order to identify the replication products using LC-MS/MS, PCR products were 

treated with 50 U BtsCI and 20 U shrimp alkaline phosphatase in 250-μL NEB buffer 2 

at 37°C for 2 h, followed by heating at 65°C for 20 min. To the resulting solution was 
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added 50 U of Tsp509I, and the reaction mixture was incubated at 65°C for 1 h 

followed by extraction once with phenol/chloroform/isoamyl alcohol (25:24:1, v/v). 

The aqueous portion was dried with Speed-vac, desalted with HPLC and dissolved in 

12 μL water. The ODN mixture was subjected to LC-MS/MS analysis. A 0.5×150 mm 

Zorbax SB-C18 column (5 μm in particle size, Agilent Technologies) was used for the 

separation and the flow rate was 8.0 μL/min, which was delivered by using an Agilent 

1100 capillary HPLC pump. A 5-min gradient of 0-20% methanol followed by a 

35-min of 20-50% methanol in 400 mM 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, pH 

was adjusted to 7.0 by the addition of triethylamine) was employed for the separation. 

The effluent from the LC column was coupled directly to an LTQ linear ion trap mass 

spectrometer (Thermo Electron, San Jose, CA), which was set up for monitoring the 

fragmentation of the [M-3H]3- ions of the 12mer [d(ATGGCGPGCTAT), where “P” 

designates A, T, C, or G] and the [M-4H]4- ion of the 15mer [i.e., 

d(ATGGCGATAAGCTAT)] ODNs. 

 

5.3. Results 

 

Experimental Strategy. Our strategy for high-throughput mutagenesis study 

involves a combination of NGS with shuttle vector technology, as depicted in Figure 
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5-1. Following previously published procedures (22-24), we constructed the 

single-stranded (ss) M13 shuttle vectors carrying structurely defined lesions at a 

specific site and normalized the relative amounts of the lesion-containing genomes. Six 

lesion-bearing and one control M13 genomes were mixed together and transfected 

simultaneously into E. coli cells. To illustrate the roles of various translesion synthesis 

DNA polymerases in bypassing these lesions in vivo, we employed wild-type AB1157 

E. coli cells as well as the isogenic strains deficient in pol II, pol IV, pol V, or both pol 

IV and pol V as the host cells for the replication experiments. After in-vivo replication, 

the ssM13 progeny vectors were isolated. Fifteen pairs of barcoded primers (Table 

S5-1), which designated 15 distinct sets of progeny genomes arising from triplicate 

replication experiments in 5 different host cell lines, were employed to generate PCR 

products from the progeny vectors. The 15 sets of PCR products were then mixed at 

equal amounts and the resulting PCR product mixture was phosphorylated at the 5’ end, 

adenylated at the 3’ end, and ligated to PE Adapters 1 and 2 (Table S5-1). The ligation 

products were further amplified using PE PCR primers (Table S5-1), and the resulting 

PCR products (166 bp) were gel-purified and subjected to NGS analysis using Illumina 

Genome Analyzer IIe system. From the sequencing results, we determined the 

mutagenic and cytotoxic properties of multiple DNA lesions in different bacterial hosts 

by interrogating the distribution of barcodes and nucleobase (A, T, C or G) frequencies 
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at the specific lesion site. In addition, the sequencing reads obtained for the 

lesion-containing genomes relative to the lesion-free genome allowed for the 

calculation of bypass efficiencies for the lesions.  

Synthesis of Lesion-containing ODNs. Previous studies demonstrated that 

potassium diazoacetate was capable of inducing N4-CMdC, N6-CMdA, O4-CMdT and 

N3-CMdT in isolated DNA (19, 20). In addition, ROS-induced bulky DNA lesions 

including cyclo-dG and cyclo-dA could be detected in mammalian cells (25-27), 

though a recent study suggested that the cellular levels of cyclo-dG and cyclo-dA might 

be lower than those measured previously (28). However, it remains unexplored how 

these lesions compromise the fidelity and efficiency of DNA replication in vivo. Such 

studies necessitate the availability of ODNs containing site-specifically incorporated 

DNA lesions. To this end, we employed traditional phosphoramidite chemistry and 

synthesized N4-CMdC-, N6-CMdA-, O4-CMdT-, N3-CMdT-, cyclo-dG- and 

cyclo-dA-containing ODNs, 5’-ATGGCGXGCTAT-3’ (‘X’ represents modified 

nucleoside) (18-20). After HPLC purification, the purities and identities of these 

lesion-bearing ODNs were confirmed by ESI-MS and tandem MS (MS/MS) analyses. 

The lesion-bearing 12mer ODNs were then ligated with barcode-containing 10mer 

ODNs to yield the 22mer lesion-containing ODNs (Table 5-1). 

NGS Analysis of the Bypass Efficiencies and Mutation Frequencies of DNA 
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Lesions. In this study, we mixed 6 lesion-containing M13 genomes and a control 

lesion-free M13 genome and allowed them to replicate in 5 different E. coli strains. We 

obtained a total of 9.6 million valid sequencing reads for the replication products of 

these genomes and Table S5-2 shows the typical number of reads obtained for 

replication products isolated from wild-type E. coli cells. Even with the most blocking 

DNA lesion, i.e. (5’S)-cyclo-dG, we still obtained about 10,000 reads in a single 

replicate experiment (Table S5-2), which is much more than what can be achieved with 

traditional colony picking and Sanger sequencing method. 

The bypass efficiencies were calculated from the ratio of the total number of reads 

from lesion genome over the total number of reads from the control genome. It turned 

out that N4-CMdC and N6-CMdA did not block DNA replication in wild-type AB1157 

E. coli cells, with the bypass efficiencies being approximately 83% and 98%, 

respectively (Figure 5-2A). In addition, deficiency in pol II, pol IV or pol V in the 

isogenic AB1157 background did not affect considerably the bypass efficiencies for 

these two lesions (Figure 5-2A). O4-CMdT and N3-CMdT, on the other hand, block 

appreciably DNA replication in wild-type AB1157 E. coli cells, with the bypass 

efficiencies being approximately 49% and 55%, respectively (Figure 5-2A). Deficiency 

in pol II, pol IV or pol V in the isogenic AB1157 background did not compromise the 

bypass efficiency for N3-CMdT (Figure 5-2A). Although deficiency in pol II or pol IV 
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in the isogenic AB1157 background did not alter substantially the bypass efficiencies of 

O4-CMdT, deficiency in pol V alone or in combination with pol IV decreased the 

bypass efficiencies to 22% and 19%, respectively, indicating that pol V may be 

involved in the bypass of O4-CMdT (Figure 5-2A).  

