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Liquid chromatography-tandem mass spectrometry (LC-MS/MS) has been widely 

utilized in the analysis of DNA adducts. With recent developments in mass spectrometry 

instrumentation, DNA adductomics has emerged as an active field of research. To date, the 

majority of DNA adductomic methods involved the use of untargeted approaches for the 

discovery and screening of DNA adducts. Meanwhile, the demands for sensitive and 

quantitative measurements of DNA adducts persist. As more adducts become identified 

and characterized, targeted DNA adductomic approaches can become more comprehensive 

so as to address such demands. 

In Chapter 2, I studied the collision-induced dissociations of regioisomeric 

alkylated nucleosides with alkyl groups of various sizes. Fragmentation behaviors of the 

alkylated nucleobases were examined in detail and rationalized by density functional 

theory calculations. Depending on the site of alkylation and the size of the alkyl group, 

some regioisomeric adducts can be differentiated by MS/MS/MS, whereas many others 



 ix 

remain undistinguishable. Therefore, liquid chromatography constitutes an important basis 

for the separation and differentiation of regioisomeric DNA adducts. 

In Chapter 3, the regioisomeric alkylation adducts along with other DNA adducts 

were incorporated into a scheduled selected-reaction monitoring (SRM)-based LC-MS/MS 

method for targeted analysis of the DNA adductome. Using canonical nucleosides as 

references, I established the iRT scores for alkylated DNA adducts, which is the basis for 

retention time prediction. The scheduled SRM-based method can allow for robust 

quantification of more adducts in a single LC-MS/MS run. 

In order to achieve reliable quantification, sample preparation is also a crucial 

element in DNA adduct analysis. In Chapters 4 and 5, the sample preparation workflows 

for several DNA lesions that are prone to artifactual generation, 8,5′-cyclopurine-2′-

deoxynucleosides (cPus) and 2′-deoxyinosine, were examined. I addressed possible 

sources of artifacts, highlighted the importance of offline HPLC enrichment, and evaluated 

the enzymatic release efficiencies of the lesions from DNA. For cPus, the release is the 

major challenge for reliable quantification. A calibration curve with lesion-containing 

ODN should be established in parallel with the analyses of DNA samples of interest. For 

dI, quantitative release can be achieved, though caution should be exerted to reduce 

background contamination. 
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Chapter 1. Introduction 

 

1. Overview 

In living cells, the integrity of genome is constantly challenged by both endogenous 

and exogenous sources. Endogenous sources contributing to DNA instability include 

spontaneous hydrolysis, which commonly leads to depurination and deamination, cellular 

metabolism, which can lead to oxidation, and non-enzymatic methylations of DNA that are 

not highly regulated [1, 2]. Exogenous sources comprise a wide range of factors including 

lifestyle choices such as consumption of processed meat, tobacco smoking, exposure to 

UV and environmental carcinogens, usage of chemotherapeutic drugs etc. [3-5]. 

Consequences of DNA damage encompass acute effects such as cell cycle arrest 

and apoptosis, and long-term effects such as mutations and oncogenesis [6]. Cells are 

equipped with various repair mechanisms to maintain the stability of genome [7-9]. In a 

cell with functional repair systems, the genetic information can be transmitted faithfully, 

while allowing some leeway in mutation that is important for evolution. Deficiency in 

repair systems is correlated with diseases, as seen in the cases of xeroderma pigmentosum 

and Cockayne syndrome [10-13], and mutations in oncogenes and tumor suppressor genes 

lead to carcinogenesis [6, 14, 15]. 

Being able to analyze DNA adduct, especially quantitatively, is important for 

understanding how DNA damage is involved in the etiology of human diseases. The 

occurrence, abundance and distribution of DNA adducts can provide information about the 

interplay between DNA damage and repair, and thus facilitate the understanding of disease 

etiology. 
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In this chapter, I will give an overview of several selected DNA lesions of interest, 

followed by current LC-MS/MS methods of for DNA adduct analysis, and a review of 

recent literature about DNA adductomics. 

 

2. Overview of DNA modifications 

The chemical properties of DNA make them good targets for many electrophilic 

species. There are many reactive sites on the nucleobases, the 2¢-deoxyribose as well as the 

phosphate backbone, which have been systemically summarized by Liu and Wang [16]. 

Being exposed to a wide range of endogenous and exogenous electrophiles, DNA in cells 

can undergo a myriad of covalent modifications. Hydrolysis, alkylation and reactions with 

radicals are the most common types of chemical reactions that give rise to DNA damage 

under physiological conditions [2]. Herein, several representative examples of DNA 

damage generated by these processes are discussed with respect to their occurrence, repair 

and biological significance. 

2.1. 8,5′-cyclopurine-2′-deoxynucleosides  

Oxidative stress can be imposed by both endogenous and exogenous sources, 

including mitochondrial respiration, inflammation and exposures UV light, ionizing 

radiation and environmental toxins etc. [17]. Reactive oxygen species (ROS), such as 

superoxide anion radical (O2‐•), hydrogen peroxide (H2O2), hydroxyl radical (•OH), singlet 

oxygen (1O2), nitric oxide (NO•) and nitrogen dioxide (NO2•) are generated during these 

processes. ROS are reactive towards nucleophilic biomolecules such as proteins and DNA, 

and they constitute an important class of DNA damaging agents. ROS damage DNA by 

either direct reaction or through other oxidative intermediates such as lipid radicals [18]. 
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Free radical production and oxidative stress have been thought to be involved in natural 

processes of ageing and etiology of human diseases for a long time [19]. 

One group of oxidative stress-induced DNA damage are the 8,5¢-cyclopurine-2¢-

deoxynucleosides (cPus, Scheme1.1). The generation of cPus in cells starts with the 

abstraction of hydrogen from the C5¢ of the 2-deoxyribose by •OH radical, producing a C5¢ 

radical. The C5¢ radical subsequently attacks the C8 of the purine base within the same 

nucleoside, followed by oxidation and deprotonation of the cyclization product to produce 

the 5′S and 5′R diastereomers (Scheme 1.2) [20]. The cyclization reaction is inhibited by 

the presence of oxygen, as the C5′ radical can react with oxygen at a near diffusion-

controlled rate [21-23]. Upon γ-irradiation, the production of cPus decreases, while that of 

8-oxopurines increases, with increased oxygen concentration [24]. This trait makes them 

potential biomarkers of DNA damage as they do not have the artificial generation issue 

under aerobic conditions like other oxidative stress-induced lesions such as 8-oxo-2′-

deoxyguanosine (8-oxo-dG).  

Scheme 1.1. Structures of 8,5′-cyclopurine-2′-deoxynucleosides diasteriomers 
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Scheme 1.2. Formation of two diasteriomers of 8,5′-cyclopurine-2′-deoxyadenosine 

 
 

The covalent bond between C5′ and C8 introduced considerable distortion to the 

DNA double helix [25]. Despite having a covalent bond within the same nucleoside, cPus 

are tandem DNA lesions as both the deoxyribose and the nucleobase are covalently 

modified [26]. Due to the distortion they pose on the DNA double helix, cPus are 

considered bulky lesions and they can cause transcription/replication blockage [27-33]. 

Being blocking to polymerases, the bypass of cPus by translesion synthesis (TLS) 

polymerases occurs at low efficiency and low fidelity [32, 34, 35]. As expected, it is proven 

that cPus are repaired by nucleotide excision repair (NER) instead of base excision repair 

(BER). The repair efficiency of R diastereomer is higher than that of the S diastereomer, 

and the repair of cdG is more efficient than cdA [27, 29, 36, 37]. Elevated levels of all four 

cPus were observed in ERCC1-deficient mice, and age dependent increase was observed 

in mouse liver and kidney [38]. The age dependent accumulation of cdA in XPA deficient 

mice also supports the hypothesis that they are repaired by NER in vivo [39]. In addition, 

accumulation of cPus has been associated with various health conditions including aging, 

oxidative stress, colorectal cancer and breast cancer with BRCA1 mutations in animal 

models as well as in human cells or tissues [38, 40-43]. 
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2.2. Alkylation adducts 

DNA alkylation adducts constitute another major type of DNA damage. They can 

be produced from both endogenous sources (e.g. byproducts of lipid peroxidation or 

cellular methyl group donor S-adenosyl-L-methionine) and external sources (e.g. tobacco 

smoke and chemotherapeutic drugs) [44, 45]. Heteroatoms in DNA such as oxygen and 

nitrogen atoms on nucleobases and non-carbon-bonded oxygen atoms on backbone 

phosphate are common alkylation sites. Among these, N7 and O6 of guanine, N1 and N3 

of adenine, and N3 of cytosine are the main alkylation sites on nucleobases, whereas N6 

and N7 of adenine, O2, N3 and O4 of thymine, O2 of cytosine, and N2 of guanine can also 

be alkylated to a lesser extent [44-47]. 

The alkyl group can range from simple methyl group to more complicated 

structures arising from exposure to polycyclic aromatic hydrocarbons (PAHs), 

nitrosamines and bacterial toxins [48-52]. The repair mechanisms, depending on the size 

of the alkyl group and the site of alkylation, include direct reversal by alkyltransferases 

(e.g. MGMT), oxidative reversal by dioxygenases (e.g. AlkB in Escherichia coli and AlkB 

homologs in human), BER and NER [46, 47, 53-55]. It is worth noting that in recent years, 

with more non-heme Fe(II)/α-ketoglutarate-dependent dioxygenase AlkB family of 

proteins and their functions being discovered, researchers recognized that many of these 

dioxygenases have important functions in demethylating epigenetic and epitranscriptomic 

modifications on DNA and RNA, respectively [56-60]. In this chapter, the focus will be on 

DNA damage aspects rather than epigenetic regulation. 

DNA alkylation adducts can lead to deleterious consequences including cell death 

or mutations if not efficiently repaired. Depending on the size of the alkyl group, DNA 
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alkylation adducts can block replication and transcription to different extents [54-60]. 

Many lesions are highly mutagenic, such as O6-alkyl-2′-deoxyguanosine (O6-alkylG), O4-

alkylthymidine (O4-alkyldT) and O2-alkyldT [5, 6]. Many well-known carcinogens 

generate DNA alkylation adducts after metabolic activation. Although DNA repair 

mechanisms can remove some adducts, long-term exposure to such carcinogens leads to 

cancers, such as aflatoxin B1, benzo[a]pyrene and nitrosamines [48-50, 61]. On the other 

hand, the cytotoxic consequences from DNA alkylation have also been exploited for cancer 

chemotherapies [47]. 

2.3. 2¢-Deoxyinosine 

2′-Deoxyinosine (dI) is the deamination product of 2′-deoxyadenosine (dA). There 

are several pathways that lead to the formation of dI (Figure 1.1). The first pathway is 

from spontaneous deamination of adenine that occurs under physiological conditions [62]. 

Second, dI is known to be induced by ROS and elevated levels of dI were observed in 

human inflammatory bowel disease mouse models [63]. The third pathway is by adenosine 

deaminase (ADA), which can act on both adenosine and 2′-deoxyadenosine [64]. A fourth 

pathway is from incorporation of dITP that are present in the cellular nucleotide pool 

during DNA synthesis [65]. A disruption in the highly regulated mechanisms for 

controlling the concentrations of cellular purine nucleotide pool may result in incorporation 

of damaged nucleoside triphosphates into newly synthesized DNA and further lead to 

genome instability [66, 67]. 
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Figure 1.1. Pathways for the formation of dI in DNA 
 

To cope with the presence of dI, cells have highly regulated mechanisms for 

maintaining the nucleotide pool as well as mechanisms for removing damaged nucleosides 

from DNA. Canonical nucleoside triphosphates can be easily deaminated in cellular 

nucleotide pool. One pathway for the repair of dI is through BER initiated by DNA 

glycosylases. The hypoxanthine DNA glycosylase (HDG) family of enzymes remove 

hypoxanthine but does not have uracil DNA glycosylase activity [68]. In E. coli cells, the 

main repair pathway for dI is initiated by endonuclease V. Endonuclease V nicks the DNA 

on the 3′ side one nucleotide downstream of the deaminated base instead of removing the 

nucleobase [69]. The human endonuclease V also has endonuclease activities towards 

substrate containing hypoxanthine, though it prefers RNA over DNA [70, 71]. 

Instead of pairing with thymine, dI pairs with dC, thus it is mutagenic and can elicit 

AT to GC mutations. Abnormal functions of proteins that are involved in dI metabolism 

are related to various health problems. Deficiency in ADA can adversely affect immune 

system as well as lead to neurodevelopmental deficits, sensorineural deafness and skeletal 

abnormalities [72, 73]. Diminished inosine triphosphate pyrophosphatase activity can lead 

to accumulation of dITP in cells and increased level of inosine in both DNA and RNA [74, 
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75]. Adenosine deaminase acting on RNA (ADAR) can edit RNA post-transcriptionally 

and has important biological functions [76]. Recently it was reported that ADAR can also 

edit the adenine base in DNA/RNA hybrids [77]. It remains unexplored whether such 

activity on DNA can result in more mutations and whether it is implicated in the etiology 

of human diseases. 

Despite the sheer numbers of unanswered questions involving the biological 

significance of dI, only a few publications revealed significant differences in terms of 

levels of dI. Earlier work examining oxidative damages did not reveal increased level of dI 

in patients with dementia with Lewy bodies, Alzheimer’s disease or type II diabetes [78-

80]. To some extent, this is attributable to a lack of robust quantification method for dI. 

Since dI is prone to artifactual formation, its quantitative measurement has been 

challenging [81]. The deamination of adenine is faster under acidic conditions, elevated 

temperatures, or when it is in ssDNA compared with dsDNA [82, 83]. Some commercial 

enzymes contain deaminase activity that can convert dA to dI during the hydrolysis. 

Commercial enzymes also contain a considerable amount of dI, which might arise from 

deamination of residual dA after isolating the enzymes from biological matrices. To cope 

with these, deaminase inhibitors are usually incorporated into sample preparation process 

[84, 85]. The enzymes should also be thoroughly cleaned by ultrafiltration or dialysis. 

Despite the measures taken to reduce the background level of dI, it is still difficult to 

completely remove exogenous dI from the digestion system. To make sure the dI is 

detectable, usually a large amount of DNA is needed. However, in some cases, a large 

quantity of DNA is not practical. Therefore, a sensitive method that allows for dI 

measurement in small quantities of DNA is needed. 
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3. LC-MS for DNA adduct analysis 

Since DNA damage can lead to various consequences, the capability to study the 

occurrence, abundance and distribution of DNA adducts is pivotal to elucidate their 

involvements in human health. Since many diseases are caused by endogenous or 

exogenous DNA damaging agents, DNA adduct analysis is important for understanding 

the etiology of these diseases. DNA damage can be removed by various mechanisms, and 

being able to quantify DNA adducts is important for studying the DNA repair mechanisms 

involved. As humans are exposed to many genotoxins in the environment, the analysis of 

DNA adducts is also important for risk assessment. Meanwhile, many chemotherapeutic 

agents are DNA alkylating agents, revealing the type of DNA adducts induced by these 

agents is also important for guiding cancer chemotherapy.  

Representative methods for analysis of DNA damage include 32P-postlabeling and 

immunoassay, gas chromatography-mass spectrometry (GC-MS), liquid chromatography-

mass spectrometry (LC-MS) and next-generation sequencing [86, 87]. MS-based methods 

excel at being highly sensitive and being capable of providing structural information and 

as well as quantitative measurement. It also has the flexibility to be highly specific towards 

analyte of interest or more explorative depending on the scan mode employed, though the 

instrument can sometimes be costly comparing to other methods. Workflow of sample 

preparation for DNA adduct analysis by LC-MS usually consists of DNA isolation, DNA 

hydrolysis, sample cleanup and enrichment (Figure 1.2). In the following sections, the 

sample preparation and the mass spectrometry techniques for DNA adduct analysis will be 

discussed. 
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Figure 1.2. Workflow for DNA adduct analysis by LC-MS 
 
3.1. Sample preparation for LC-MS analysis 

Before analysis by LC-MS, sample preparation consists of the following steps: 

obtaining DNA for analysis, DNA hydrolysis, and sample cleanup and adduct enrichment. 

Each module is discussed in more detail in the sections below. 