Cyclo-dG and cyclo-dA inhibited substantially the DNA replication in wild-type 

AB1157 cells, with the bypass efficiencies being approximately 11% and 31%, 

respectively (Figure 5-2B). Deficiency in pol II or pol IV did not affect considerably 

the bypass efficiencies for these two lesions; however, depletion of pol V alone or in 

conjunction with pol IV gave rise to further declines in bypass efficiencies of cyclo-dG 

to 6% and 4%, respectively. Likewise, the bypass efficiencies of cyclo-dA dropped to 

13% and 10% in pol V-deficient and pol IV, pol V-double knockout cells, respectively. 

These data supported that pol V is the major DNA polymerase involved in the bypass 

of cyclo-dG and cyclo-dA in E. coli cells (Figure 5-2B). 
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Figure 5-2  (A) Bypass efficiencies of N4-CMdC, N6-CMdA, O4-CMdT and N3-CMdT. (B) 
Bypass efficiencies of cyclo-dG and cyclo-dA. (C-H) Mutation frequencies of N4-CMdC, 

N6-CMdA, O4-CMdT, N3-CMdT, (5’S)-cyclo-dG and (5’S)-cyclo-dA. The data represent the 
means and standard deviations of results from three independent experiments 
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The results from NGS data also allowed us to assess the mutation frequencies of 

DNA lesions in wild-type and bypass polymerase-deficient E. coli strains. The 

quantification data showed that: 1) Neither N4-CMdC nor N6-CMdA was mutagenic; 2) 

both O4-CMdT and N3-CMdT were highly mutagenic in wild-type E. coli cells, with 

T C transition and T A transversion occurring at frequencies of 86% and 66%, 

respectively; 3) cyclo-dG and cyclo-dA were mutagenic in wild-type E. coli cells, with 

the major types of mutations being G A transition and A T transversion at 

frequencies of 20% and 11%, respectively. The deficiency in SOS-induced polymerases 

did not confer significant alteration in the mutation frequencies of all these DNA 

lesions except for N3-CMdT, where the deficiency in pol V, by itself or along with pol 

IV, resulted in significant increases in T A mutation (Figure 5-2C-H).  

It is worth noting that deficiency in pol V led to a decreased bypass efficiency, but 

did not give rise to an appreciable change in mutation frequency of O4-CMdT. A lack 

of alteration in mutation frequency was also observed previously for other DNA lesions 

including S6-methythioguanine and guanine-S6-sulfonic acid in pol V-deficient 

background, whereas decreased bypass efficiencies were found for both lesions in pol 

V-deficient cells (23). The exact reason behind these observations is unclear, though it 

is possible that the coding property of O4-CMdT might be interpreted similarly by pol 

V in the wild-type background and other polymerase(s) that are involved in bypassing 
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this lesion in the pol V-deficient background. 

We also found an appreciable drop in T A mutation for N3-CMdT in pol 

IV-deficient cells, whereas the bypass efficiency was not compromised by the 

deficiency in this polymerase. This result suggests that pol IV might be involved in the 

mutagenic bypass of this lesion in wild-type background. A very similar finding was 

made by a previous elegant study by Neeley et al. (21), where the mutation spectra of 

5-guanidino-4-nitroimidazole (NI) were observed to be significantly different in 

SOS-induced wild-type strain versus the corresponding pol II-deficient strain; however, 

the bypass efficiencies for this lesion were very similar in these two strains. The exact 

reason behind our observation is unclear, though we speculate that other polymerase(s) 

might be induced at a higher level in pol IV-deficient background than in the wild-type 

background, which may compensate for the decrease in bypass efficiency induced by 

the absence of pol IV. 

Next, we compared the bypass efficiencies of O4-CMdT, cyclo-dG and cyclo-dA 

under uninduced and SOS-induced conditions in wild-type AB1157 cells by using 

CRAB assay (Figure S5-1). Compared to uninduced conditions, the quantitative results 

showed that the bypass efficiencies of O4-CMdT, cyclo-dG and cyclo-dA in 

SOS-induced cells increased from 10 to 52%, 3 to 14%, 5 to 29%, respectively, which 

are corroborated by results obtained from LC-MS/MS measurements (Figure 5-3A and 
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Figure S5-1C). The 4-6 fold elevation in bypass efficiencies for these lesions in 

SOS-induced cells supported that higher level of expression of SOS-induced 

polymerases stimulated the bypass of these lesions. In addition, the mutation rates and 

patterns of O4-CMdT and cyclo-dA are similar in uninduced and SOS-induced 

wild-type cells. However, the G A mutation induced by cyclo-dG decreased from 

~40% in uninduced cells to ~20% in SOS-induced cells. 

Determination of Bypass Efficiencies using CRAB Assay. To confirm the 

results obtained by NGS, we further examined the bypass efficiencies of O4-CMdT, 

cyclo-dG and cyclo-dA by employing CRAB assay (Figure S5-1). It turned out that the 

bypass efficiencies of O4-CMdT, cyclo-dG and cyclo-dA in wild-type AB1157 E. coli 

cells, obtained using CRAB assay, were approximately 52%, 14% and 29%, 

respectively, which were very similar to those obtained from NGS analysis (49%, 11% 

and 31%, respectively. Figure 5-3A). 