3.1.1. DNA isolation 

Most study focuses on the adducts on genomic DNA, while, in some cases, repair 

products in nucleoside form can also be of interest. DNA can be isolated from bacterial or 

mammalian cell culture, tissue, blood, saliva or even formalin-fixed paraffin-embedded 

samples, as long as adequate amount of DNA can be obtained. Usually 1-200 µg DNA is 

required [88]. The amount of DNA needed can be estimated based on the detection limits 

of the methods and the abundance of the lesion. For lesions of low abundance, larger 

quantities of DNA are needed. 

Tissue or cell pellets first undergo homogenization and cell lysis to release the 

biomolecules from the cells. Besides yield and purity, one important consideration in 

purification of biomolecules is to keep their chemical identities intact. Two most common 
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issues are artificial generation and degradation/conversion. For those lesions that can be 

easily generated via spontaneous processes (e.g. 2'-deoxyuridine, dI, 8-oxo-dG, etc.), 

reagents/inhibitors such as deaminase inhibitors, antioxidants, metal chelators or free 

radical scavengers should be added to reduce the artifactual formation of these lesions [85, 

89]. For unstable and reactive analytes such as AP site and aldehyde DNA adducts, a 

derivatization or reduction step can be carried out during DNA isolation [90-92]. In 

addition to stabilizing reactive analytes, chemical derivatization is also used for improving 

the chromatographic behaviors of hydrophilic DNA adducts or increasing the ionization 

efficiency, although this step can be carried out after DNA hydrolysis [93, 94]. 

In literature, the most widely used methods to isolate nucleic acids include phenol-

chloroform extraction, high salt method (which, in principle, is protein precipitation) and 

commercial kits. The best method depends on the purpose of DNA and is optimized 

according to the properties of the analytes. 

 Phenol-chloroform extraction, as a classic liquid/liquid extraction-based method, 

took shape amid efforts to isolate RNA [95, 96]. By addition of the organic solvents into 

the samples, followed by mixing and centrifugation, DNA is retained in the upper aqueous 

layer while proteins, hydrophobic compounds and cell debris stays in the organic-aqueous 

interface, organic layer or bottom of the tube. This method is not always favored due to its 

usage of toxic solvent phenol. Phenol-chloroform extraction may also lead to artificial 

generation of 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-oxo-dG) [97]. In addition, residual 

phenol in the sample could interfere with UV quantification of nucleic acids and could be 

harmful to the LC-MS systems. 
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High-salt method was developed as a non-toxic alternative to the phenol-

chloroform extraction [98]. After proteinase K digestion in the presence of sodium dodecyl 

sulfate, a high-concentration NaCl solution is added to the sample, followed by mixing and 

centrifugation to remove the proteins. DNA can subsequently be precipitated from the 

soluble portion. The yield of DNA is comparable to the phenol-chloroform method, 

although it can be lengthy in time.  

There are also many commercialized DNA isolation kits available that provide fast 

and reproducible purification of DNA. These usually involve a spin-column that can retain 

DNA based on different mechanisms such as hydrogen binding, ionic exchange, affinity 

and size exclusion [99]. Besides being costlier, since many kits are developed mainly for 

general purposes, for DNA adduct analysis, the protocols need to be optimized accordingly 

such as inclusion of reagents or followed by proteinase K and/or RNases digestion to get 

high quality DNA. 

3.1.2. DNA hydrolysis 

For DNA adduct analysis, DNA are usually hydrolyzed to nucleobases, 

mononucleotides or nucleosides, as they provide better sensitivity, accuracy and precision 

compared to DNA polynucleotides [16, 87, 88]. To release nucleobases from DNA, acid 

hydrolysis is one of the earliest employed methods. The acidic condition might be harsh 

and lead to chemical changes such as deamination. Despite issues with disproportional 

release of purine and pyrimidine bases, the method also liberates canonical nucleosides in 

large excess, which could compromise the overall sensitivity of the method. The use of 

formic acid was shown to achieve stoichiometric release of canonical nucleobases [100, 

101]. Although the method was developed for nucleic acid quantification, it may be useful 
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for reliable quantification of adducts that are relatively stable. Neutral thermal hydrolysis 

is often used for adducts with labile N-glycosidic bonds such as N7- and N3-alkylated 

purines and O2-alkylated pyrimidines [102, 103]. Enzymatic digestion is another widely 

used method. The digestion process results in nucleosides and mononucleotides, depending 

on the enzymes of choice. Usually a combination of endonucleases (e.g. DNase I, nuclease 

P1, benzonase) and/or exonucleases (e.g. phosphodiesterases I and II) are used to achieve 

digestion to mononucleotides, and an alkaline phosphatase is included for removing the 

phosphate group to generate nucleosides. In addition, repair proteins have also been used 

for releasing DNA damage from DNA [104, 105].  

Although enzymatic hydrolysis offers efficient release of mononucleotides and 

nucleosides under mild conditions, there are a few caveats that needs to be addressed when 

establishing a method for DNA adducts. First, enzymatic hydrolysis does not completely 

eliminate artificial generation or degradation of some DNA adducts, such as in the case of 

8-oxo-dG and N2-ethylidene-dG [92, 106]. Therefore, metal chelators and antioxidants 

should be incorporated in the hydrolysis step as well [85]. Secondly, when DNA adducts 

do not fit into the active sites of digestion enzymes, the release of these DNA adducts may 

be compromised. This is especially true for bulkier adducts and adducts that pose distortion 

to the DNA double helix structure, such as PhIP adducts, thymine glycol and DNA 

interstrand cross-links [16]. Sometimes the cellular context of DNA adducts can also 

impact digestion efficiency. For example, DNA/RNA hybrid structure as in R-loops can 

be resistant to nuclease and DNase digestion. Thirdly, as many commercial enzymes are 

prepared from bacterial cultures, it should be carefully tested for the possible presence of 

the adducts of interest in the enzyme preparation. For example, N6-methyl-2'-
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deoxyadenosine and N4-methyl-2'-deoxycytosine are common DNA modifications in 

bacteria cells [107]. When enzymes originated from bacterial cultures are used for 

digesting mammalian DNA, care should be taken to verify that the enzymes do not 

contribute to the measured levels of adducts. For oxidation or hydrolysis products of 

canonical nucleosides, such as 8-oxo-dG, enzymes can also be a source of contamination. 

Therefore, purification of commercial enzymes in lab is sometimes necessary [108]. Last 

but not least, the commercial enzymes may contain unwanted activity. For example, some 

alkaline phosphatases and phosphodiesterases may contain deaminase activity. When 

looking at deamination products of DNA, these activity needs to be addressed by avoiding 

using such enzymes and inclusion of inhibitors [85]. 

3.1.3 Sample cleanup and enrichment 

After hydrolysis, sample cleanup and enrichment are needed for removing salts, 

enzymes and/or unmodified nucleosides. Removing salts and unmodified nucleosides is 

important for increasing the sensitivity of the subsequent LC-MS/MS analysis, as an 

overabundance of materials can result in column overloading in nanoflow liquid 

chromatography and/or ion suppression in electrospray ionization. Depending on the 

methods for DNA hydrolysis and the characteristics of DNA adducts, commonly used 

sample cleanup strategies include ultrafiltration, liquid-liquid extraction (LLE), solid-

phase extraction (SPE), immunoaffinity chromatography and offline HPLC enrichment. 

Oftentimes the combination of several methods is used for better results. 

Ultrafiltration is a commonly used method for concentrating, desalting and buffer-

exchanging proteins. The most common devices are spin-columns with membranes that 

have certain molecular weight cut-offs (MWCOs). With centrifugal force, large molecules 
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above the MWCO are retained while smaller molecules pass through the membrane. On 

the other hand, it can be used for removing proteins and large biomolecules from samples. 

Comparing with applications for protein purification, when used for cleaning up 

hydrolyzed DNA samples, there is minimal concerns with sample loss due to adsorption to 

the membrane. However, it does not effectively remove many small molecules such as 

unmodified nucleosides/nucleotides or salts. Hence a subsequent purification with SPE or 

offline HPLC is needed. 

LLE is usually performed by using organic solvents to extract DNA adducts from 

the hydrolysis mixture. The relatively hydrophobic DNA adducts participates into the 

organic layer while polar compounds stay in the aqueous layer. Despite being simple and 

cost-effective, its application is limited to non-polar analytes. Chloroform extraction is 

often performed to remove enzymes from digestion mixture. It is not an extraction in the 

sense that the analytes still stay in the same phase. The aqueous layer, which contains polar 

molecules and salts, is retained for further purification and analysis. 

Solid phase extraction (SPE) is a widely used method due to its fast procedures and 

scalability for high-throughput analysis. After equilibration and sample loading to the SPE 

columns, the unwanted compounds in the sample are removed by the washing steps. 

Analytes of interest are retained on the cartridge during the washing step and eluted out 

with a stronger solvent. Unlike HPLC columns, the cartridges are usually disposable, which 

eliminate concerns of cross-contamination. However, they do not provide the same 

resolution as an HPLC column. Immunoaffinity chromatography is another column-based 

purification technique where selective enrichment of analyte is achieved by its binding to 
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antibodies. Its application in DNA adduct analysis is largely impacted by the availability 

of specific antibodies. 

Offline HPLC is carried out before the LC-MS/MS step and usually coupled with 

UV detectors. It provides good separation of nucleosides; therefore, an analyte can be 

selectively collected based on its retention time. The sample matrix is simpler after HPLC 

enrichment and hence the overall sensitivity of a method is improved. As long as the 

retention times is known, one can collect the fraction corresponding to the adduct 

regardless of the abundance of the adduct. Analytes eluting at different times can be 

collected separately and pooled before LC-MS analysis, even when the analytes possess 

different hydrophobicity. Offline HPLC enrichment can also provide information on DNA 

purity and digestion efficiency, which can serve as a quality control step. It has certain 

disadvantages such as being less efficient and concerns with cross-contaminations. 

As much as we would like a clean sample matrix and low detection limit, it should 

be noted that the more sample manipulation is involved, the higher possibility of loss, 

contamination and artificial generation of analytes there will be. The sample preparation 

procedures should always take the analyte of interests into consideration and establish a 

balance between the amount of manipulation and the achievable detection sensitivity. 

3.2. Mass spectrometry strategies for DNA adduct analysis 

Liquid chromatography-electrospray ionization-mass spectrometry (LC-ESI-MS)-

based methods are the most widely used method in DNA adduct analysis. LC further 

separates different compounds in the sample after cleanup. The elution time of a compound 

can be used as another endpoint for characterization. For instance, mass spectrometry may 

not always distinguish two regioisomers. After LC separation, analytes must be ionized in 
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order to be detectable by MS. ESI couples well after LC by applying a voltage to the liquid 

and further create aerosols that carry charges. MS analysis provides the mass-to-charge 

ratio and intensity of the signal for the analyte. Structural information can further be 

inferred if the ions are fragmented. The advantages of LC-MS for DNA adduct analysis 

have been well summarized in many reviews in recent years; therefore, they will not be 

discussed further [16, 18, 86-88, 102, 109]. Herein we focus the discussions on the analysis 

of nucleosides. 

Analysis of DNA adduct has two aspects, identification and quantification. 

Identification can be achieved by high-resolution mass spectrometry (HRMS) or tandem 

mass spectrometry, or the combination of the two. Exact mass obtained by HRMS can 

determine the chemical composition of a DNA adduct. Although without fragmentation, 

many isomeric adducts cannot be distinguished. In positive ion mode, during collision-

activated dissociation (CAD), a.k.a. collision-induced dissociation (CID), the most 

abundant fragment ions are the protonated nucleobase moieties, which arise from the 

breakage of the labile N-glycosidic bond [88, 110, 111]. If using ion-trap instruments, the 

modified nucleobase ion can be further fragmented and provide information on their 

identities, such as seen in methylated cytidine [112]. On triple-quadrupole instruments, 

selected-reaction monitoring (SRM) provides good selectivity and sensitivity for the 

analytes, which is excellent for quantitative analysis of known adducts. In recent years, we 

see many commercialized hybrid types of instruments that combine the selectivity of 

quadrupole or linear ion trap with high resolution mass analyzers such as time-of-flight 

(TOF) and Orbitrap. These new designs provide both fragmentation and high-resolution 
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mass spectra, thus allowing more sensitive detection and reliable identification of DNA 

adducts. 

Quantification data, in essence, comes from the intensity of MS results. Correlating 

the intensity to the amount of substance should be carried out with caution, as the intensity 

can be impacted by many factors such as analyte loss during sample manipulation, sample 

matrix variation, choice of LC conditions, ionization efficiency due to the chemical 

properties of the analytes, fragmentation conditions. Stable isotope-dilution mass 

spectrometry addresses these issues and has gained much popularity for DNA adduct 

quantification [113]. Isotopically labeled standards are usually added during sample 

preparation. They possess the same chemical properties as the analytes while exhibit 

characteristic mass shift in mass spectrometers. The same chemical properties allow them 

to be separated and ionized at similar efficiencies to the unlabeled analytes, while the mass 

shift allows them to be distinguished from their unlabeled counterparts and thus achieve 

robust quantification. The main drawback is that isotopically labeled standards may not 

always be available. In such occasions, quantification by comparing the signal intensity to 

other unmodified nucleosides or a surrogate standard is sometimes employed, although 

quantification accuracy can be compromised by the difference in ionization efficiency and 

variations in the composition of the sample matrix [114, 115]. 

The mass spectrometers I used for the following chapters include an LTQ and an 

LTQ XL linear ion traps (Thermo Fisher) as well as a Q Exactive Plus quadrupole-Orbitrap 

instrument (Thermo Fisher). Linear ion traps distinguish from other types of mass 

analyzers in that they can store a large number of ions. They also allow for multi-stage 

mass spectral analysis, which is especially important in the analysis of DNA adducts, as 
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the structural confirmation usually requires MS3 spectra. Q Exactive Plus provides high-

resolution mass spectra and can acquire data up to MS2. The high resolution MS data 

provides highly specific information about the ion and eliminates noises from interfering 

species, thereby increased the overall sensitivity of the methods. 

 

4. DNA adductomics 

The totality of adducts can be considered as “adductome”. The term adductome has 

been used both for DNA and protein, as both DNA and protein contain nucleophilic sites 

that are prone to electrophilic species [116, 117]. DNA adductomics is an emerging field 

in DNA adduct analysis. The “-omics” approach investigates DNA adducts 

comprehensively, in a fashion similar to proteomics, in order to screen and discover DNA 

adducts. Advances in mass spectrometry instrumentation, especially the development of 

HRAM and hybrid systems, have truly propelled the development of this field. Quite often, 

we can compare the objectives we want to achieve in DNA adductomics to proteomics and 

learn from the strategies that have already been developed for proteomics studies. Existing 

mass spectrometry applications include both untargeted and targeted methods [118-120]. 

For qualitative purposes, such as screening and discovery, where the precursor ions are 

usually unknown, untargeted methods are usually applied. For quantitative purposes or for 

sensitive detection, the analytes are usually known, and targeted methods are often 

employed. 

Currently still in the early stages of development, the application of DNA 

adductomics has mainly focused on the screening of unknown adducts with untargeted 

approach. Meanwhile, investigating the abundance of DNA adducts is also important for 
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understanding their biological significance. Because DNA lesions exist at low abundance 

and their chemical structures are highly diverse, an adduct that exists in low abundance or 

does not follow the typical fragmentation pathway (e.g. cPus) can easily escape detection. 

In this sense, if an adduct is known, the best way to analyze it is still targeted analysis. 

With more and more DNA adducts being characterized, DNA adductomics may also 

proceed to include more targeted approaches for profiling quantitatively the DNA 

adductome. Herein different MS scanning strategies and applications for DNA 

adductomics studies will be discussed separately. 

4.1. MS scanning strategies for DNA adductomics 

As mentioned earlier, nucleoside undergoes characteristic fragmentation from the 

cleavage of the N-glycosidic bond. Many DNA adductomics studies utilizes such features 

in developing the scanning strategies, despite the differences in instrumentation (Figure 

1.3). 