 



 185

O4-CMdT Cyclo-dG Cyclo-dA
0

20

40

60 Seq PAGE LC-MS/MS

O4-CMdT Seq O4-CMdT LCMS
0

20

40

60

80

100
A C G T

CyclodG Seq CyclodG LCMS
0

20

40

60

80
A C G T

CyclodA Seq CyclodA LCMS
0

20

40

60

80

100
A C G T

(A) (B)

(C) (D)
O4-CMdT        cyclo-dG cyclo-dA O4-CMdT (seq)      O4-CMdT (LC-MS/MS)

Cyclo-dG (seq)    Cyclo-dG (LC-MS/MS) Cyclo-dA (seq)    Cyclo-dA (LC-MS/MS)

B
yp

as
s 

Ef
fic

ie
nc

y 
(%

)

B
as

e 
su

bs
tit

ut
io

n 
(%

)
B

as
e 

su
bs

tit
ut

io
n 

(%
)

B
as

e 
su

bs
tit

ut
io

n 
(%

)

 
Figure 5-3  (A) Bypass efficiencies of O4-CMdT, (5’S)-cyclo-dG and (5’S)-cyclo-dA measured 
by three different methods, NGS, CRAB assay and LC-MS/MS. (B-D) Mutation frequencies of 
O4-CMdT, cyclo-dG and cyclo-dA measured by NGS and LC-MS/MS. The data represent the 

means and standard deviations of results from three independent experiments. 
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Determination of Bypass Efficiencies and Mutation Frequencies Using 

LC-MS/MS. We also validated the bypass efficiencies and mutation frequencies 

obtained from NGS using our previously reported LC-MS/MS method (22-24). In this 

respect, the restriction digestion mixture was analyzed by LC-MS/MS and we 

monitored the fragmentation of the [M – 3H]3– ions of d(ATGGCGPGCTAT), where 

‘P’ is an A, T, C or G, and the [M – 4H]4– ion of d(ATGGCGATAAGCTAT). We then 

quantified the mutation frequencies and bypass efficiencies based on the relative 

amounts of different replication products with the consideration of differences in 

ionization and fragmentation efficiencies for different ODNs [calibration curves are 

depicted in Figure S5-2]. It turned out that the bypass efficiencies and mutation 

frequencies for O4-CMdT, cyclo-dG and cyclo-dA were consistent with what we found 

from NGS analysis (Figure 5-3). 

 

5.4. Discussion 

 

NGS technology has found its applications in many aspects of biological research; 

however, it has not been employed for assessing how DNA lesions compromise DNA 

replication in cells. In the current study, we developed, for the first time, a 

high-throughput and cost-effective method by employing NGS in conjunction with 
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shuttle vector technology for examining how carboxymethylated DNA adducts and 

ROS-induced bulky DNA lesions impede the progression of DNA replication and 

induce mutations in E. coli cells. 

With this method, we demonstrated that N4-CMdC and N6-CMdA did not block 

DNA replication or induce mutations in E. coli cells (Figure 5-2). Our previous primer 

extension experiments showed that N4-CMdC, but not N6-CMdA, inhibited markedly 

primer extension mediated by the Klenow fragment of E. coli DNA polymerase I (19). 

Klenow fragment incorporated readily the wrong nucleotide, dAMP, opposite 

N6-CMdA, and the enzyme also induced the misinsertion of dAMP and dTMP opposite 

N4-CMdC (19). Several factors may contribute to the observed differences in 

nucleotide incorporation opposite N4-CMdC and N6-CMdA with Klenow fragment and 

in E. coli cells. Firstly, DNA replication in E. coli cells may require both pol I and pol 

III (29). Secondly, the in-vitro measurements were carried out in the presence of one 

kind of nucleotide at a time, which is different from in vivo polymerase synthesis 

conditions where all four nucleotides are mutually present. Thirdly, in-vivo DNA 

replication often involves the participation of auxiliary protein factors, which can alter 

both the efficiency and accuracy of nucleotide insertion by DNA polymerases (30). 

The bypass efficiencies for O4-CMdT and N3-CMdT in wild-type AB1157 E. coli 

cells are approximately 49% and 55%, respectively. Both O4-CMdT and N3-CMdT are 
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highly mutagenic in wild-type AB1157 cells, with the major types of mutations being 

T C transition and T A transversion at frequencies of 86% and 66%, respectively 

(Figure 5-2). Previous studies suggested that diazoacetate could lead to the formation 

of O4-CMdT and N3-CMdT in isolated DNA (20). In addition, the passage of 

diazoacetate-treated, human p53 gene-containing plasmid in yeast cells could give rise 

to a mutation spectrum where the types and frequencies of mutations observed at 

non-CpG sites were strikingly similar to those found for p53 gene mutations in human 

gastrointestinal tumors (31). This result suggests that diazoacetate might constitute an 

important etiological agent for gastrointestinal cancer development. In addition, 

approximately 43% of all mutations occurred at AT base pairs, with AT TA, AT GC 

and AT CG substitutions occurring at frequencies of 20%, 12%, 10%, respectively 

(31). The high frequencies of T C and T A mutations found for O4-CMdT and 

N3-CMdT suggest that these lesions may contribute to p53 mutations induced by 

diazoacetate and found in human gastrointestinal tumors. 

Our NGS data also revealed that (5’S)-cyclo-dG and (5’S)-cyclo-dA blocked 

strongly the DNA replication in E. coli cells, which is in line with previous studies 

showing that cyclo-dA is a strong blockade to T7 DNA polymerase and mammalian 

DNA polymerase δ in vitro (32), and to RNA polymerase II in mammalian cells (33). 

Additionally, cyclo-dG and cyclo-dA were mutagenic in E. coli cells, with the major 
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types of mutations being G A transition and A T transversion at frequencies of 20% 

and 11%, respectively. Cyclo-dG and cyclo-dA, in which C8 of a purine base is 

covalently bonded to the C5’ of 2-deoxyribose in the same nucleoside, are formed from 

hydroxyl radical attack (32, 34). Because of the presence of a covalent bond between 

2-deoxyribose and purine moieties, these lesions are not repaired by base excision 

repair system but by the more complex nucleotide excision repair pathway (32, 33). 