SRM or multiple reaction monitoring (MRM) was one of the earliest methods 

developed for adductomics, as triple quadrupole (QqQ) instruments offers the best 

sensitivity before the recent developments in the hybrid quadruple-Orbitrap instruments 

[116, 121]. It was carried out by monitoring transitions of [M+H]+ à [M+H-116]+ over a 

wide range of m/z and thus sometimes referred to as “pseudo-CNL”. With the long list of 

transitions, this method required several injections and relatively large quantities of DNA 

(usually with 30~100 µg DNA) for analysis. Constant neutral loss (CNL) scan on QqQ 

mass spectrometers is another one of the earliest strategies, where the neutral loss of 2-

deoxyribose is exploited [122-125]. However, QqQ instruments only provide nominal 

mass, thus these methods have relatively limited specificity and the adducts need to be 
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further confirmed by HRMS [126]. With the introduction of quadrupole-Orbitrap 

instruments, SRM can be transitioned to these instruments utilizing parallel-reaction 

monitoring (PRM) scan, which detects all fragment ions in MS2 with high-resolution [127]. 

SRM-based methods, including SRM on QqQ instruments and PRM on quadrupole-

Orbitrap instruments, are intrinsically targeted approaches, as one would define the 

transitions they want to monitor before fragmentation. These methods have been widely 

used for targeted quantitative proteomic studies as well as analysis of DNA adducts [108, 

128]. When used with scheduled acquisition windows, such as predicting retention time by 

normalized retention time (iRT), SRM can accommodate more analytes into one LC-MS 

run [129]. 

A high-resolution full-scan MS was developed for screening DNA adducts in their 

nucleobase form after acid hydrolysis [130]. A database with known diet-related DNA 

adducts was also constructed for spectral data interpretation. Although their reported 

sample preparation was only good for nucleobase analysis, a high-resolution full-scan has 

the merit of unbiased data acquisition. Acid hydrolysis provides a cleaner background so 

that the full-scan MS can be compared to MS results in a database for identification. 

Therefore, the method is not easily applicable to samples with complex matrices and it is 

difficult to identify adducts of low abundance. 
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Figure 1.3. MS scanning strategies for DNA adductomics 
 

One of the most successful methods in DNA adductomics is data-dependent MS2 

acquisition and MS3 fragmentation triggered by constant neutral-loss scanning, usually 

abbreviated as DDA-CNL-MS3 [110, 131]. This method has been carried out using linear 

ion trap as well as HRMS instruments [131-133]. The method was developed with neutral 
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loss of deoxyribose (-116.0474). Later with the addition of neutral loss of nucleobases in 

addition to deoxyribose, and inclusion lists for targeted analysis, the method can achieve 

more comprehensive analysis of DNA adducts [131, 134]. Being excellent in discovering 

new adducts, DDA-based method tends to have a bias for adducts of higher abundance, yet 

many DNA adducts exist at extremely low abundance. Another obstacle for CNL-based 

methods is that DNA adducts not always fragment by losing the deoxyribose or nucleobase, 

as seen in the case of cPus. Therefore, if an adduct is known, a targeted approach with an 

inclusion list is the best strategy to analyze it. 

To overcome the bias to most abundant species, a few data-independent acquisition 

(DIA) strategies that provide MS2 or MSE data were also developed. Inspired by sequential 

window acquisition of all theoretical mass spectra (SWATH), a DIA method, termed as 

wide-SIM/MS2, was developed [135]. The method employs wide m/z window for precursor 

ion selection for subsequent MS2 scans on an Orbitrap mass analyzer [135]. This method 

provides good coverage of DNA adducts and the results can be analyzed in either targeted 

or non-targeted manners. Since it only provides MS2 spectra, sometimes the identity of the 

adduct needs to be further confirmed with MS3 scans. The wide isolation windows result 

in more complicated MS2 spectra; therefore, spectral analysis can be challenging for DIA 

analysis. The interference from co-eluting species can also be exacerbated. Another DIA 

strategy using MSE analysis, which generates fragment ions from dynamically switching 

of collisional energy between high and low energy status, was also developed on 

quadrupole time-of-flight (Q-TOF) instruments [136, 137]. This method provides more 

fragment ions than just the nucleobase; thus, some structural information can be derived 

despite the lack of MS3 data. 
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4.2. Recent development and applications of LC-MS for DNA adductomics analysis 

The majority of methods mentioned in the previous section are non-targeted 

strategies, as most research efforts focus on the discovery of new adducts and screening 

for the adducts related to human diseases and health conditions. Some methods provide 

MS3 or MSE spectra for structural confirmation. As for the methods that only provide MS2 

spectra, after adduct screening, the structures of DNA adducts usually need to be further 

confirmed by MS3 or HRMS. Earlier work in DNA adductomics have been systemically 

reviewed in 2017 [138]. Herein the focus will be on more recent advances in the field. 

The SRM based approach was used for screening putative DNA adducts formed in 

human HepG2 cells from exposure to genotoxins such as benzo[a]pyrene and safrole, and 

the method has also been expanded to screening damage to RNA [126, 139]. Chang and 

coworkers used CNL on a quadrupole-linear ion trap instrument to discover putative DNA 

adducts formed from treatment of either calf thymus DNA or mice with alkylating agents 

[123]. Although some identifications of the adducts were based on nominal mass, these 

applications demonstrated in principle that DNA adductomics can be harnessed for 

genotoxicity testing. An iRT-based retention time prediction was also proposed for 

scheduled SRM analysis of alkylated DNA lesions, which can be further expanded to other 

DNA adducts [127]. 

Using the MSE-based adductomic approach, researchers identified N2-(3,4,5,6-

tetrahydro-2H- pyran-2-yl)-2¢-deoxyguanosine as the major adduct from exposure to N-

nitrosopiperidine, which is likely involved in the etiology of esophageal cancer in Cixian 

residents of China [137]. The adduct was confirmed by MS2 with a mass tolerance of ± 

0.02 Da, which still can have some ambiguity.  
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By carrying out DDA-CNL-MS3 experiments on a Thermo Scientific Fusion 

instrument, the DNA adduct resulted from exposure to colibactin was identified [140]. The 

adduct identified in this study is likely the depurination product from the interstrand cross-

link formed by colibactin [52]. The mutation and disease etiology of colorectal cancer 

caused by colibactin exposure was further substantiated by investigation of sequencing 

data [141]. Neutral losses of two deoxyriboses and two nucleobases were also incorporated 

into the DDA-CNL-MS3 approach for screening crosslinks [134]. 

After the recent development of the wide-SIM/MS2 method, the authors also 

applied this method to the identification of DNA adducts from aromatic amines in 

nontumor-adjacent bladder tissues from bladder cancer patients [142]. The wide-SIM/MS2 

method facilitated the detection of several 4-aminobiphenyl DNA adducts and DNA 

adducts formed from byproducts of lipid peroxidation in bladder DNA, although it was not 

able to detect some adducts that possibly exist at low abundance. This again reflects the 

fact that many DNA adducts exist at low abundance; thus, it is crucial to establish highly 

sensitive methods. 

Untargeted DNA adductomics methods have shown great potential in DNA adduct 

screening and discovery. With the complex data generated by these methods, spectral data 

analysis is one challenge that researchers in this field need to overcome. We have seen 

efforts putting into automated spectral data analysis tools, spectra prediction and spectral 

libraries for known adducts [143-145]. These will be useful tools for teasing out DNA 

adducts from the complicated datasets and make LC-MS-based DNA adductomics a more 

mature technique. 
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5. Scope of the dissertation 

Changes in DNA, including chemical identities, abundance and distribution, can 

lead to various biological and human health consequences. Mass spectrometry has been 

widely applied to the analysis of such changes. With recent advances in mass spectrometry 

instrumentation, the analysis of DNA adducts is developing towards a comprehensive 

DNA adductomic approach. The focus of this dissertation is on developing LC-MS-based 

methods for quantitative analysis of DNA lesions in an adductomic approach. I examined 

the differentiation of regioisomeric alkylation adducts by collision induced dissociation 

with MS3, developed a scheduled SRM-based LC-MS/MS method for targeted analysis of 

DNA adductome and further focused on method development for robust quantification of 

cPus and dI, which are prone to artefactual formation and key to robust quantification with 

our adductomic method. 

In Chapter 2, I examined the collision induced dissociation pathways of two pairs 

of regioisomeric DNA alkylation adducts, namely O4-alkyldT and O2-alkyldT, and N2- and 

O2-alkyl-2′-deoxyguanosine (N2-alkyldG and O6-alkyldG). I studied the fragmentation of 

their protonated ion in MS3 and rationalized the observations with density functional theory 

calculations. 

In Chapter 3, I developed a scheduled SRM-based method using iRT for targeted 

analysis of the DNA adductome. I established the iRT scores for 36 modified nucleosides 

from the retention times of the four canonical 2′-deoxynucleosides on a nanoflow liquid 

chromatography−nanospray ionization−tandem mass spectrometry (nLC−NSI− MS/MS) 

system. The reliability of retention time prediction by iRT was evaluated. The accuracy of 
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quantification by the scheduled SRM method was also compared with that obtained by 

unscheduled method. 

In Chapter 4, I examined the sample preparation workflow for quantification of 

cPus by LC-MS/MS. Artificial generation of cPus and quantification accuracy was also 

evaluated. The workflow is also applied on measurement of cPus in tissues from systemic 

ERCC1 deficient and tissue specific ERCC1 deficient mice. Cautions regarding the 

challenges in the quantification of cPus were also pointed out. 

In Chapter 5, I examined the sample preparation workflow for dI analysis. Artificial 

generation of dI and contamination from commercial enzymes are two major factors that 

contribute to the background levels of dI. Quantification accuracy was evaluated, and the 

method was applied for quantification of dI in DNA samples isolated from primary nuclei 

and micronuclei. 
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Chapter 2. Collision-induced dissociation studies of protonated ions of alkylated 

thymidine and 2′-deoxyguanosine 

 

Introduction 

Genome integrity is constantly challenged by exposure to endogenous metabolic 

byproducts and environmental toxicants, resulting in a wide array of DNA lesions, such as 

oxidative stress-induced DNA damage, alkylated DNA adducts, and heterocyclic aromatic 

amine (HAA)-induced DNA lesions [1, 2]. Alkylation constitutes a major type of DNA 

damage, and alkylated DNA lesions can be produced from endogenous sources such as 

byproducts of lipid peroxidation or cellular methyl group donor (i.e. S-adenosyl-L-

methionine), and from external sources such as tobacco smoke and chemotherapeutic drugs 

[3, 4]. 

Alkylation can occur at various heteroatoms in DNA, including oxygen and 

nitrogen atoms on nucleobases, as well as non-carbon-bonded oxygen atoms on backbone 

phosphate [3, 5, 6]. N7 and O6 of guanine, N1 and N3 of adenine, and N3 of cytosine are 

the main alkylation sites on nucleobases, whereas N6 and N7 of adenine, O2, N3 and O4 of 

thymine, O2 of cytosine [3, 4, 6], and N2 of guanine can also be alkylated to a lesser extent 

[6]. 

If not efficiently repaired, DNA alkylation adducts can lead to deleterious 

consequences including cell death or mutations. For example, alkylated DNA lesions can 

block replication and transcription, where the size of the alkyl group is positively correlated 

with their blockage effects [7-13]. In addition, O6-alkyldG, O4-alkyldT, and O2-alkyldT are 

highly mutagenic [5, 6]: O6-alkyldG and O4-alkyldT can readily mispair with thymine and 
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guanine during DNA replication and result in G → A and T → C transitions, respectively 

[4, 7-9, 11, 14]. Minor-groove O2-alkylthymine is unfavorable in forming base pair with 

any of the four canonical nucleobases in DNA, and elicits in T → A and T → G 

transversions in Escherichia coli and HEK293T cells [12, 14, 15]. The minor-groove N2-

alkyldG adducts do not block replication or cause mutations in HEK293T cells, though 

depletion of certain translesion synthesis (TLS) polymerases can result in G → A and G 

→ T mutations [10]. 

Quantitative assessment about the formation and repair of DNA lesions is important 

for understanding their implications in human health. Liquid chromatography-tandem mass 

spectrometry (LC-MS/MS) coupled with the stable-isotope dilution method has become 

one of the most widely used techniques for quantitative measurement of DNA lesions [2, 

16]. Aside from different retention behaviors on LC columns, some regioisomeric DNA 

adducts may be distinguished by their characteristic fragmentations in multi-stage MS. For 

instance, regioisomers of methylcytosine (e.g. N3-methylcytosine, N4-methylcytosine and 

5-methylcytosine) [17], methyluracil (5-methyluracil and N3-methyluracil) [18] and 

methyladenine (N1-methyladenine, 2-methyladenine, N3-methyladenine, N6-

methyladenine, and N7-methyladenine) [19] produce characteristic fragment ions that 

allow for the differentiation of regioisomers. On the other hand, the tandem mass spectra 

of N1- and N2-methylguanine are indistinguishable from each other [20]. Investigation 

about the MSn of regioisomeric alkylated DNA lesions may facilitate unambiguous 

identification of these DNA adducts. 

Herein we investigated whether different regioisomers of alkylated thymidine and 

2′-deoxyguanosine lesions can be distinguished by multi-stage MS in a linear ion-trap mass 
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spectrometer. To this end, we acquired the collision-induced dissociation (CID) spectra of 

the protonated ions of a series of alkylated major-groove adducts O4-alkylthymidine (O4-

alkyldT) and O6-alkyl-2′-deoxyguanosine (O6-alkyldG), and minor-groove adducts O2-

alkylthymidine (O2-alkyldT) and N2-alkyl-2′-deoxyguanosine (N2-alkyldG) (Scheme 2.1). 

We also discuss the fragmentation pathways for these modified nucleosides and rationalize 

the observed cleavage pathways based on density functional theory (DFT) calculations. 

 
Scheme 2.1. Alkylated nucleosides employed in this study. 
 

 
 

Materials and methods 

Materials 

All reagents, unless specifically noted, were purchased from Thermo Fisher 

Scientific. Synthetic standards of O4-alkyldT and O2-alkyldT were prepared following 
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previously published procedures [9, 13]. O6-alkyldG- and N2-alkyldG-containing 

oligodeoxyribonucleotides (ODNs) were previously synthesized [8, 12]. 

Nucleoside standards of O6- and N2-alkyldG were prepared from the enzymatic 

digestion of the corresponding lesion-containing ODNs following previously published 

procedures [21]. The resulting nucleoside mixtures were subsequently separated with a 4.6 

´ 250 mm Hypersil Gold C18 (Thermo Fisher Scientific, San Jose, CA) reversed-phase 

column and the fractions containing the alkylation adducts were collected. The fractions 

were dried using a Speed-Vac and resuspended in doubly distilled water. 

nLC-nESI-MS/MS/MS experiments 

MS3, which monitor the further cleavage of the [M+H]+ ions of the nucleobase 

component of O4-alkyldT, O2-alkyldT, O6-alkyldG and N2-alkyldG, were acquired on an 

LTQ XL linear ion trap mass spectrometer equipped with a nanoelectrospray ionization 

source and coupled with an EASY-nLC II system (Thermo Fisher Scientific). In this vein, 

it is worth noting that the MS3 experiments can also be conducted by direct fusion. We 

chose to employ nLC-nESI-MS/MS/MS because it is required for highly sensitive 

detection of DNA adducts in real samples, i.e. cellular and tissue DNA.  

Synthetic alkylated nucleosides were first loaded onto a trapping column (150 µm 

´ 40 mm) packed with porous graphitic carbon (PGC, 5 μm in particle size, Thermo Fisher 

Scientific) or Magic C18 AQ (5 µm in particle size, 200 Å in pore size, Michrom 

BioResources, Auburn, CA), at a flow rate of 2 µL/min within 7.5 min, followed by elution 

onto an analytical column (75 µm ́  200 mm) packed with Zorbax SB-C18 stationary phase 

material (5 μm in particle size, 100 Å in pore size, Agilent Technologies, Santa Clara, CA) 

at a flow rate of 300 nL/min. Solutions A and B consisted of 0.1% (v/v) formic acid in 
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water and acetonitrile, respectively. The nucleosides were eluted with a gradient of 0-16% 

B in 5 min, 16-22% B in 23 min, 22-50% B in 17 min, 50-90% B in 5 min, 90% B for 25 

min, and the column was subsequently re-equilibrated with 0% B.  

Mass spectra were recorded in the positive-ion mode. The spray voltage was 2 kV 

and the capillary temperature was 275 °C. The capillary and tube lens voltages were 34 V 

and 100 V, respectively. Automated gain control values were set at 3 ´ 104 and 1 ´ 103 for 

MS and MSn, respectively. Normalized collisional energies, activation times, and isolation 

widths were set at 35% and 38%, 30 and 50 ms, and 3 and 2 m/z units for MS2 and MS3, 

respectively. The activation Q was 0.3 for both MS/MS and MS3. 

Break-down curves 

Break-down curves were constructed from ESI-MS/MS/MS acquired on an LTQ 

linear ion trap mass spectrometer (Thermo Fisher Scientific). Nucleosides O2- and O4-

alkyldT were prepared in 5 µM aqueous solutions containing 50% methanol and 0.1% 

formic acid. The solutions were directly infused into the mass spectrometer at a flow rate 

of 3.0 µL/min with a syringe pump. The spray, capillary and tube lens voltages were 5 kV, 

1 V and 95 V, respectively, and the temperature for the ion transfer tube was 300 °C. A 

normalized collisional energy of 35% was employed for MS2 and those for MS3 were in 

the range of 0-38%.  The settings for automated gain control, precursor ion isolation, and 

ion activation were the same as described above.  

Break-down curves for N2- and O6-alkyldG lesions were constructed from MS3 

acquired from on-line nLC-nESI-MS/MS/MS analysis following the above-described 

conditions, except that normalized collisional energies of 35% and 0-38% were employed 

for MS2 and MS3, respectively.  
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DFT calculations 

DFT calculations at the B3LYP levels of theory with the 6-311+G(2d,2p) basis set 

were carried out using the Gaussian 09 package of program [22]. All optimized structures 

were subjected to vibrational frequency analysis for zero-point energy (ZPE) correction to 

the temperature of 298.15 K and the pressure of 1.0 atm. The vibrational frequency analysis 

was carried out to ensure that each transition state has only one imaginary vibrational 

frequency, whereas a local or global minimum displays no imaginary vibrational 

frequency. Transition state structures connecting their corresponding two adjacent minima 

were also confirmed by intrinsic reaction coordinate calculations. The energies discussed 

here represented the sum of electronic and thermal energies. 

 

Results and discussions 

The main objective of this study is to examine the fragmentation behaviors of 

protonated ions of regioisomeric alkylated dT and dG lesions in tandem MS. Since the 

[M+H]+ ions of alkylated nucleosides undergo facile cleavage of the N-glycosidic bond in 

MS2, producing the [M+H]+ ions of the nucleobase portion [23-25], we place our focus on 

the fragmentation of protonated nucleobases in MS3.  

Fragmentation of O2-alkylthymidine 

Collisional activation of the protonated O2-methylthymine (m/z 141) gives rise to 

the fragment ions of m/z 123, 110, 109 and 84 (Figure 2.1.a and Table 2.1), which we 

propose to arise from the neutral losses of H2O, CH3NH2, CH3OH and CH3NCO, 

respectively. 
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Table 2.1. A list of characteristic/dominant fragment ions observed in the MS/MS/MS, 
which monitors the further fragmentation of the protonated ions of the nucleobase portion, 
for the O4- and O2-alkyldT lesions.  
 

Alkyl group O2-alkyldT O4-alkyldT 
-Me 110; 109* 123 
-Et 127 127 

-nPr 127 127 
-iPr 127 127 
-nBu 127 127 

 
*The second most abundant ion, if its relative abundance is over 50%, is also listed. 

  

 
 

Figure 2.1. MS3 of: a) O2-MedT, b) O4-MedT, c) O2-EtdT, d) O4-EtdT, e) O2-nPrdT and 
f) O4-nPrdT acquired from nLC-nESI-MS/MS/MS experiments. The line labeled with 
‘´5’ in b) indicates the m/z range of the spectrum (m/z 60-120) that was amplified by five 
times to better visualize the fragment ions in the region.  
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CID of protonated uracil, thymine, cytosine and some of their derivatives have been 

studied [17, 18, 26-28], where the [M+H]+ ions of unmodified pyrimidine bases undergo 

three major cleavage pathways, namely, neutral loss of NH3, H2O or HNCO (Figure 2.2). 

Next we discuss the MS3 spectra of O2-MedT in the context of these three relevant 

pathways. 

 
Figure 2.2. MS3 for monitoring the further fragmentation of the protonated nucleobases of 
a) uridine, b) 2′-deoxycytidine and c) thymidine obtained under the same CID conditions 
as the alkyldT adducts. The spectra were acquired by nLC-nESI-MS/MS/MS experiments. 
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In the case of O2-MedT, neutral loss of a CH3NH2 was observed in lieu of ammonia 

elimination (Figure 2.1.a), suggesting the migration of the methyl group to a nitrogen atom 

prior to this neutral loss. In uracil, ammonia loss mainly originates from N3 (> 90%), and 

only a small portion arises from N1 (< 10%) [18, 26, 28]. The O2-methyl group may migrate 

to N3 or N1 due to their close proximity, which can subsequently lead to the loss of a 

CH3NH2. 

Water elimination from protonated uracil can involve O2 and O4 at approximately 

equal frequency [18, 26]. In the MS3 of O2-MedT, neutral losses of CH3OH (m/z 109) and 

H2O (m/z 123) are both observed (Figure 2.1.a), with the former ion being more abundant 

than the latter. We propose that protonation of O2, followed by the cleavage of C2-O2 

bond, leads to the loss of CH3OH. 

Comparing with the CID of uracil, neutral loss of CH3NCO (m/z 84) instead of 

HNCO is observed for O2-MedT. Elimination of CH3NCO can proceed through pathways 

analogous to the loss of HNCO from the [M+H]+ ion of uracil, which was proposed to 

occur via a retro-Diels-Alder (RDA) mechanism (Scheme 2.2.a) [18, 28], though Beach 

and Gabryelski [26] suggested intramolecular nucleophilic attack as an alternative 

(Scheme 2.2.b). C2 and O2 are exclusively accountable for the carbon and oxygen losses 

in HNCO, respectively, with N3 contributing to the majority (90%) of the nitrogen loss 

[18, 26]. 
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Scheme 2.2. Possible fragmentation pathways for neutral loss of CH3NCO from O2-MedT 
(a, b) and O4-MedT (c, d, e). ‘RDA’ represents retro-Diels-Alder reaction. 
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O4 is the preferred protonation site in uracil [18, 26, 29, 30], and this preference is 

shifted toward O2 with the presence of a 5-methyl group in thymidine [31]. Methylation at 

the O2 position may also alter the preferential site of protonation in the nucleobase. We 

calculated the energies of several stable tautomers of protonated O2-methylthymine 

(Scheme 2.3). Tautomer 3 with both O2 and O4 being in enol form and the O2-methyl group 

and the O4-hydrogen both pointing towards N3, which is analogous to the previously 

reported ground-state structures of protonated thymine and uracil [32], displays the lowest 

energy. In a manner similar to the case where the presence of an N3-methyl group in uracil 

can inhibit the formation of the enol tautomer [33], the preferred protonation site for O2-

MedT is likely O4, which can be considered as a result of stabilization by the O2-methyl 

group. We assume that the conversions among these tautomers are achievable by proton 

transfer during ion activation process, as observed previously for some canonical 

nucleosides [28, 32, 34]. For example, tautomer 3 can be converted to tautomer 5 with a 

calculated energy barrier of 166.69 kJ/mol (Figure 2.3.a). 

Scheme 2.3. DFT-calculated relative energies of some O2-MedT tautomers at B3LYP 
levels of theory with the 6-311+G(2d,2p) basis set. Tautomer 3, which is with both 
exocyclic oxygen atoms being in the enolic form and the O-methyl group pointing towards 
N3, has the lowest energy. Shown are relative energies relative to that of tautomer 3. 
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Figure 2.3. DFT-calculated reaction pathways and energy barriers for a) proton transfer 
from O4 to N3, b) methyl migration from O2 to N3 in O2-MedT tautomer 3, and c) 
elimination of H2O (red lines), CH3OH (black lines) and CH3NH2 (blue lines) from 
tautomer 10 of O2-MedT (Scheme 2.3). Energy barriers for elimination of H2O and CH3OH 
from tautomer 10 of O2-MedT were the same (275.51 kJ/mol, labeled in black letters). The 
tautomers are described in Scheme 2.3. 

a)

b)

c)
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Figure 2.4. DFT-calculated fragmentation pathways and energy barriers for a) O2-MedT, 
b) O2-EtdT, c) O4-MedT and d) O4-EtdT at the B3LYP/6-311+G(2d,2p) level of theory. 
 

The DFT-predicted energy barriers for the losses of CH3OH, H2O and CH3NH2 

from tautomer 5 are higher than that for the tautomerization (Figure 2.4.a). The energy 

barriers for proton transfer in the pathways for the neutral losses of CH3OH and H2O are 

the same (243.63 kJ/mol), though the subsequent steps of CH3OH elimination requires 

lower energy than that for the loss of H2O. This is in line with the observation that the 

elimination of CH3OH (m/z 109) is more facile than that of H2O (m/z 123, Figure 2.4.a). 

From another tautomer with the O2-methyl group pointing towards N1 (tautomer 10 in 

Scheme 2.3), the energy barrier for the loss of CH3NH2 (247.26 kJ/mol, Figure 2.3.c) is 

lower than that from tautomer 5 (256.72 kJ/mol, Figure 2.4.a); therefore, CH3NH2 may 

also be eliminated from this tautomer. In addition, the calculated energy barrier for methyl 
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group migration from O2 to N3 (207.07 kJ/mol, Figure 2.3.b) is lower than those for some 

of the pathways shown in Figure 2.4.a and Figure 2.3.b, suggesting the feasibility of the 

above-proposed mechanisms of methyl group migration prior to the elimination of 

CH3NH2 and CH3NCO. 

 
 
Figure 2.5. MS3 of a) O2-iPrdT, b) O4-iPrdT, c) O2-nBudT, d) O4-nBudT. The spectra 
were acquired from nLC-nESI-MS/MS/MS experiments. 
 

In contrast to O2-MedT, fragmentation of Et-, nPr-, iPr- and nBu-adducts all give 

rise to the predominant product ion of m/z 127 (Figure 2.1.c, e, Figure 2.5.a, c, and Table 

2.1), which is assigned as the [M+H]+ ion of thymine. The formation of this ion proceeds 

through the neutral loss of an alkene, probably via a six-membered ring transition state 

(Scheme 2.4) [35]. Since the fragmentation of O2-MedT cannot occur through this 

transition state, it undergoes fragmentation through pathways that are more similar as the 

unmodified dT. As a result, the energy barrier for the dissociation of O2-EtdT is expected 

to be significantly lower than that of O2-MedT. To test this hypothesis, we calculated the 
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energy barrier for the dissociation of O2-EtdT via a six-membered ring transition state 

(Figure 2.4.b). The results indeed predict that this pathway requires a much lower 

activation energy (149.10 kJ/mol) than the dissociation pathways for O2-MedT (Figure 

2.4.b). 

Scheme 2.4. Proposed six-membered ring transition states for the elimination of alkene 
from a) O2-alkyldT, b) O4-alkyldT and c) O6-alkyldG. 
 
a) 

 
b) 

 
c) 

 
 

Fragmentation of O4-alkylthymidine 

The major product ion in the MS3 of protonated O4-MedT arises from the neutral 

loss of a water from the modified nucleobase (m/z 123) (Figure 2.1.b and Table 2.1). 

Fragment ions emanating from the eliminations of CH3NCO (m/z 84) and CH3OH (m/z 

109) are also observed, with the relative abundances being approximately 10% and 4%, 

respectively. We again discuss the fragmentation pathway from the standpoint of the three 

major cleavage pathways for the protonated uracil. 
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In the case of O4-MedT, loss of methylamine is no longer a major pathway, where 

the resulting fragment ion of m/z 110 is present at a very low abundance (< 2% of total 

ions). For both O2- and O4-MedT, loss of NH3 requires protonation of a NH group. 

However, owing to the loss of an acidic proton upon alkylation, there is no third acidic 

proton available for the loss of the N as an NH3. 

Neutral loss of water predominates the MS3 of O4-MedT (~80% of total ions), while 

loss of CH3OH occurs to a lesser extent. This elimination of water occurs much more 

readily for O4-MedT than O2-MedT, which might be attributed to the facile protonation of 

O2 in O4-MedT and the subsequent proton transfer from the neighboring N1 to O2. We 

calculated the energies of different tautomers for protonated O4-methylthymine, and the 

most stable one (tautomer 9, Scheme 2.5) is indeed in enol form with both O4-methyl group 

and 2-hydroxyl hydrogen atom pointing towards N3 (Scheme 2.5). The DFT-calculated 

energy barrier for the above-mentioned pathway for this tautomer is 244.95 kJ/mol (Figure 

2.4.c), which is not much different from that for O2-MedT (Figure 2.4.a, 243.63 kJ/mol 

for loss of CH3OH). On the other hand, elimination of CH3OH, which is more facile from 

a different tautomer, requires tautomerization (Figure 2.6) and exhibits a higher energy 

barrier (278.04 kJ/mol, Figure 2.4.c), thereby rendering it less likely to occur. 

Similar to what we found for O2-MedT, we observed the elimination of CH3NCO 

in the MS3 of O4-MedT. This loss may again proceed through methyl group migration (i.e. 

from O4 to N3) followed by ring cleavage. In this vein, methyl group was previously shown 

to migrate from quaternary ammonium moieties during collisional activation of peptides 

and a metabolite [36, 37]. Other potential pathways for CH3NCO elimination are shown in 
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Scheme 2.2.c-e, and further experiments are needed for the elucidation of the cleavage 

mechanisms for this neutral loss. 

Scheme 2.5. DFT-calculated relative energies of some O4-MedT tautomers at B3LYP 
levels of theory with the 6-311+G(2d,2p) basis set. Tautomer 9, which is with both 
exocyclic oxygen atoms being in the enolic form and the O-methyl group pointing towards 
N3, has the lowest energy. Shown are relative energies with respect to that of tautomer 9. 

 
 

 
Figure 2.6. DFT-calculated energy barrier for tautomerization from tautomer 9 to tautomer 
1 at the B3LYP/6-311+G(2d,2p) level of theory. The tautomers are described in Scheme 
2.5.  
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Unlike the aforementioned methylated dT adducts, Et-, nPr-, iPr- and nBu-dT 

adducts are very similar among the O2 and O4 regioisomers, where protonated thymine 

dominates the MS3 (m/z 127) (Figure 2.1.d, f, Figure 2.5.b, d, and Table 2.1). We again 

propose that the elimination of alkene proceeds via a six-membered ring transition state 

(Scheme 2.4.b). We calculated the energy barrier for the loss of ethylene from O4-EtdT 

(164.03 kJ/mol) and it is indeed much lower than that of H2O or CH3OH elimination from 

O4-MedT (Figure 2.4.c, d). The differences in fragmentation behaviors for the O-

methylated and other O-alkylated thymidine lesions in MS3 prompted us to examine the 

differences in collisional energy required for the fragmentation of these modified 

nucleobases. To this end, we acquired the break-down curves for the aforementioned O2- 

and O4-alkyldT adducts by varying the collisional energy employed in the MS3 

fragmentation step and plotting the percentage of precursor ion among all the ions found 

in MS3 (Figure 2.7). In this vein, we kept the collisional energy for MS2 consistent while 

acquiring the MS3. Our results showed that break-down curves for the protonated ions of 

the nucleobase portions of O2-MedT and O4-MedT are nearly identical, but differ markedly 

from those of other O2- and O4-alkyldT lesions (Figure 2.7). 

The similarity in the break down curves for O2-MedT and O4-MedT is in 

accordance with the similar calculated energy barriers for the fragmentation of O2-MedT 

and O4-MedT. When compared with the methyl adducts, the corresponding Et-, nPr-, iPr- 

and nBu-adducts require much lower energy to fragment (Figure 2.7), which is also 

reflected by DFT calculation results for the methyl and ethyl adducts (Figure 2.4).  The 

nearly identical breakdown curves for the O2-alkyldT lesions and the O4-alkylated 

counterparts suggest that the collisional energies required for the fragmentation of the 
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protonated ions of their nucleobase portions do not allow for the differentiation of these 

regioisomeric pairs of O-alkylated dT lesions.  