This additional covalent bond causes local structural distortion to the DNA helix (32), 

which may compromise the base pairing capabilities of these DNA lesions thereby 

inducing mutations during DNA replication in vivo. It is worth noting that we 

attempted but failed to find deletion or off-target mutation for (5’S)-cyclo-dG and 

(5’S)-cyclo-dA. Considering that cyclo-dG and cyclo-dA can be detected in 

mammalian cells (25, 26), the cytotoxic and mutagenic properties of cyclo-dG and 

cyclo-dA suggest that the formation and accumulation of these lesions in vivo may bear 

significant pathological consequences. 

Introducing barcodes into M13 genome allowed for the high-throughput 

evaluation of the cytotoxic and mutagenic properties of DNA lesions. In the present 

study, dinucleotide barcodes were used to represent different DNA lesions and cell line 

hosts, and the replication of up to 16 different lesion-containing genomes in up to 16 

different cell lines can be analyzed simultaneously. Expanding the length of the 
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barcode sequence can further increase the numbers of lesions investigated and the 

number of host cells studied, thereby improving further the throughput of the method. 

On the Illumina platform, the single-end read-lengths are typically up to 40 bp; 

longer reads are possible but may incur a higher error rate. In our case, a valid read 

should include a cell line barcode, the lesion barcode and the lesion site. In this regard, 

27 bp of forward sequence and 29 bp of reverse sequence (Figure 5-1B), which were 

fully covered in the 40 bp sequencing range, satisfied the requirement for a valid read. 

We obtained an error rate of 1.2% for the control genome (Table S5-2), which is 

slightly higher than the average sequencing error rates on the Illumina platform (35). 

This could be attributed, in part, to the sequencing error produced at the barcode sites. 

Therefore, considering the error rate of this technology, a lesion with an induced 

mutation frequency of 3-4% or greater could be investigated with this technique. Future 

improvement of NGS technologies and the use of longer barcode sequence are 

expected to improve the fidelity rate.  

Lastly, it is worth noting that we only assessed the mutagenic and cytotoxic 

properties of the six DNA lesions in a single sequence context, and it is possible that 

the bypass efficiencies and mutation frequencies of DNA lesions may differ in different 

sequence contexts. The NGS-based method developed in the present study can be 

applicable for assessing the effects of sequence context on DNA replication in the 
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future. Similar as traditional CRAB assay (8), the NGS method reported here can also 

be employed for investigating how DNA lesions are repaired in cells. Additionally, 

with the use of a double-stranded vector, the method can be adapted for examining the 

cytotoxic and mutagenic properties of DNA lesions in mammalian cells (36). Taken 

together, our current study demonstrated that NGS, combined with shuttle vector 

technology, provided a high-throughput and cost-effective method to uncover the 

cytotoxic and mutagenic properties of DNA lesions. 

 

 



 192

References 

 

1. Lindahl, T. (1993) Instability and decay of the primary structure of DNA. 
Nature 362(6422):709-715. 

 
2. Shuker, D. E. and Margison, G. P. (1997) Nitrosated glycine derivatives as a 

potential source of O6-methylguanine in DNA. Cancer Res. 57(3):366-369. 
 
3. Harrison, K. L., Jukes, R., Cooper, D. P. and Shuker, D. E. (1999) Detection of 

concomitant formation of O6-carboxymethyl- and 
O6-methyl-2'-deoxyguanosine in DNA exposed to nitrosated glycine derivatives 
using a combined immunoaffinity/HPLC method. Chem. Res. Toxicol. 
12(1):106-111. 

 
4. Finkel, T. and Holbrook, N. J. (2000) Oxidants, oxidative stress and the biology 

of ageing. Nature 408(6809):239-247. 
 
5. Wang, Y. (2008) Bulky DNA lesions induced by reactive oxygen species. Chem. 

Res. Toxicol. 21(2):276-281. 
 
6. Jakszyn, P., Bingham, S., Pera, G., Agudo, A., Luben, R., Welch, A., Boeing, H., 

Del Giudice, G., Palli, D., Saieva, C., Krogh, V., Sacerdote, C., Tumino, R., 
Panico, S., Berglund, G., Siman, H., Hallmans, G., Sanchez, M. J., Larranaga, 
N., Barricarte, A., Chirlaque, M. D., Quiros, J. R., Key, T. J., Allen, N., Lund, E., 
Carneiro, F., Linseisen, J., Nagel, G., Overvad, K., Tjonneland, A., Olsen, A., 
Bueno-de-Mesquita, H. B., Ocke, M. O., Peeters, P. H., Numans, M. E., 
Clavel-Chapelon, F., Trichopoulou, A., Fenger, C., Stenling, R., Ferrari, P., 
Jenab, M., Norat, T., Riboli, E. and Gonzalez, C. A. (2006) Endogenous versus 
exogenous exposure to N-nitroso compounds and gastric cancer risk in the 
European Prospective Investigation into Cancer and Nutrition 
(EPIC-EURGAST) study. Carcinogenesis 27(7):1497-1501. 

 
7. Marnett, L. J. (2000) Oxyradicals and DNA damage. Carcinogenesis 

21(3):361-370. 
 
8. Delaney, J. C. and Essigmann, J. M. (2004) Mutagenesis, genotoxicity, and 

repair of 1-methyladenine, 3-alkylcytosines, 1-methylguanine, and 



 193

3-methylthymine in alkB Escherichia coli. Proc. Natl. Acad. Sci. U S A 
101(39):14051-14056. 

 
9. Moriya, M. (1993) Single-stranded shuttle phagemid for mutagenesis studies in 

mammalian cells: 8-oxoguanine in DNA induces targeted G.C T.A 
transversions in simian kidney cells. Proc. Natl. Acad. Sci. U S A 
90(3):1122-1126. 

 
10. Delaney, J. C. and Essigmann, J. M. (2006) Assays for determining lesion 

bypass efficiency and mutagenicity of site-specific DNA lesions in vivo. 
Methods Enzymol. 408:1-15. 

 
11. Metzker, M. L. (2009) Sequencing technologies - the next generation. Nat. Rev. 

Genet. 11(1):31-46. 
 
12. Huang, W. and Marth, G. (2008) EagleView: a genome assembly viewer for 

next-generation sequencing technologies. Genome Res. 18(9):1538-1543. 
 
13. Mardis, E. R. (2008) The impact of next-generation sequencing technology on 

genetics. Trends Genet. 24(3):133-141. 
 
14. Stratton, M. R., Campbell, P. J. and Futreal, P. A. (2009) The cancer genome. 

Nature 458(7239):719-724. 
 
15. Laird, P. W. (2010) Principles and challenges of genome-wide DNA 

methylation analysis. Nat. Rev. Genet. 11(3):191-203. 
 
16. Park, P. J. (2009) ChIP-seq: advantages and challenges of a maturing 

technology. Nat. Rev. Genet. 10(10):669-680. 
 
17. Jarosz, D. F., Beuning, P. J., Cohen, S. E. and Walker, G. C. (2007) Y-family 

DNA polymerases in Escherichia coli. Trends Microbiol. 15(2):70-77. 
 
18. Romieu, A., Gasparutto, D. and Cadet, J. (1999) Synthesis and characterization 

of oligonucleotides containing 5',8-cyclopurine 2'-deoxyribonucleosides: 
(5'R)-5',8-cyclo-2'-deoxyadenosine, (5'S)-5',8-cyclo-2'-deoxyguanosine, and 
(5'R)-5',8-cyclo-2'-deoxyguanosine. Chem. Res. Toxicol. 12(5):412-421. 

 
19. Wang, J. and Wang, Y. (2010) Synthesis and characterization of 



 194

oligodeoxyribonucleotides containing a site-specifically incorporated 
N6-carboxymethyl-2'-deoxyadenosine or N4-carboxymethyl-2'-deoxycytidine. 
Nucleic Acids Res. 38(19):6774-6784. 

 
20. Wang, J. and Wang, Y. (2009) Chemical synthesis of oligodeoxyribonucleotides 

containing N3- and O4-carboxymethylthymidine and their formation in DNA. 
Nucleic Acids Res. 37(2):336-345. 

 
21. Neeley, W. L., Delaney, S., Alekseyev, Y. O., Jarosz, D. F., Delaney, J. C., 

Walker, G. C. and Essigmann, J. M. (2007) DNA polymerase V allows bypass 
of toxic guanine oxidation products in vivo. J. Biol. Chem. 
282(17):12741-12748. 

 
22. Yuan, B., Jiang, Y. and Wang, Y. (2010) Efficient formation of the tandem 

thymine glycol/8-oxo-7,8-dihydroguanine lesion in isolated DNA and the 
mutagenic and cytotoxic properties of the tandem lesions in Escherichia coli 
cells. Chem. Res. Toxicol. 23(1):11-19. 

 
23. Yuan, B. and Wang, Y. (2008) Mutagenic and cytotoxic properties of 

6-thioguanine, S6-methylthioguanine, and guanine-S6-sulfonic acid. J. Biol. 
Chem. 283(35):23665-23670. 

 
24. Yuan, B., Cao, H., Jiang, Y., Hong, H. and Wang, Y. (2008) Efficient and 

accurate bypass of N2-(1-carboxyethyl)-2'-deoxyguanosine by DinB DNA 
polymerase in vitro and in vivo. Proc. Natl. Acad. Sci. U S A 
105(25):8679-8684. 

 
25. Dizdaroglu, M., Dirksen, M. L., Jiang, H. X. and Robbins, J. H. (1987) 

Ionizing-radiation-induced damage in the DNA of cultured human cells. 
Identification of 8,5'-cyclo-2-deoxyguanosine. Biochem. J. 241(3):929-932. 

 
26. Kirkali, G., de Souza-Pinto, N. C., Jaruga, P., Bohr, V. A. and Dizdaroglu, M. 

(2009) Accumulation of (5'S)-8,5'-cyclo-2'-deoxyadenosine in organs of 
Cockayne syndrome complementation group B gene knockout mice. DNA 
Repair 8(2):274-278. 

 
27. Wang, J., Yuan, B., Guerrero, C., Bahde, R., Gupta, S. and Wang, Y. (2011) 

Quantification of oxidative DNA lesions in tissues of Long-Evans Cinnamon 
rats by capillary high-performance liquid chromatography-tandem mass 



 195

spectrometry coupled with stable isotope-dilution method. Anal. Chem.:in press 
(DOI: 10.1021/ac100399s). 

 
28. Belmadoui, N., Boussicault, F., Guerra, M., Ravanat, J. L., Chatgilialoglu, C. 

and Cadet, J. (2010) Radiation-induced formation of purine 
5',8-cyclonucleosides in isolated and cellular DNA: high stereospecificity and 
modulating effect of oxygen. Org. Biomol. Chem. 8(14):3211-3219. 

 
29. Sutton, M. D. and Walker, G. C. (2001) Managing DNA polymerases: 

coordinating DNA replication, DNA repair, and DNA recombination. Proc. Natl. 
Acad. Sci. USA 98(15):8342-8349. 

 
30. Maga, G., Villani, G., Crespan, E., Wimmer, U., Ferrari, E., Bertocci, B. and 

Hubscher, U. (2007) 8-oxo-guanine bypass by human DNA polymerases in the 
presence of auxiliary proteins. Nature 447(7144):606-608. 

 
31. Gottschalg, E., Scott, G. B., Burns, P. A. and Shuker, D. E. (2007) Potassium 

diazoacetate-induced p53 mutations in vitro in relation to formation of 
O6-carboxymethyl- and O6-methyl-2'-deoxyguanosine DNA adducts: relevance 
for gastrointestinal cancer. Carcinogenesis 28(2):356-362. 

 
32. Kuraoka, I., Bender, C., Romieu, A., Cadet, J., Wood, R. D. and Lindahl, T. 

(2000) Removal of oxygen free-radical-induced 5',8-purine 
cyclodeoxynucleosides from DNA by the nucleotide excision-repair pathway in 
human cells. Proc. Natl. Acad. Sci. U S A 97(8):3832-3837. 