 
Figure 2.7. Break-down curves of protonated O2-alkyldT and O4-alkyldT in MS3 with 
CID. NCE: normalized collisional energy. 
 

The differences in fragmentation pathways of O2-MedT and O4-MedT are likely 

also attributable partly to the tautomers in the ion ensembles in the linear ion trap. Along 

this line, it has been demonstrated, both theoretically and experimentally, that different 

tautomers of nucleobases can exist simultaneously [30-32, 38-40]. For O2-MedT, the most 

stable tautomer (Scheme 2.3 tautomer 3) is conducive for the loss of CH3OH; the 

elimination of H2O, on the other hand, can occur directly from the less stable, hence the 

less abundant, tautomer 2 or 7 (Scheme 2.3). In the case of O4-MedT, the most stable 

tautomer (tautomer 9, Scheme 2.5) is in a conformation that is highly favorable for the loss 

of H2O via proton transfer, as noted above. 
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Fragmentation of O6-alkyl-2¢-deoxyguanosine 

The O6-alkyldG lesions behave similarly to the O2-alkyldT and O4-alkyldT adducts 

in the respect that the MS3 of O6-MedG differs significantly from those of other O6-alkyldG 

adducts. In particular, the protonated nucleobase of O6-MedG mainly undergoes neutral 

loss of an ammonia, whereas those of other O6-alkyldG adducts lose readily the 

corresponding neutral alkenes (Figure 2.8 and Table 2.2). 

 
 
Figure 2.8. MS3 of a) O6-MedG, b) O6-EtdG, c) O6-nPrdG, d) O6-iPrdG, e) O6-nBudG, 
f) O6-iBudG and g) O6-sBudG acquired from nLC-nESI-MS/MS/MS experiments. 
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Table 2.2. A list of m/z values for characteristic/dominant fragment ions observed in the 
MS/MS/MS, which monitors the further fragmentation of the protonated ions of the 
nucleobase portion, for the O6- and N2-alkyldG lesions. The corresponding neutral losses 
are shown in the parentheses. 
 

Alkyl group O6-alkyldG N2-alkyldG 
-Me 149 (- NH3) 149  (- NH3) 
-Et 152 (- alkene) 163 (- NH3) 

-nPr 152 (- alkene) 177 (- NH3); 152(- alkene)* 
-iPr 152 (- alkene) 152 (- alkene) 
-nBu 152 (- alkene) 152 (- alkene); 172 
-iBu 152 (- alkene) 152 (- alkene) 
-sBu 152 (- alkene) 152 (- alkene) 

 
*Numbers in parentheses indicate second most abundant ions with over 50% relative 
abundance. 
 

Collision-induced dissociation of protonated guanine mainly undergoes two 

fragmentation pathways, namely losses of an ammonia and a cyanamide (NH2CN) or 

carbodiimide (HN=C=NH) [20, 41]. During CID of the [M+H]+ ion of guanine, N1 and N2 

nitrogen atoms lose their identities after ring-opening at the N1-C6 bond [20]. In the case 

of O6-MedG, the main fragment ion results from the elimination of an ammonia. We also 

observed, in low abundance, the ion of m/z 110, which likely originates from the loss of a 

CH3NCNH. We compared the energies for different tautomers of protonated O6-

methylguanine (Scheme 2.6) at a lower level of theory and chose the most stable tautomer 

for computation at higher levels of theory. DFT calculation results for the most stable 

tautomer (tautomer 11 in Scheme 2.6) indicate that the energy barrier for proton transfer 

from N3 to N2 is 195.72 kJ/mol (Figure 2.9.a), and the ensuing product can readily 

eliminate an NH3 with a calculated activation energy of 228.94 kJ/mol (Figure 2.9.a). The 

ion of m/z 167 may be attributed to the loss of an ammonia from a water molecule adduct, 

as described previously [42]. 
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Scheme 2.6. DFT-calculated relative energies of some O6-MedG tautomers at the 
B3LYP/6-311+G(d,p) level of theory. Shown are relative energies with respect to that of 
tautomer 11, which has the lowest energy. 

 
 

MS3 of the bulkier O6-alkyldG lesions, including Et-, nPr-, iPr-, nBu-, iBu-, sBu-

adducts, all show the predominant fragment ion of protonated guanine (m/z 152). This 

again can be attributed to the facile loss of the corresponding alkene via a six-membered 

ring transition state (Scheme 2.4.c). The loss of an alkene is more facile than that of 

ammonia via the ring-opening pathway in the CID of guanine. The DFT-calculated energy 

barrier for the loss of ethylene from O6-EtdG is 162.68 kJ/mol, and those for the loss of 

propylene from O6-nPrdG and O6-iPrdG are 157.98 and 128.96 kJ/mol, respectively 

(Figure 2.9.b and Figure 2.10), which are substantially lower than that for proton transfer 

within protonated O6-MedG (195.72 kJ/mol) and the subsequent elimination of ammonia 

(228.94 kJ/mol) (Figure 2.9.a). This is in keeping with the facile loss of alkene observed 

in MS3. 
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Figure 2.9. DFT-calculated fragmentation pathways and energy barriers for: a) the 
elimination of ammonia from O6-MedG and b) the elimination of ethylene from O6-EtdG 
via a six-membered ring transition state at the B3LYP/6-311+G(2d,2p) level of theory. 
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a) 

 
b) 

 
Figure 2.10. DFT-calculated fragmentation pathways and energy barriers for the 
elimination of propylene from a) O6-nPrdG and b) O6-iPrdG via a six-membered ring 
transition state at the B3LYP/6-311+G(2d,2p) level of theory 
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Fragmentation of N2-alkyl-2′-deoxyguanosine 

The fragmentations of N2-alkyldG adducts exhibit similarities and differences when 

compared with their O6 counterparts, where collisional activation of the protonated 

nucleobases of N2-MedG, N2-EtdT, N2-nPrdG and N2-nBudG leads to the facile loss of an 

ammonia in MS3; CID of the [M+H]+ ions of the nucleobases of N2-iPrdG, N2-iBudG and 

N2-sBudG, however, produce protonated guanine as the dominant product ion in MS3 

(Figure 2.11 and Table 2.2). 

The MS3 of N2-MedG is very similar to that of O6-MedG, except for the slight 

differences in relative abundances of fragment ions, making it difficult to distinguish the 

two regioisomers using MS3. Along this line, the predominant loss of ammonia (m/z 149) 

from protonated N2-methylguanine is consistent with previously published CID spectrum 

acquired for FAB-produced [M+H]+ ion [20]. 

For those lesions carrying a straight-chain alkyl group, we observed a progressive 

elevation in the abundance of fragment ion from the loss of an alkene and a concomitant 

decrease in that from the elimination of an ammonia as the chain length increases. The 

most abundant fragment ion found for the MS3 of N2-EtdG forms from the elimination of 

ammonia. Unlike the MS3 of the aforementioned O-ethylated adducts, where the product 

ion emanating from the loss of ethylene dominates the spectrum, the fragment ion from the 

loss of ethylene (m/z 152) is present, albeit not as abundant as that arising from the loss of 

NH3 (m/z 163), in the MS3 of N2-EtdG. We observed that the abundance of the m/z-152 ion 

increases further in the MS3 of N2-nPrdG (Figure 2.11.c) and it surpasses the ion from the 

neutral loss of ammonia (m/z 191) in the MS3 of N2-nBudG (Figure 2.11.d). The MS3 of 

N2-iBudG showed a further increase in the abundance of m/z-152 ion and decrease in the 
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m/z-191 ion (Figure 2.11.f). Elimination of ammonia is not detectable in the MS3 of N2-

iPrdG and N2-sBudG (Figure 2.11.e, g), suggesting that the branched alkyl chain facilitates 

the loss of alkene while concomitantly suppressing the neutral loss of ammonia. 

 
 

Figure 2.11. MS3 of: a) N2-MedG, b) N2-EtdG, c) N2-nPrdG, d) N2-iPrdG, e) N2-nBudG, 
f) N2-iBudG and g) N2-sBudG obtained from nLC-nESI-MS/MS/MS experiments. 
 

We next assessed the energy barriers for the fragmentation of the two N2-PrdG 

adducts. DFT-calculated energy barriers for the elimination of ammonia from N2-nPrdG 
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and N2-iPrdG do not differ significantly (i.e. 241.90 kJ/mol and 241.10 kJ/mol, 

respectively, Figure 2.12.a, c). DFT-calculated energy barriers for tautomerization from 

the most stable tautomers to the precursor for ammonia elimination is described in Figure 

2.13, where the pathway for ammonia loss from these tautomers is likely dependent on 

hydrogen transfer. The elimination of an alkene via the six-membered ring transition state 

for N2-iPrdG (Figure 2.12.d) exhibits a much lower energy barrier than that for N2-nPrdG 

(Figure 2.12.b), which are 209.37 kJ/mol and 235.93 kJ /mol respectively. We reason that 

alkylation of N2 may impede the formation of the six-membered ring transition state 

relative to their O6-alkyldG counterparts; hence, the ease in the formation of a six-

membered ring transition state determines the fragmentation pathway for N2-alkyldG 

adducts. 

 
 
Figure 2.12. DFT-calculated fragmentation pathways and energy barriers for the 
elimination of a) ammonia and b) alkene from N2-nPrdG, and the loss of c) ammonia and 
d) alkene from N2-iPrdG at the B3LYP/6-311+G(2d,2p) level of theory. 
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a) 

 
b) 

 
Figure 2.13. DFT-calculated energy barrier for tautomerization before elimination of 
ammonia from a) N2-nPrdG and b) N2-iPrdG at the B3LYP/6-311+G(2d,2p) level of 
theory. 
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The ions of m/z 167, 181, 195 and 209 found in MS3 of N2-MedG, N2-EtdG, N2-

nPrdG and N2-nBudG can be attributed to ion-neutral reactions between the precursor ions 

and residual H2O molecule, followed by the loss of an ammonia [42-45]. The instrument 

conditions for MS3 acquisition are identical for O6-alkyldG and N2-alkyldG, yet we 

observed more water molecule adducts in the spectra of N2-alkyldG; the exact reason for 

this difference is unclear. 

The above results showed that, while some of the N2- and O6-alkyldG lesions (i.e. 

when alkyl group = Et, nPr, nBu and iBu) can be distinguished based on their MS3, others 

(i.e. when alkyl group = Me, iPr, and sBu) are nearly identical. Our DFT calculation results 

also showed that the energy barriers for the elimination of alkenes from the protonated 

nucleobases of O6-nPrdG and O6-iPrdG are much lower than the corresponding alkene 

losses from the regioisomeric N2-nPrdG and N2-iPrdG (Figure 2.10 and Figure 2.12).  

Hence, we also explored whether the latter groups of lesions could be differentiated based 

on differences in collisional energies required for fragmenting the protonated ions of their 

nucleobases. To this end, we acquired the break-down curves for the fragmentations of the 

protonated nucleobases of the regioisomeric pairs of N2- and O6-alkyldG lesions with the 

alkyl group being a Me, iPr, iBu and sBu. N2- and O6-iBudG were included because the 

characteristic m/z-191 peak resulting from ammonia elimination exists at a relatively low 

abundance, which may not be observable when the collisional energy is not high enough. 

It turned out that the collisional energies required for the fragmentations of N2-alkylated 

lesions are higher than those for the O6-alkylated counterparts when alkyl group is iPr, iBu 

or sBu (Figure 2.14). The break-down curves for N2- and O6-MedG are, however, almost 

identical (Figure 2.15). Together, the above results demonstrate that collision energies 
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required for fragmentation can facilitate the differentiation of those regioisomeric pairs of 

alkyldG lesions with a branched chain alkyl group. 

 
 
Figure 2.14. Break-down curves of protonated ions of the nucleobase portions of those 
O6-alkyldG and N2-alkyldG lesions with a branched chain alkyl group and the respective 
MS3 spectra at the collisional energy yielding the largest difference in cleavage efficiency 
for the two regioisomers (indicated with double-headed arrows). The alkyl groups are a) -
iPr, b) -sBu, and c) -iBu, respectively. NCE: normalized collisional energy.  
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Figure 2.15. Break-down curves for monitoring the further fragmentations of the 
protonated nucleobases of O6-MedG and N2-MedG. NCE: normalized collisional energy. 
 

Conclusions 

We acquired the MS3 for the protonated ions of a series of O2- and O4-alkyldT as 

well as O6- and N2-alkyldG adducts. We observed interesting fragmentation behaviors for 

those alkylated DNA lesions that are dependent on the chain lengths of the alkyl groups. 

In particular, exocyclic O-methylated adducts (O2-MedT, O4-MedT and O6-MedG) exhibit 

unique fragmentation pathways compared with adducts bearing larger alkyl groups at the 

same positions on nucleobases. Elimination of methylamine and methanol were the 

predominant fragmentation pathways for the protonated nucleobase of O2-MedT, whereas 

the neutral losses of water and ammonia are the dominant pathway for O4-MedT and O6-

MedG, respectively. O2- and O4-alkyldT, and O6-alkyldG (alkyl = -Et, -nPr, -iPr, -nBu and, 

for O6-alkyldG, -iBu and -sBu) with larger alkyl groups undergo facile loss of alkene from 
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a six-membered ring transition state. Our DFT calculation results show that the energy 

barrier for the elimination of ethylene from ethyl adducts is easily attainable during the 

CID processes, which is consistent with the results from the break-down curves and is in 

support of the involvement of a six-membered ring transition state.  

N2-alkyldG adducts behave differently from the above-mentioned O-alkylated 

adducts in CID, where neutral loss of ammonia was the predominant pathway for N2-

MedG, which is indistinguishable from that for O6-MedG. The fragmentation pathways for 

N2-alkyldG lesions with larger alkyl groups are dependent on the bulkiness of the alkyl 

chain, which is attributed to the relative ease in the formation of the six-membered ring 

transition state. 

The results from our study also showed that, except for the methyl adducts, the MS3 

of O2- and O4-alkyldT are indistinguishable. Except for the methyl adducts, the 

regioisomeric O6- and N2-alkyldG can be differentiated based on the relative ease in NH3 

loss, or based on the differences in collisional energy required for the fragmentation. For 

the adducts that cannot be distinguished based on MSn, such as regioisomeric O2- and O4-

alkyldT, as well as O6- and N2-MedG, separation techniques (i.e. liquid chromatography 

[46] and ion mobility [47, 48]) are required for their differentiation. 

Together, our tandem mass spectrometric and computational studies provide new 

insights into the fragmentations of protonated ions of alkylated thymidine and 2′-

deoxyguanosine derivatives. This study may be useful to those who are interested in 

characterizing DNA adducts using multi-stage mass spectrometry and those who study the 

fragmentation mechanisms in CID. We hope that the results presented in this study will be 

useful to those researchers who are interested in elucidating the CID mechanisms by 
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computational calculations, ion mobility mass spectrometry and other techniques. Studies 

with these approaches may further elucidate the mechanisms involved in the fragmentation 

of alkylated nucleosides and nucleobases. In addition, selective stable isotope labeling of 

these alkylated DNA lesions may allow for revealing the origins of the nitrogen atom(s) 

involved in the loss of NH3 from protonated nucleobases of O6-MedG and N2-alkyldG, and 

for substantiating the notion about the involvement of methyl group migration in the 

fragmentation of the protonated nucleobase portions of O4- and O2-MedT. 
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Chapter 3. Normalized Retention Time for Targeted Analysis of the DNA Ad-

ductome 

 

Introduction 

DNA damage constantly arises from environmental expo-sure and endogenous 

metabolism. Humans are frequently exposed to many DNA damaging agents 

simultaneously, which give rise to a complicated array of DNA lesions. For instance, 

tobacco smoking and alcohol consumption can both lead to the formation of multiple DNA 

lesions [1, 2]. If not properly repaired, DNA lesions may confer cytotoxic or mutagenic 

consequences. Hence, the assessment of the occurrence and repair of DNA lesions is 

important for understanding the human health consequences of DNA damage. Such 

assessment can be facilitated by comprehensive measurement of the DNA adductome. 