 
33. Brooks, P. J., Wise, D. S., Berry, D. A., Kosmoski, J. V., Smerdon, M. J., 

Somers, R. L., Mackie, H., Spoonde, A. Y., Ackerman, E. J., Coleman, K., 
Tarone, R. E. and Robbins, J. H. (2000) The oxidative DNA lesion 
8,5'-(S)-cyclo-2'-deoxyadenosine is repaired by the nucleotide excision repair 
pathway and blocks gene expression in mammalian cells. J. Biol. Chem. 
275(29):22355-22362. 

 
34. Dizdaroglu, M. (1986) Free-radical-induced formation of an 

8,5'-cyclo-2'-deoxyguanosine moiety in deoxyribonucleic acid. Biochem. J. 
238(1):247-254. 

 
35. Quail, M. A., Kozarewa, I., Smith, F., Scally, A., Stephens, P. J., Durbin, R., 

Swerdlow, H. and Turner, D. J. (2008) A large genome center's improvements to 



 196

the Illumina sequencing system. Nat. Methods. 5(12):1005-1010. 
 
36. Yuan, B., O'Connor, T. R. and Wang, Y. (2010) 6-Thioguanine and 

S6-methylthioguanine are mutagenic in human cells. ACS Chem. Biol. 
5:1021-1027. 

 
 

 



 197

CHAPTER 6  Concluding Remarks and Future Direction  

 

In this dissertation, a series of synthetic methods were developed for the 

preparation of novel carboxymethylated DNA lesions formed at adenine, cytosine and 

thymine sites as well as their stable-isotope labeled counterparts. An LC-MS/MS 

method was also employed to examine the formation of these lesions in isolated DNA 

and in cultured human cells. We further extended the synthetic methods to the 

preparation of phosphoramidite building blocks of these lesions, thereby enabling their 

site-specific incorporation into oligodeoxyribonucleotides (ODNs). We also assessed 

the mutagenic and cytotoxic properties of these lesions in Escherichia coli using a 

newly developed next-generation sequencing (NGS) coupled with shuttle vector 

method.  

Chapters 2 Chapter 3 described the chemical methods for synthesizing four novel 

carboxymethylated nucleoside derivatives, N4-carboxymethyl-2’-deoxycytidine 

(N4-CMdC), N3-carboxymethylthymidine (N3-CMdT), O4-carboxymethylthymidine 

(O4-CMdT) and N6-carboxymethyl-2’-deoxyadenosine (N6-CMdA). Their defined 

structures were fully characterized by two-dimensional NMR methods and 

high-resolution mass spectrometry. An LC-MS/MS method was developed for 

assessing the formation of the carboxymethylated DNA lesions in vitro, and our 
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experimental results clearly indicated that these four novel carboxymethylated DNA 

lesions could be induced in calf thymus DNA treated with potassium diazoacetate 

(KDA). Synthetic methods for preparation of carboxymethylated DNA lesions were 

extended to the synthesis of phosphoramidite building blocks of the modified 

nucleosides, which facilitated the site-specific incorporation of these lesions into ODNs. 

The successful incorporation of these lesions was confirmed by tandem mass 

spectrometry and enzymatic digestion coupled with HPLC analyses.  

In Chapter 4, Stable isotope-labeled carboxymethylated DNA lesions, [15N, 

13C2]-N4-CMdC, [15N2]-N3-CMdT, [15N, 13C2]-N6-CMdA, [D2]-O6-CMdG and 

[D3]-O6-MedG were synthesized. These isotope-labeled compounds serving as internal 

standards will facilitate the future quantitative assessment of the formation of these 

lesions in cells. In addition, we found that O4-CMdT and N6-CMdA were readily 

detectable in human kidney epithelial cells (293T/17 cells) treated with azaserine, 

which is a known pancreatic carcinogen. These observations confirmed our initial 

hypothesis that carboxymethylation can also occur at adenine and thymine sites, and 

provided an explanation that substantial mutation frequencies of mutations were 

observed at A:T base pairs in the mutation spectra of human p53 gene induced by KDA 

treatment.  

In Chapter 5, the mutagenic and cytotoxic properties of four carboxymethylated 
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DNA lesions in five different strains of Escherichia coli cells were simultaneously 

analyzed by a NGS coupled with shuttle vector method. Our results demonstrated that 

both N3-CMdT and O4-CMdT are mutagenic. Remarkably, N3-CMdT induced 

predominantly T A transversion mutation while O4-CMdT gave rise to T C 

transition mutation. On the other hand, neither N4-CMdC nor N6-CMdA exhibited 

significant mutagenic properties.  

For NOC-type carboxymethylating agents to exert their genotoxicity, diazoacetate 

is thought to be the reactive intermediate which directly reacts with DNA; 

carboxymethylating agents other than NOCs also exist, however, the molecular 

mechanism of DNA carboxymethylation induced by these chemicals has not been fully 

characterized. Future studies about endogenous generation and metabolism of 

carboxymethylating agents will assist researchers to determine if DNA 

carboxymethylation exhibits sequence dependence and tissue specificity, and to 

identify other carboxymethylating agents.  

Future in vivo quantitation studies will reveal the accurate frequencies of 

formation of carboxymethylated DNA lesions induced in human cells. The LC-MS 

method developed in this dissertation can be extended to identify carboxymethylated 

nucleobase derivatives, such as N7-CMG and N3-CMA (scheme 1-3) as these lesions 

may be present in urine, and a rapid clinical assay could be established based on this 
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method. These measurements, in part or in full, may server as reference in evaluation 

of human NOC exposure and/or indicators for early diagnosis of gastrointestinal 

cancers. Carboxymethylating agents can also induce, to a lesser extent, DNA 

methylation. If methylated DNA adducts can be simultaneously quantified, the 

outcome of this study can further improve our understanding of the mutagenic and 

cytotoxic properties of carboxymethylating agents. In addition, carboxymethylation on 

RNA and protein are also known, so it’s worth attempting to develop similar LC-MS 

method for investigating RNA and/or protein carboxymethylation. 