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) has been 

routinely employed in proteomics and metabolomics, and it has also been recently used in 

DNA adductomics [3]. Previously published LC-MS/MS approaches for DNA adductomic 

analysis include selected-reaction monitoring (SRM) [4, 5], high-resolution full-scan MS 

[6], high-resolution data-dependent MS2 acquisition and MS3 fragmentation triggered by 

constant neutral-loss scanning [7, 8], and data-independent acquisition using high-

resolution MS/MS in selected-ion monitoring mode with a wide m/z window for precursor 

ion isolation [9]. Data-dependent approaches usually harness the characteristic loss of a 

deoxyribose or nucleobase in MS2. Such approaches are capable of monitoring known and 

unknown adducts, though adducts of low abundance may escape detection. In addition, 

some lesions do not undergo fragmentation via neutral loss of a deoxyribose, e.g. 8,5′-
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cyclopurine-2′-deoxynucleoside lesions [10]. In contrast, targeted approaches such as SRM 

can offer better specificity and sensitivity. A high-throughput and comprehensive 

adductomic approach requires the inclusion of as many lesions into the analytical workflow 

as possible. With SRM, a longer transition list requires longer cycle time, which leads to 

smaller number of data points for defining a chromatographic peak that may diminish the 

measurement precision and accuracy. To increase the number of analytes that can be 

monitored in a single LC-MS/MS experiment, acquisition can be limited to a few minutes 

around the retention time (RT) by scheduled SRM [11]. Recent developments in scheduled 

SRM analysis of peptides and proteins have led to targeted and quantitative analytical 

methods for samples in complex matrices. In this regard, normalized retention time (iRT) 

has been widely used for scheduled SRM analyses of peptides, where iRT is empirically 

derived from the RT of analyte of interest relative to those of standard peptides [12]. The 

iRT scores are specific and stable across different chromatographic configurations and 

conditions. Inspired by these approaches employed in proteomic studies, herein we 

incorporated iRT and developed a scheduled SRM method for DNA adductome analysis 

 

Materials and methods 

Preparation of standards 

Nucleoside standards were either synthesized previously or newly synthesized 

following published procedures with minor modifications. The standards used are listed in 

Table 3.1.  

Cytidine (rC), uridine (U), adenosine (rA), guanosine (rG), 2′-deoxycytidine (dC), 

thymidine (dT), 2′-deoxyadenosine (dA), 2′-deoxyguanosine (dG) and 2′-deoxyinosine (dI) 
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are present in enzymatically digested DNA samples, which sometimes carry residual levels 

of RNA. All nucleoside standards were mixed together. LC-MS/MS experiments were 

carried out using this mixed solution of standards. 

Table 3.1. Preparation of standards used in this study 
 

Nucleosides Abbreviations References 
(5′R)-8,5′-cyclo-2′-deoxyguanosine R-cdG 

[10] 

(5′S)-8,5′-cyclo-2′-deoxyguanosine S-cdG 
(5′R)-8,5′-cyclo-2′-deoxyadenosine R-cdA 
(5′S)-8,5′-cyclo-2′-deoxyadenosine S-cdA 
(5′R)-[1,3,7,9-15N4-(2-Amino-15N)]-8,5′-cyclo-2′-
deoxyguanosine 

15N5-R-cdG 

(5′R)-[1,3,7,9-15N4-(6-Amino-15N)]-8,5′-cyclo-2′-
deoxyadenosine 

15N5-R-cdA 

N3-carboxymethylthymidine N3-CMdT 
[13] O4-carboxymethylthymidine O4-CMdT 

N4-carboxymethyl-2′-deoxycytidine N4-CMdC [14] 
5-methyl-2′-deoxycytidine 5-mdC [15] 
5-hydroxymethyl-2′-deoxycytidine 5-hmdC 

[16] 5-formyl-2′-deoxycytidine 5-fodC 
5-carboxyl-2′-deoxycytidine 5-cadC [17] 
1,N6-etheno-2′-deoxyadenosine edA [18] 
O4-alkylthymidine lesions 
(R= -CH3, -CH2CH3, -(CH2)2CH3, -CH(CH3)2, -(CH2)3CH3) 

O4-alkyldT 
(R = -Me,-Et, -
nPr, -iPr, -nBu) 

[19] 

O2-alkylthymidine lesions 
(R= -CH3, -CH2CH3, -(CH2)2CH3, -CH(CH3)2, -(CH2)3CH3) 

O2-alkyldT 
(R = -Me,-Et, -
nPr, -iPr, -nBu) 

[20] 

O6-alkyl-2′-deoxyguanosine 
(R = -CH3, -CH2CH3, -(CH2)2CH3, -CH(CH3)2, -(CH2)3CH3, -
CH2CH(CH3)2, -CH(CH3)CH2CH3) 

O6-alkyldG 
(R = -Me, -Et, -
nPr, -iPr, -nBu, 
-iBu, -sBu) 

[21] 

N2-methyl-2′-deoxyguanosine N2-MedG [22] 
N2-ethyl-2′-deoxyguanosine N2-EtdG 

[23] 1,N2-propano-2′-deoxyguanosine 1,N2-PdG 
1,N6-etheno-2′-deoxycytidine edC [24] 
N4-methyl-2′-deoxycytidine N4-MedC 

[14] N6-methyl-2′-deoxyguanosine N6-MedA 
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nLC-NSI-MS/MS for adductomics analysis (unscheduled adductomic method) 

The unscheduled LC-MS/MS experiments were performed on a Q Exactive Plus 

quadrupole-Orbitrap mass spectrometer coupled with either a Dionex UltiMate 3000 RSLC 

nano system or an EASY-nLC 1200 system (Thermo Fisher Scientific, San Jose, CA). The 

samples were loaded onto a trapping column (150 µm i. d.) packed with porous graphitic 

carbon (PGC, 5 μm in particle size, Thermo Fisher Scientific) at a flow rate of 2 µL/min 

within 7.5 min. The samples were then eluted onto an analytical column (75 µm i. d.) 

packed with Zorbax SB-C18 stationary phase material (5 μm in particle size, 100 Å in pore 

size, Agilent) at a flow rate of 300 nL/min. Four different gradients were employed, where 

mobile phases A and B were 0.1% (v/v) formic acid in water and 0.1% (v/v) formic acid 

in 80% aqueous solution of acetonitrile, respectively. The gradients are described in Table 

3.2. 

Table 3.2. nLC gradients employed for adductomic analysis 
 

Short gradient Short and fast 
gradient Long gradient Long and fast 

gradient 
Time 
(min) %B Time 

(min) %B Time 
(min) %B Time 

(min) %B 

0 0 0 0 0 0 0 0 
5 10 5 10 5 10 5 10 
35 50 35 75 150 50 150 75 
37 100 37 100 160 100 160 100 
45 100 45 100 180 100 180 100 

 
LC eluents were ionized with a spray voltage of 1.8 kV and a capillary temperature 

at 275°C. Parallel-reaction monitoring (PRM) experiments were performed with the 

following parameters: precursor ion isolation width, 1.0 m/z; normalized collision energy, 

35; resolution, 70 000; AGC target, 1 × 105; maximum injection time, 100 ms. 
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Scheduled LC-MS/MS for adductomics analysis (scheduled adductomic method) 

Scheduled LC-MS/MS experiments were carried out based on the method 

described above using the long fast gradient on the EASY-nLC 1200 system coupled to Q 

Exactive Plus quadrupole-Orbitrap mass spectrometer. Acquisition window was set to ± 3 

min around the predicted RT. 

LC-MS/MS for the quantification of cyclopurines (cPu method) 

Quantification of R-cdA and R-cdG by the cPu method was carried out employing 

the same nLC-NSI-MS/MS set up as the unscheduled adductomic method with a different 

gradient and only four [M+H]+ ions of unlabeled and 15N-labeled cyclopurines (i.e. m/z 

250, 255, 266 and 271) were monitored. The gradient was 0-50% B in 20 min, 50-100% B 

in 2 min, 100% B for 5 min. 

 

Results and discussions 

We measured empirical RT with a Dionex UltiMate 3000 RSLCnano system 

coupled with a Q Exactive Plus quadrupole-Orbitrap mass spectrometer, using an in-house 

packed trapping column (PGC) and an in-house packed analytical column (Zorbax SB-

C18), where mobile phases A and B were 0.1% (v/v) formic acid in water and 0.1% (v/v) 

formic acid in acetonitrile/water (4:1, v/v), respectively. In proteomic applications, a group 

of standard peptides are used as references for retention time calibration. To employ iRT 

in DNA adductomic analysis, we chose the 4 canonical 2′-deoxynucleosides, i.e. dC, dT, 

dA, and dG, as references. We arbitrarily assign the iRT scores of 0 and 100 to the earliest 

(dC) and latest (dG) eluting nucleosides, respectively. iRT scores for dT and dA were 
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calculated from their RT values by linear regression to dC and dG using the previously 

described method [12]. 

The iRT scores of the 4 canonical nucleosides were then applied to a linear gradient 

of 10-75% B in 5-150 min (hereafter referred to as “long and fast gradient”) to establish 

iRT scores for modified nucleosides. We subsequently measured the RT and established 

the iRT scores for 36 modified nucleosides (Table 3.3), including alkylation adducts, 

oxidatively induced DNA adducts and several epigenetic modifications (Figure 3.1, 

Figure 3.2 and Table 3.3). The iRT scores for 4 canonical RNA nucleosides, i.e. rC, U, rA 

and rG, were also obtained considering that residual amount of RNA may be present in 

DNA samples. These iRT scores can be conveniently shared among different laboratories 

since the reference canonical nucleosides can be readily obtained and are usually 

ubiquitous if nucleoside mixtures of cellular or tissue DNA are used for LC-MS and 

MS/MS analyses. 

 
Figure 3.1. Representative SICs from a scheduled SRM-based LC-MS/MS experiment. 
Chromatographic peaks for canonical 2′-deoxynucleosides, O2-alkyldT, O4-alkyldT and 
their retention times are shown, where the alkyl groups are -Me, -Et, -nPr, -iPr, and -nBu. 
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Figure 3.2. The chemical structures of some modified nucleosides employed in the current 
study. 
 
Table 3.3. iRT scores obtained with PGC trapping columns and Zorbax SB-C18 analytical 
columns and iRT scores obtained with PGC trapping columns and Magic C18 AQ 
analytical columns. 
 
a) dC and its modified derivatives 

nucleosides iRT scores 
Zorbax SB-C18 Magic C18 AQ 

dC 0.0 0.0 
5-mdC 18.3 19.1 
5-hmdC 11.5 11.2 
5-fodC 86.7 89.9 
5-cadC 120.2 122.4 
N4-mdC 11.6 11.7 

edC 49.0 51.7 
N4-CMdC 83.4 79.1 
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b) dT and its modified derivatives 

nucleosides iRT scores 
Zorbax SB-C18 Magic C18 AQ 

dT 56.0 59.5 
O2-MedT 57.2 61.4 
O2-EtdT 80.7 85.6 
O2-iPrdT 69.6 73.9 
O2-nPrdT 106.1 109.9 
O2-nBudT 140.6 145.4 
O4-MedT 89.5 95.6 
O4-EtdT 124.5 132.4 
O4-iPrdT 109.6 118.7 
O4-nPrdT 156.1 164.7 
O4-nBudT 200.2 215.5 
N3-CMdT 147.2 145.1 
O4-CMdT 192.7 182.2 

 
c) dA and its modified derivatives 

nucleosides iRT scores 
Zorbax SB-C18 Magic C18 AQ 

dA 69.6 72.5 
dI 61.7 63.2 

N6-mdA 103.2 107.4 
R-cdA 42.5 41.7 
S-cdA 112.0 115.3 
edA 87.5 93.2 

 
d) dG and its modified derivatives 

nucleosides iRT scores 
Zorbax SB-C18 Magic C18 AQ 

dG 100.0 100.0 
R-cdG 75.4 72.8 
S-cdG 158.8 155.6 

N2-MedG 128.7 140.8 
N2-EtdG 155.1 160.0 
1,N2-PdG 98.5 103.8 
O6-MedG 157.9 160.9 
O6-EtdG 194.6 191.4 
O6-iPrdG 146.1 148.2 
O6-nPrdG 234.1 231.1 
O6-sBudG 162.5 163.7 
O6-iBudG 253.2 247.2 
O6-nBudG 299.5 289.0 
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e) ribonucleosides 

nucleosides iRT scores 
Zorbax SB-C18 Magic C18 AQ 

rC -1.4 -1.7 
U 26.8 27.7 
rA 76,2 79.1 
rG 109.2 107.7 

 
To determine if the RT-iRT correlation is tolerant of changes in chromatographic 

conditions, we tested four dif-ferent gradients: a short gradient (linear at 5-35 min 10-50% 

B), a short and fast gradient (linear at 5-35 min 10-75% B), a long gradient (linear at 5-150 

min 10-50% B), and a long and fast gradient (linear at 5-150 min 10-75% B). The short 

gradient led to the elution of fewest targeted analytes in the linear portion of the gradient, 

whereas the long and fast gradient resulted in the elution of most targeted analytes. 

Although fewer targeted nucleosides were eluted with the short gradient, the RT-iRT 

correlation for those analytes that elute during the linear gradient exhibited good linearity 

under different gradients (short gradient: R2 = 0.990; short and fast gradient: R2 = 0.975; 

long gradient: R2 = 0.997; long and fast gradient, R2 = 0.998) (Figure 3.3). With the same 

stationary phase material and mobile phase compositions, iRT also exhibited an excellent 

linear correlation with RT on another LC platform (i.e. an EASY-nLC1200 system, Figure 

3.4). 

With short gradient, dG (iRT = 100) elutes near the end of linear gradient (~35 

min). As a result, many targeted species with predicted RT being later than 35 min do not 

follow the same linear correlation with the canonical nucleosides. With a elutes in the midst 

of linear gradient (~57 min), yet the RT-iRT correlation is still linear in the retention time 

range after the elution of dG. When iRT values are used to predict RT, the analytes of 

interest should fall on the same linear gradient as the reference nucleosides. If target 
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nucleosides do not elute during the linear gradient, employing other nucleosides as 

references and linear fit between neigh-boring reference nucleosides should allow for 

robust retention time prediction. 

 
Figure 3.3. Correlation between RT and iRT obtained on a porous graphitic carbon (PGC) 
trapping column and a Zorbax SB-C18 analytical column, with different gradients. 
Nucleosides are labeled on the line from results obtained from the use of a long and fast 
linear gradient (0-75% B in 5-150 min), and the complete names of DNA lesions are listed 
in Table 3.1. 
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a) 

 
b) 

 
Figure 3.4. RT-iRT correlation obtained with PGC trapping columns and Zorbax SB-C18 
analytical columns on an EASY-nLC 1200 system. Results from two sets of columns of 
the same stationery phase materials are shown compared (column set A: trapping column 
3.1 cm, analytical column 25.1 cm; column set B: trapping column 2.8 cm, analytical 
column 25.8 cm). a) Column set A, linear correlations: short gradient, y = 0.1856 x + 15.65, 
R2 = 0.973; short and fast gradient, y = 0.1286 x + 14.96, R2 = 0.958; long gradient, y = 
0.5598 x + 15.10, R2 = 0.995; long and fast gradient, y = 0.3830 x + 16.70, R2 = 0.993. b) 
Column set B, linear correlation: short gradient, y = 0.1718x + 15.54, R2 = 0.997; short and 
fast gradient, y = 0.1233x + 14.97, R2 = 0.987; long gradient, y = 0.5492 x + 15.56, R2 = 
0.997; long and fast gradient, y = 0.3745 x + 16.08, R2 = 0.998. 
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The elution of analytes depends on both the length of the gradient and the highest 

percentage of mobile phase B at the end of the linear gradient. For gradients of the same 

length, a higher %B allows for the elution of more targeted analytes. Additionally, when 

the gradients start and end at the same %B, a longer gradient facilitates the elution of more 

targeted analytes. The %B where an analyte elutes does not remain constant when the 

gradient changes; nevertheless, the order of elution does not alter on the same type of 

columns. On the grounds that iRT scores are normalized by reference analytes, iRT-based 

RT prediction can over-come better RT drift induced by changes in chromatograph-ic 

conditions. 