Additional biological studies of the carboxymethylated DNA lesions should also 

be carried out. Our current in vivo replication data indicated that N3-CMdT and 

O4-CMdT exhibit mutagenic properties in five different strains of E. coli cells; however, 

mutagenic studies in human cell lines have yet been carried out. Previous study 

suggested that S6-CMdG is not subjected to be repaired by MMR, and NER-deficient 

XP lymphoblastoid cells exhibited higher sensitivity to azaserine. Future repair studies 

on N4-CMdC, N3-CMdT, O4-CMdT, N6-CMdA and O6-CMdG will illustrate if NER 

and/or any other mechanisms are responsible for the repair of these DNA lesions. 

Identification and quantification of proteins that are capable of binding to duplex DNA 

carrying the carboxymethylated DNA lesions can be performed by using mass 

spectrometry-based proteomic approach. The outcome of this study will facilitate the 
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exploration of novel protein factors involved in the recognition and repair of 

carboxymethylated DNA lesions. 

Cancer development is a complicated cellular process, and DNA modification is 

considered as the initial step. In the future, we hope one of these carboxymethylated 

DNA lesions, or the formation pattern of carboxymethylated DNA lesions could serve 

as a biomarker for early diagnosis of gastrointestinal cancers.  
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APPENDIX A  Supporting Information for Chapter 2 

 

0.01.02.03.04.05.06.07.08.0 0.01.02.03.04.05.06.07.08.0  
Figure S2-1  1H NMR of N3-methoxycarbonylmethylthymidine 

0.01.02.03.04.05.06.07.08.0 0.01.02.03.04.05.06.07.08.0  
Figure S2-2  1H NMR of N3-carboxymethylthymidine (N3-CMdT) 



 203

UV spectrum of N 3-CMdT

0.00

1.00

2.00

3.00

190 220 250 280 310 340 370 400
Wavelength (nm)

A
bs

or
ba

nc
e

 
Figure S2-3  UV Spectrum of N3-CMdT in water 

 

0.05.010.0 0.05.010.0  
Figure S2-4  1H NMR Spectrum of 3’, 5’-O-(4,4’-dimethoxytrityl)-(1H-1, 2, 

4-triazol-1-yl)-thymidine 



 204

0.01.02.03.04.05.06.07.08.0 0.01.02.03.04.05.06.07.08.0  
Figure S2-5  1H NMR Spectrum of O4-methoxycarbonylmethylthymidine 

 

1.02.03.04.05.06.07.08.0 1.02.03.04.05.06.07.08.0  
Figure S2-6  1H NMR Spectrum of O4-carboxymethylthymidine (O4-CMdT) 



 205
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Figure S2-7  UV Spectrum of O4-CMdT in water 

 

0.01.02.03.04.05.06.07.08.0 0.01.02.03.04.05.06.07.08.0  
Figure S2-8  1H NMR Spectrum of 

5′-O-(4,4′-dimethoxytrityl)-N3-methoxycarbonylmethylthymidine 
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Figure S2-9  1H NMR Spectrum of 

5′-O-(4,4′-dimethoxytrityl)-N3-methoxycarbonylmethylthymidine-3′-O-[(2-cyanoethyl)-N,N-diisop
ropylphosphoramidite] 

 
Figure S2-10  1H NMR Spectrum of 5′-O-(4,4′-dimethoxytrityl)-4-(1H-1, 2, 

4-triazol-1-yl)-thymidine-3′-O-[(2-cyanoethyl)-N,N-diisopropylphosphoramidite] 
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APPENDIX B  Supporting Information for Chapter 3 

 

 
Figure S3-1  1H NMR Spectrum of 3’,5’-O-diacetyl-2’-deoxyuridine 

 
Figure S3-2  1H NMR Spectrum of 3’, 5’-O-diacetyl-4-(1H-1, 2, 4-triazol-1-yl)-2’-deoxyuridine 
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Figure S3-3  1H NMR of 3’,5’-O-diacetyl-N4-ethoxycarbonylmethyl-2’-deoxycytidine 

 
Figure S3-4  1H NMR of N4-carboxymethyl-2’-deoxycytosine (N4-CMdC) 
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Figure S3-5  UV Spectrum of N4-CMdC in water 

 

 
Figure S3-6  1H NMR Spectrum of N6-ethoxycarbonylmethyl-2’-deoxyadenosine 
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Figure S3-7  1H NMR of N6-carboxymethyl-2’-deoxyadenosine (N6-CMdA) 
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Figure S3-8  UV Spectrum of N6-CMdA in water 
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Figure S3-9  1H NMR of N4-methoxycarbonylmethyl-2’-deoxycytidine 

 
Figure S3-10  1H NMR of 

5’-O-(4,4’-dimethoxytrityl)-N4-methoxycarbonylmethyl-2’-deoxycytidine 
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Figure S3-11  1H NMR of 

5’-O-(4,4-dimethoxytrityl)-N4-methoxycarbonylmethyl-2’-deoxycytidine-3’-O-[(2-cyanoethyl)-N,N
-diisopropylphosphoramidite]  

 
Figure S3-12  1H NMR of 

5’-O-(4,4’-dimethoxytrityl)-N6-ethoxycarbonylmethyl-2’-deoxyadenosine 
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Figure S3-13  1H NMR of 

5’-O-(4,4’-dimethoxytrityl)-N6-ethoxycarbonylmethyl-2’-deoxyadenosine-3’-O-[(2-cyanoethyl)-N,
N-diisopropylphosphoramidite] 
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Figure S3-14  ESI-MS and MS/MS characterization of d(ATGGCGXGCTATGATCCTAG), 

X=N6-CMdA: (a) negative-ion ESI-MS; (b) product-ion spectrum of the [M-7H]7- ion (m/z 887.2) 
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Figure S3-15  ESI-MS and MS/MS characterization of d(ATGGCGXGCTATGATCCTAG), 