The RT and iRT for these nucleosides also displayed an excellent linear correlation 

when a different type of stationary phase material was used for the analytical column 

(Magic C18 AQ) (Figures 3.5 and 3.6). In addition, the iRTs obtained on the Magic C18 

AQ columns are very similar to those obtained on the aforementioned Zorbax SB-C18 

columns (Figures 3.5 and 3.7), suggesting that iRT values do not vary substantially with 

different types of reversed-phase C18 materials. 

 
Figure 3.5. RT-iRT correlation on Magic C18 AQ columns and that on Zorbax SB-C18 
columns. 
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Figure 3.6. RT-iRT correlation obtained with a PGC trapping column and a Magic C18 
AQ analytical column on a Dionex UltiMate 3000 RSLCnano system. Linear correlation: 
short gradient, y = 0.1713x + 23.10, R2 = 0.981; short and fast gradient, y = 0.1216x + 
22.35, R2 = 0.975; long gradient, y = 0.5367 x + 22.03, R2 = 0.998; long and fast gradient, 
y = 0.3841 x + 23.13, R2 = 0.997. 
 

 
Figure 3.7. Correlation between iRT scores obtained with Zorbax SB-C18 analytical 
columns and those obtained with Magic C18 AQ analytical columns. 
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To assess whether iRT can help improve quantification, we compared the empirical 

RT with RT predicted from iRT with the combination of a PGC trapping column and a 

Zorbax SB-C18 analytical column on the EASY-nLC 1200 system. Our results showed 

that the absolute differences between the predicted RT and empirical RT are within 3 min 

for most nucleosides (Figure 3.8.a). Therefore, we implemented an acquisition window of 

6 min for scheduled SRM experiment. For a few nucleosides with iRT scores being much 

larger than 100, e.g. O6-n-propyl-2′-deoxyguanosine (O6-nPrdG) and O6-n-butyl-2′-

deoxyguanosine (O6-nBudG), when their RT was projected on a longer gradient (i.e. long 

gradient, and long and fast gradient), the difference between predicted and observed RT is 

larger (Figure 3.8.a), which may require a wider acquisition window (e.g. 12 min) for these 

nucleosides. Considering that few targeted species elute during the latter part of the 

gradient, such a wide acquisition window would not appreciably compromise 

quantification results. 

Next, we compared the quantification results acquired from the scheduled SRM 

method with those obtained via traditional quantification method and unscheduled adduc-

tomic method. In this regard, stable isotope dilution has been widely used for the 

quantification of DNA adducts [25]. Isotopically labeled standards exhibit the same 

chromato-graphic behavior as their corresponding unlabeled analytes, though they differ 

in mass. Conventionally, stable-isotope dilution coupled with LC-MS/MS methods only 

involve monitoring a few scan events for one or two analytes of interest; thus, the cycle 

time is short enough to enable robust quantification. An adductomic approach-based 

method requires monitoring a large number of lesions. Quantitation accuracy and precision 

may decrease as cycle time increases with the increase in the number of scan events. 
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Figure 3.8. a) Absolute difference (in min) between RT predicted from iRT and empirical 
RT with different HPLC gradients. Two sets of columns with the same stationary phase 
materials (PGC trapping columns and Zorbax SB-C18 analytical columns), but with 
different lengths, were compared (column set A: trapping column 3.1 cm, analytical 
column 25.1 cm; column set B: trapping column 2.8 cm, analytical column 25.8 cm). The 
differences between observed/empirical RT and iRT-predicted RT for most nucleosides 
were within 3 min. A typical outlier, O6-nBudG was marked on the graph. Whiskers were 
plotted from the 5th to 95th percentile. b) Accuracy and precision of the unscheduled and 
scheduled adductomic method compared with conventional quantification method. cPu 
method: conventional quantification method monitoring 4 precursor ions throughout the 
gradient. Unscheduled adductomic method: all targeted nucleosides were monitored 
throughout the gradient. Scheduled adductomic method: targeted nucleosides were 
monitored during a 6-min window around their predicted RT. All measurements were 
conducted using a PGC trapping column and a Zorbax SB-C18 analytical column. Peak 
area ratios were normalized to the average peak area ratio obtained with the cPu method. 
Mean and standard deviation are plotted for each group (n = 4). There were no statistically 
significant differences in the normalized peak area ratios obtained from different methods. 
 

We chose two oxidatively induced DNA lesions for which we have established 

robust quantification methods [10], i.e., (5′R)-8,5′-cyclo-2′-deoxyguanosine (R-cdG) and 

(5′R)-8,5′-cyclo-2′-deoxyadenosine (R-cdA), to evaluate the quantification performance of 

the scheduled SRM-based LC-MS/MS method. The expected peak area ratios (i.e. 100% 

recovery) of unlabeled and isotopically labeled nucleosides were defined as what would be 

obtained with a traditional targeted quantification method (see Methods and Materials) 

a) b)
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(hereafter referred to as “cPu method”) with the inclusion of only four precursor ions. In 

the unscheduled adductomic method (see Methods and Materials), 44 precursors were 

monitored throughout the gradient. In the scheduled adductomic method (see Methods and 

Materials), an acquisition window of 6 min was imposed for each nucleoside, where 4 and 

8 precursor ions were simultaneously monitored in the acquisition windows of R-cdA and 

R-cdG, respectively. The reduction in number of scan events resulted in a more accurate 

and precise quantification relative to the unscheduled adductomics method (Figure 3.8.b). 

We normalized the peak area ratios to the mean of peak area ratios obtained with the cPu 

method. In this way, the mean value of each method represents the quantification accuracy 

(i.e. percent recovery). Compared with the cPu method, which yields a relative standard 

deviation (RSD) of 1.9% (R-cdA) and 6.0% (R-cdG), the unscheduled adductomics method 

gives RSD of 5.0% (R-cdA) and 13.6% (R-cdG), recovery of 98.3% (R-cdA) and 97.8% 

(R-cdG), while the scheduled adductomics method provides a RSD of 0.8% (R-cdA) and 

5.3% (R-cdG), recovery of 99.1% (R-cdA) and 100.6% (R-cdG). Quantification results 

provided by the scheduled adductomics method are comparable to the cPu method. Hence, 

scheduled SRM can significantly increase the number of DNA lesions that could be 

quantitatively measured in a single LC-MS/MS experiment. 

DNA adductome analysis can be challenging in that 1) many regioisomers may 

exist; 2) the hydrophobicity differs greatly; and 3) the adduct levels are very low. Although 

acid and thermal hydrolysis are sometimes used to release adducts from DNA [3, 25], DNA 

is often first enzymatically digested into nucleosides for LC-MS/MS analysis of DNA 

adducts. In the positive-ion mode, collision-induced dissociation of these nucleosides led 

to the neutral loss of a 2-deoxyribose, which does not provide diagnostic MS2 for 
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regioisomers. Employing MS3 on a linear ion-trap mass spectrometer gives more structural 

information for adduct identification, yet some regioisomers still have identical MS3 

spectra. Meanwhile, with LC separation, the RT of an analyte can provide another 

dimension of specificity, thereby allowing unambiguous identification when in 

combination with high-resolution MS2 spectrum. Modified nucleosides have very different 

hydrophobicity, for example, 5-hydroxymethyl-2′-deoxycytidine (5-hmdC) is much more 

hydrophilic than those DNA adducts induced by metabolites of polycyclic aromatic 

hydrocarbons. With the gradients employed in this work, we were able to cover many 

relatively hydrophilic modifications including 5-methyl-2′-deoxycytidine (5-mdC) and 5-

hmdC, and several hydro-phobic adducts, e.g. the O6-alkyl-2′-deoxyguanosine (O6-

alkyldG) lesions. Incorporation of more hydrophobic adducts, such as those induced by 

polycyclic aromatic hydrocarbons and heterocyclic aromatic amines, may eventually be 

achieved by using different stationary phase materials and different reference nucleosides 

for establishing the RT-iRT relationship. Considering the low abundance of DNA lesions 

(usually a few per 1010 nucleosides to a few per 106 nucleosides) [25], removal of canonical 

nucleosides with off-line HPLC or other approaches can prevent the overloading of HPLC 

columns [26]. Regardless of the possibility of missing unknown adducts, a targeted 

adductomics approach that takes both RT and MS information into consideration is more 

accurate in identifying modified nucleosides. This would be especially helpful when high-

resolution mass spectrometers are not available. For instance, 1,N6-etheno-2′-

deoxycytidine (edC) and dA would have the same MS/MS transition in the positive-ion 

mode (m/z 252 à 136). Retention time is unarguably an important factor for determining 
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the identity of an adduct. Future work should emphasize on expanding the method to 

include as many adducts as possible. 

 

Conclusions 

To conclude, we applied, for the first time, the concept of iRT into the targeted 

analysis of the DNA lesions in an adductomic approach. We established the iRT scores for 

36 modified 2′-deoxynucleosides and 4 canonical RNA nucleosides based on linear 

regression analysis of experimentally determined RT values for these lesions and the 

canonical unmodified nucleosides. These iRT scores can be used for predicting RT in new 

chromatographic settings, thereby allowing for targeted quantification of DNA adducts. 

Although standards are prerequisites for establishing iRT scores, these iRT scores can be 

easily transferred to new chromatographic setups when using columns packed with the 

same stationary phase materials. It can be envisaged that the method can be generally 

applicable for the comprehensive investigation of the occurrence and repair of DNA lesions 

in the future. 
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Chapter 4. LC-MS/MS for the quantitative measurement of 8,5′-cyclopurine-2′-

deoxynucleosides 

 

Introduction 

For a long time, free radical production and oxidative stress have been believed to 

be involved in the natural processes of aging and etiology of human diseases [1]. Cells 

constantly encounter reactive oxygen species (ROS) generated from both endogenous 

sources like mitochondrial metabolism, inflammation, or exogenous sources like UV light, 

ionizing radiation and environmental toxins [2]. ROS, including superoxide anion radical 

(O2-•), hydrogen peroxide (H2O2), hydroxyl radical (•OH), singlet oxygen (1O2), nitric oxide 

(NO•), nitrogen dioxide (NO2•), etc., are reactive towards nucleophilic biomolecules such 

as proteins and DNA. Oxidatively induced DNA damage can be produced from direct 

reaction with ROS, such as 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxo-dG). ROS can 

also react with other molecules, and the oxidative intermediates, such as lipid radicals, can 

further react with DNA and result in DNA damage, e.g. pyrimido-[1,2-α]purine-10(3H)-

one-2′-deoxyribose (M1dG), N6-(3-oxopropenyl)-2′-deoxyadenosine (M1dA), and N4-(3-

oxopropenyl)-2′- deoxycytidine (M1dC), etheno adducts, etc. [3]. 

Among oxidatively induced DNA lesions, 8,5′-cyclopurine-2′-deoxynucleosides 

(cPus) have attracted much attention due to their unique characteristics. This group of 

lesions consist of 5′S and 5′R diastereomers formed from 2′-deoxyadenosine (dA) and 2′-

deoxyguanosine (dG) (Scheme 4.1). The mechanism for the generation of cPus in cells has 

been proposed to start with hydrogen abstraction from the C5′ of the 2-deoxyribose by an 

•OH radical, producing a C5′ radical. The C5′ radical subsequently attacks the C8 on the 
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purine base, followed by oxidation and deprotonation of the cyclization product to produce 

the two diastereomers (Scheme 4.2) [4]. The C5′ radical reacts with oxygen at a near 

diffusion-controlled rate; therefore, the presence of molecular oxygen inhibits the 

cyclization reaction [5-7]. The production of cPus increases with the dose of γ rays, while 

decreases with the concentrations of oxygen [8, 9]. In contrast, the generation of another 

commonly seen oxidatively induced DNA lesion, 8-oxo-dG, increases with oxygen content 

[9]. The attenuated generation in the presence of oxygen makes cPus promising biomarkers 

for oxidative stress, since they do not have the concern of artifactual generation under 

aerobic condition like 8-oxo-dG. 

Scheme 4.1. The chemical structures of the two diastereomers of 8,5′-cyclopurine-2′-
deoxynucleosides  
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Scheme 4.2. Formation of two diastereomers of 8,5′-cyclopurine-2′-deoxyadenosine 

 
 

Another unique feature of cPus originates from the covalent bond between C5′ and 

C8. Although the damage is on the same nucleoside, cPus are considered as tandem lesions 

[10]. This rigid C-C bond distorts DNA double helix and renders the lesion site blocking 

to polymerases, hence resulting in transcription/replication blockage [11-18]. For the same 

reason, translesion synthesis (TLS) polymerases bypass cPus at low efficiency and fidelity 

[17, 19, 20]. The bulky cPus are repaired by nucleotide excision repair (NER). The repair 

efficiency for the R diastereomer is higher than that of the S diastereomers, and it is higher 

for cdG than cdA [12, 14, 21, 22]. The age-dependent accumulation of all four cPus in 

ERCC1-deficient mice and the accumulation of cdA in XPA-deficient mice substantiated 

the hypothesis that cPus are repaired by NER [23, 24]. The age-dependent accumulation 

was also observed in liver and kidney tissues of healthy mice [23]. Aside from aging, the 

accumulation of cPus is also implicated in other health conditions such as oxidative stress, 

skin cancer, colorectal cancer and breast cancer with BRCA1 mutations in animal models 

and human cells/tissues [25-29]. 

To further explore the roles of cPus in human health, a sensitive and robust 

quantification method for cPus is needed. Methods for detecting cPus in biological sample 

include 32P-labeling, immunoassays, gas chromatography-mass spectrometry (GC-MS) 
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and liquid chromatography-mass spectrometry (LC-MS) [10, 24, 30-32]. When compared 

with 32P-postlabeling and immunoassays, mass spectrometry-based methods have the 

advantage of providing structural information of the adducts. The derivatization step 

required by GC-MS makes the method prone to artifactual formation of DNA lesions [33]. 

LC-MS, with the increased sensitivity provided by new instrumentation, has gained more 

popularity over time and has been applied to various biological samples [23, 27, 28, 34-

37]. However, there still are discussions regarding the reliability of LC-MS quantification 

results recently [38-40]. Criticism about published results mainly focus on the large 

variation of results and suspicion of artifactual formation during DNA isolation and 

hydrolysis. A systemic evaluation of the protocols for the quantification of cPus is needed 

under such circumstances. 

Herein we aim to develop a sensitive and robust method for quantitative analysis 

of cPus by LC-MS/MS. We evaluated our LC-MS/MS protocol for the analysis of cPus in 

DNA samples spiked with known amounts of lesion-containing ODN and identified a few 

other challenges associated with the analysis of cPus in addition to common concerns in 

sample work-up procedures. We also employed our method to examine the role of ERCC1 

in the removal of cPus. 

 

 Materials and methods 

Materials 

Proteinase K and alkaline phosphatase (calf intestinal, CIP) were purchased from 

New England Biolabs (Ipswich, WA). Erythro-9-(2-hydroxy-3-nonyl)adenine (EHNA) 

hydrochloride was from Tocris Bioscience (Ellisville, MO). All other chemicals and 



 104 

enzymes were purchased from Sigma-Aldrich (St. Louis, MO). The stable isotope-labeled 

R-cdG S-cdA, R-cdG and S-cdG were synthesized previously [27]. S-cdA- and S-cdG-

containing oligodeoxyribonucleotides (ODNs) were synthesized previously following 

published methods [18, 19]. 

Animals 

The animal tissue samples were kindly provided by Dr. Laura J. Niedernhofer at 

Scripps Florida (now at the University of Minnesota). Systemic ERCC1-deficient Ercc1-/D 

mice were described previously [41]. Tissue-specific ERCC1 deficient mice (Pod-Cre+/-

;Ercc1-/c mice and Vav-iCre+/-;Ercc1-/c mice) and their control counterparts were generated 

with Cre-loxP system (genotyping information not published yet). All animal studies were 

conducted in compliance with the U.S. Department of Health and Human Services Guide 

for the Care and Use of Laboratory Animals and were approved by the Scripps Florida 

Institutional Animal Care and Use Committee. 