X=N4-CMdC: (a) negative-ion ESI-MS; (b) product-ion spectrum of the [M-7H]7- ion (m/z 883.6) 
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Figure S3-16  ESI-MS and MS/MS characterization of d(ATGGCGXGCTAT), X=N4-CMdC: (a) 

negative-ion ESI-MS; (b) product-ion spectrum of the [M-3H]3- ion (m/z 1238.4) 
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APPENDIX C  Supporting Information for Chapter 4 
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Figure S4-1  Isolation of [15N2]-N3-CMdT from KDA-treated [15N2]-thymidine 
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APPENDIX D  Supporting Information for Chapter 5 
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Figure S5-1  Measurement of the bypass efficiencies of O4-CMdT, cyclo-dG and cyclo-dA in 
wild-type AB1157 E. coli cells with SOS induction. (A) Sample processing (“p*” represents 

32P-labeled phosphate group); (B) Gel image showing the 21mer and 18mer released from the 
PCR products of the progeny resulting from the replication of the competitor genome and the 

control or lesion-carrying genome in wild-type AB1157 cells. 
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Figure S5-2  Calibration curves for the quantification of 12mer-T [i.e., d(ATGGCGTGCTAT)] (A 
and B), 12mer-A [i.e., d(ATGGCGAGCTAT)] (C and D), 12mer-C [i.e., d(ATGGCGCGCTAT)] (E 
and F) and 15mer [i.e., d(ATGGCGATAAGCTAT)] (G and H). The normalized peak area ratios of 
12mer-T, 12mer-A, 12mer-C and 15mer over 12mer-G in the selected-ion chromatograph (SIC) 
were plotted against the molar ratio for these ODNs to give the calibration curves. The fragment 
ions w6

2-, w7
2-, w8

2- and [a8-Base]2- were selected for the SIC monitoring of 12mer ODNs while 
the fragment ions w8

2-, w9
2-, [a9-Base]2- and [a10-Base]2- were selected for SIC monitoring of 

15mer ODN. The conditions for analysis are identical for the replication mixture and the 
calibration curves. The data represent the results from three independent measurements. 
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Table S5-1  PCR primers with dinucleotide barcodes at 5’ end, PE adapters, PE PCR primers 
and NGS sequencing primer. 
 
1. P1-S 5’-AAATTCAGTGGCAGGATG-3’ 

2. P1-AS 5’-AACGGCCAGTGAATTATAG-3’   

3. P2-S 5’-ACATTCAGTGGCAGGATG-3’ 

4. P2-AS 5’-ACCGGCCAGTGAATTATAG-3’    

5. P3-S 5’-ATATTCAGTGGCAGGATG-3’ 

6. P3-AS 5’-ATCGGCCAGTGAATTATAG-3’   

7. P4-S 5’-AGATTCAGTGGCAGGATG-3’ 

8. P4-AS 5’-AGCGGCCAGTGAATTATAG-3’   

9. P5-S 5’-GGATTCAGTGGCAGGATG-3’ 

10. P5-AS 5’-GGCGGCCAGTGAATTATAG-3’    

11. P6-S 5’-GCATTCAGTGGCAGGATG-3’ 

12. P6-AS 5’-GCCGGCCAGTGAATTATAG-3’    

13. P7-S 5’-GTATTCAGTGGCAGGATG-3’ 

14. P7-AS 5’-GTCGGCCAGTGAATTATAG-3’    

15. P8-S 5’-GAATTCAGTGGCAGGATG-3’ 

16. P8-AS 5’-GACGGCCAGTGAATTATAG-3’    

17. P9-S 5’-CCATTCAGTGGCAGGATG-3’ 

18. P9-AS 5’-CCCGGCCAGTGAATTATAG-3’    

19. P10-S 5’-CTATTCAGTGGCAGGATG-3’ 

20. P10-AS 5’-CTCGGCCAGTGAATTATAG-3’    

21. P11-S 5’-CGATTCAGTGGCAGGATG-3’ 

22. P11-AS 5’-CGCGGCCAGTGAATTATAG-3’    

23. P12-S 5’-CAATTCAGTGGCAGGATG-3’ 

24. P12-AS 5’-CACGGCCAGTGAATTATAG-3’    

25. P13-S 5’-TTATTCAGTGGCAGGATG-3’ 

26. P13-AS 5’-TTCGGCCAGTGAATTATAG-3’    

27. P14-S 5’-TAATTCAGTGGCAGGATG-3’ 

28. P14-AS 5’-TACGGCCAGTGAATTATAG-3’    

29. P15-S 5’-TGATTCAGTGGCAGGATG-3’ 

30. P15-AS 5’-TGCGGCCAGTGAATTATAG-3’    

31. PE Adapter1 
5’-ACACTCTTTCCCTACACGACGCTCTTCCGATCT-3’ 

3’-TGTGAGAAAGGGATGTGCTGCGAGAAGGCTAGp-5’ 

32. PE Adapter2 
5’-pGATCGGAAGAGCGGTTCAGCAGGAATGCCGAG-3’ 

3’-TCTAGCCTTCTCGCCAAGTCGTCCTTACGGCTC-5’ 

33. PE PCR Primer1 5’-AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-3’ 

34. PE PCR Primer2 5’-CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATCT-3’ 

35. Sequencing Primer 5’-ACACTCTTTCCCTACACGACGCTCTTCCGATCT-3’ 
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Table S5-2  The number of reads obtained in wild-type E. coli cells by NGS. 
 

Lesion-containing 
genome Total A C G T A% C% G% T% 

N4-CMdC 92969 545 92154 172 98 0.59 99.12 0.19 0.11

N6-CMdA 77940 75687 1598 491 164 97.11 2.05 0.63 0.21

O4-CMdT 41603 326 36576 775 3926 0.78 87.92 1.86 9.44

N3-CMdT 45027 27986 2254 805 13982 62.15 5.01 1.79 31.05

cyclo-dG 9958 1644 140 7767 407 16.51 1.41 78.00 4.09

cyclo-dA 24853 20364 997 972 2520 81.94 4.01 3.91 10.14

control 86600 461 85598 474 67 0.53 98.84 0.55 0.08
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