DNA isolation 

Tissue samples were first homogenized in a Bullet Blander 24 Gold homogenizer 

(Next Advance, NY) following the manufacturer’s protocol. In brief, snap frozen tissue 

(around 50 mg) was homogenized in the presence of 1 volume of 0.5 mm zirconium oxide 

beads and 2 volumes of lysis buffer [20 mM Tris (pH 8.1), 20 mM EDTA, 400 mM NaCl, 

and 1% SDS (w/v)] as well as 0.35 mM 8-hydroxyquinoline (8-HQ). The homogenized 

mixture was subsequently transferred to a new tube, to which was added 1/10 volume of 

proteinase K (20 mg/mL). The mixture was incubated in a water bath at 55 °C for 3 hours. 

After proteinase K digestion, 0.5 volume of saturated NaCl solution was added to 

the digestion mixture, which was vortexed for 1 min and then incubated at 55 °C for 15 
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min. The mixture was centrifuged at 15 000 g under 4 °C for 10 min, and the supernatant 

was collected and centrifuged again under the same conditions. The nucleic acids in the 

clear supernatant were precipitated from 2 volumes of cold absolute ethanol and washed 

with cold 70% ethanol. The pellet was subsequently dissolved in 100-200 µL doubly 

distilled water. To the nucleic acid resuspension, 5 µL of solution of RNase A (10 mg/mL) 

and 5 µL of solution of RNase T1 (25 units/µL) were added. The mixture was incubated at 

37 °C overnight. 

On the following day, the enzymes were removed by extraction with 

chloroform/isoamyl alcohol (24:1, v/v) twice. The volume of the aqueous layer was 

subsequently reduced to less than 50 µL in Speed-Vac. The DNA was then precipitated 

with cold absolute ethanol. The mixture was subsequently centrifuged at 11 000 g under 4 

°C for 10 min. The resulting DNA pellet was washed with 70% cold ethanol and allowed 

to briefly air-dry at room temperature. The pellet was then resuspended in water, and the 

amount of nuclear DNA was quantified with NanoDrop. 

Enzymatic hydrolysis of DNA 

Prior to digestion, 5 µg of isolated genomic DNA was spiked with uniformly 15N-

labeled S-cdA, S-cdG, R-cdA and R-cdG (10 fmol each for S-cdA, S-cdG and R-cdA and 

R-cdG), along with 1.25 nmol of EHNA to inhibit adenine deamination. DNA hydrolysis 

was first carried out with 0.5 unit nuclease P1 and 0.000625 unit phosphodiesterase II in a 

150 µL solution containing 30 mM sodium acetate (pH 5.6) and 1.0 mM zinc acetate with 

the presence of 0.1 mM deferoxamine at 37°C for 48 hours, and for another 2 hours after 

the addition of 0.5 unit of alkaline phosphatase, 0.00125 unit phosphodiesterase I, Tris-

HCl buffer (pH 8.9, final concentration 50 mM) and water until the volume reached 200 
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µL. The hydrolysis mixture was neutralized by formic acid and the enzymes were removed 

by chloroform extraction. The aqueous layer was concentrated to ~200 µL and subjected 

to off-line HPLC enrichment of the cPu lesions. 

Recovery tests with lesion-containing ODNs 

Recovery test was carried out by digesting 5 µg calf thymus DNA (CT DNA) 

spiked with different amount of lesion-containing ODNs. The digestion procedures were 

the same as described above. 

Offline HPLC enrichment 

Offline HPLC enrichment was performed on a Beckman System Gold liquid 

chromatography system with pump module 125 and UV detector module 126. An Alltima 

HP-C18 column (4.6 × 250 mm, 5 µm in particle size, 300 Å in pore size, Grace Davison, 

Deerfield, IL) was used to enrich oxidatively induced DNA lesions from the DNA 

enzymatic hydrolysis mixture. The mobile phases were 10 mM ammonium formate 

(Solution A) and methanol (Solution B). A gradient of 42 min 0% B, 1 min 0–2% B, 17 

min 2% B, 1 min 2–5% B, 9 min 5% B, 10 min 5–13% B, 20 min 13% B, and 50 min 13–

60% B was used, and the flow rate was 1 ml/min. The HPLC fractions containing R-cdG 

(9.0–12.0 min), R-cdA (23.0–29.0 min), S-cdG (39.0–45.0 min), S-cdA (66.0–72.0 min) 

were pooled individually and dried in SpeedVac. The dried samples were subsequently 

reconstituted in water for nanoflow liquid chromatography-nanospray ionization-tandem 

mass spectrometry (nLC-NSI-MS/MS) analysis. 

nLC-NSI-MS/MS detection of cPus 

The enriched lesion fractions were dried and resuspended in doubly distilled water 

for nLC-NSI-MS/MS analysis, which was conducted on a Q Exactive Plus mass 
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spectrometer (Thermo Fisher Scientific) equipped with nanoelectrospray ionization source 

and coupled with an EASY-nLC 1200 system (Thermo Fisher Scientific). The samples 

were loaded onto a trapping column (150 µm i. d.) packed with either Magic C18 AQ (for 

S-cdA and S-cdG measurement, 5 μm in particle size, 200 Å in pore size, Michrom 

BioResources) or porous graphitic carbon (PGC, for R-cdA and R-cdG, 5 μm in particle 

size, Thermo Fisher Scientific) at a flow rate of 2 µL/min within 7.5 min. The samples 

were then eluted onto a Magic C18 AQ analytical column (75 µm i. d.) at a flow rate of 

300 nL/min. The gradient was 0–50% B in 20 min, 50–100% B in 2 min, 100% B for 5 

min, where mobile phases A and B were 0.1% (v/v) formic acid in water and 0.1% (v/v) 

formic acid in 80% aqueous solution of acetonitrile, respectively. Nano-electrospray 

ionization was carried out with a spray voltage of 1.8 kV and a capillary temperature of 

275 °C. Parallel-reaction monitoring (PRM) experiments were performed with an isolation 

window of 0.4 m/z, a normalized collision energy of 35, a resolution at 70 000, an AGC 

target of 1 × 105 and a maximum ion injection time of 100 ms. 

 

Results and discussions 

Artifacts of cPus in the workflow 

Although cPus have been proposed to be good biomarkers due to the inhibition of 

its production in the presence of oxygen [5-7], on a general note in analysis of DNA 

adducts, the more sample manipulation involved, the higher chance of inaccuracy caused 

by sample loss or introduction of artifacts. DNA adducts exist in relatively low abundance, 

and thus enrichment before LC-MS analysis is often needed [42, 43]. Offline HPLC 

enrichment, as the most labor-intensive step in our workflow and a possible source of 
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contamination by carry-forward from the column, was a step we initially thought would be 

beneficial if eliminated. Unlike many nucleobase damages, which undergo the cleavage of 

the N-glycosidic bond during collision-induced dissociation (CID), cPus undergo the 

breakages of both the N-glycosidic bond and the C5′-C4′ bond of the 2-deoxyribose moiety, 

which result in a loss of 86 Da in MS/MS (Scheme 4.3) [27]. The distinctive fragmentation 

pathways of cPus in CID make them unlikely to be mixed up with other isomeric DNA 

lesions in the samples. With the specific m/z transitions and high sensitivity provided by 

quadrupole-Orbitrap hybrid mass spectrometers, in principle, cPus should be detectable 

without offline HPLC enrichment. 

Scheme 4.3. Collision-induced fragmentation pathways of a) cdA and b) cdG 

 
 

To our surprise, when we directly injected unenriched nucleoside samples to LC-

MS/MS, we observed higher levels of cPus than expected. Since we noticed the co-elution 

of dA with S-cdA, we adjusted the LC gradient to separate S-cdA and dA in order to reduce 

potential interference from dA. By adjusting the LC gradient, we observed two peaks in 
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the selected-ion chromatogram for the m/z 250 à 164.0567 transition (Figure 4.1); one 

peak co-elutes with the 15N-labeled S-cdA standard, and the other co-elutes with dA. The 

estimated level of the second peak based on the peak area is about 0.65 lesions/106 

nucleosides, which is even higher than the previously reported levels in mouse tissues with 

different genetic background. 

 
Figure 4.1. Potential conversion of dA to cdA at the ESI interface. 
 

This unexpected finding emphasized the importance of offline HPLC enrichment 

of DNA lesions before LC-MS/MS analysis. Offline HPLC enrichment not only 

concentrates the analytes, but also removed the majority of sample matrix that could lead 

to interference. Injection of large quantities of canonical nucleosides can also easily 

overload the nano-LC columns and thus compromise chromatography performance. For 

quantitative analysis of cPus, as well as analysis of DNA adducts in an adductomic 

approach, removal of canonical nucleosides is essential. Therefore, offline HPLC 

enrichment is always employed for our analysis of cPus described here. Representative 

chromatogram for offline HPLC enrichment and representative selected-ion chromatogram 

(SIC) for LC-MS/MS can be found in the supporting information (Figures 4.2 and 4.3). 
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Figure 4.2. Representative chromatogram for offline HPLC enrichment of cPus from the 
enzymatic digestion mixture of tissue DNA. 
 

 
Figure 4.3. Representative selected-ion chromatograms (SICs) for the LC-MS/MS 
measurement of cPus. 
 

We also speculate the peak with the same retention time as dA in the SIC for the 

m/z 250 à 164.0567 transition might result from oxidation of dA at the ESI interface, 
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considering the voltage and temperature applied for the ionization process. Meanwhile, we 

cannot exclude the possibility that it is another chemical species that happens to co-elute 

with dA. One potential experiment to explore this is by injection of isotopically labeled dA 

and see if a peak with the corresponding mass shift can be observed. Another experiment 

that can potentially be carried out is to fill the atmosphere around the ESI interface with 

inert gas and observe whether the peak intensity increases, viewing that the presence of 

molecular oxygen suppresses the formation of the lesions (vide supra). 

DNA adduct analysis usually requires 1~200 µg of DNA, depending on the 

abundance of the analyte. However, in some cases, obtaining micrograms of DNA is not 

practical, such as from human retina or mouse oocytes [44, 45]. As we aim to develop a 

method that requires minimal amount of DNA, it should be noted that certain artifactual 

introduction of lesions is unavoidable, such as impurities from enzymes, reagents and 

carryforward from HPLC columns. The “noise” from artifactual introduction does not 

compromise the quantification results when the signal from analytes is well above the 

noise, as in the case with large quantities of DNA. However, when the amount of DNA is 

reduced, there is a risk that the level of analytes in the sample are concealed by the 

background. Therefore, we digested various amount of CT DNA and compared the 

measured levels of cPus. With 1 µg DNA digested, a higher level of S-cdA was detected, 

with a higher variation in the results (Figure 4.4 and Table 4.1). When increasing the 

amount of DNA digested, the measured level of S-cdA decreased, and the decrease is no 

longer significant between 5 µg and 30 µg DNA digested. Therefore, we infer that at least 

5 µg of DNA is needed for reliable quantification. 
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Figure 4.4. Measured levels of S-cdA in CT DNA with different amounts of DNA digested. 
Mean and standard deviation (SD) of triplicate digestions are shown in the graph. p-values 
were calculated using two-tailed Student’s t-test. *: p < 0.05. 
 
Table 4.1. Summary of levels (lesions/106 nucleosides) of S-cdA with different amount of 
CT DNA digested. Two technical replicate measurements were performed for each 
digestion experiment. Triplicate digestion was carried out for each group. 
 

DNA Digested (µg) n Mean S.D. 
1 3 0.162 0.074 
2 3 0.058 0.007 
5 3 0.041 0.011 
30 3 0.033 0.019 

 
Release efficiency of cPus by enzymatic hydrolysis 

The lack of quantitative release of DNA adducts during enzymatic digestion has 

always been a concern in DNA adduct analysis, as many bulky DNA adducts don’t fit into 

the active sites of digestion enzymes and result in more complicated structures such as 

nucleotide dimers after digestion [46-49]. The covalent bond between the nucleobase and 

the deoxyribose makes acid hydrolysis unsuitable to cPus [50]. Although cPu-sites are 

more difficult to be digested when compared with canonical nucleosides [51], enzymatic 

hydrolysis has been employed in many studies [5, 8, 27, 32, 52, 53]. A 2004 study revealed 

the digestion efficiency is dependent on the neighboring base, and reported a protocol for 

complete release when digesting cPu-containing dinucleotides or oligodeoxynucleotides 

[32]. A minor imperfection was the release of cPus from DNA was conducted with 
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irradiated vs non-irradiated CT DNA, instead of using cPu-containing ODN spike-in. A 

later 2010 study used a three-step digestion protocol and evaluated the recovery with cPus-

containing ODN spike-in [8]. With their more rigorous digestion method, the recovery of 

cdA is nearly quantitative and the cdG was completely released. A study by Terzidis and 

Chatgilialoglu compared our previously published protocol [27] with the aforementioned 

two protocols and our method seemed to have better release efficiency comparing with the 

other two methods [53]. Their evaluation of the digestion efficiency was based on relative 

levels compared between methods. Therefore, we deemed a release efficiency test with 

cPu-containing ODN spiked in is necessary for evaluating the efficiency of the digestion 

method. 

The recovery experiments were carried out by digesting 5 µg of CT DNA spiked in 

with different amount of lesion-containing ODN. The ranges of lesion-containing ODN 

correspond to 0.2~25 lesions per 106 nucleosides. The release efficiency for S-cdG is 43.2% 

while that for S-cdA is only 4.88% (Figure 4.5.a). The recovery experiment was also 

repeated on different days with different lots of enzymes and similar levels of spike-in. In 

another repeat experiment the release efficiency was 77.5% and 14.2% for S-cdG and S-

cdA, respectively (Figure 4.5.b). We also repeated the experiment with newly synthesized 

lesion-containing ODN to make sure the lack of recovery was not caused by the 

degradation of ODN. The release efficiency for S-cdG was 55.2% and for S-cdA was 3.95% 

(Figure 4.5.c). 
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Figure 4.5. Release efficiencies of cPu lesions from 5 µg CT DNA spiked with S-cdA- and 
S-cdG-containing ODNs. a) and b) represent experiments carried out on two different days. 
c) represents experiments carried out with newly synthesized ODNs on another day. Error 
bars represent S.D. of duplicate measurements. 
 

The recovery tests conducted at different times all indicate that the release was not 

quantitative for either S-cdG or S-cdA. The release efficiency probably is influenced by the 

lot of enzymes, and S-cdG is released at a higher efficiency than S-cdA. Samples digested 

in parallel should have similar release efficiency; therefore, the relative increase or 

decrease observed among groups within the same batch of digestion should be a valid 

comparison. Nevertheless, the incomplete release should be cautioned whenever a 

digestion is conducted. Since cPus are more difficult to be liberated from DNA than 

canonical nucleosides, it is important to evaluate the release efficiency with lesion-

containing ODN instead of examining the amount of canonical nucleosides being released. 

Before a method that can ensure a 100% release is developed, the best approach is to 

construct a calibration curve with different doses of lesion-containing ODN spike-in in 

parallel with actual samples, so that the actual levels of cPus in the samples could be more 

accurately estimated based on the enzymatic release efficiency. It should also be noted that 

the release efficiency experiments with lesion-containing ODN may not fully reflect the 
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situations in cellular DNA, where the lesion may also be located in double-stranded DNA 

or DNA-RNA duplex that may further complicate the enzymatic release of lesions. 

Probing the biological role of ERCC1 

As mentioned earlier, the release efficiency for samples digested in parallel should 

be comparable. Therefore, we decided to use our protocol to probe the biological roles of 

ERCC1 in the removal of cPus. ERCC1 forms a heterodimer with XPF and the complex 

incise the damaged strand 5′ to the adduct in NER [54]. ERCC1 is important for the binding 

of the complex to DNA and its deficiency can result in a premature aging phenotype in 

mice [54, 55]. Elevated levels of cPus have been detected in the liver, kidney and brain 

tissues of ERCC1-deficient mice [23]. Whether ERCC1 deficiency has a similar impact in 

other organs, or whether organ specific deficiency of ERCC1 can lead to consequences in 

target and non-target organs remains to be explored. 

We examined levels of cPus in heart tissue of mice that are systemically deficient 

in ERCC1 as well as their wild-type littermates. Two different age groups were also 

compared. In the heart tissues of both young (11-12 weeks) and old (16-28 weeks) age 

groups, ERCC1-deficient mice displayed significantly lower levels of cPu lesions than 

wild-type mice (Figure 4.6 and Table 4.2). This trend is different from what was 

previously reported in kidney and liver tissues, but similar to brain tissues [23]. We reason 

that in both brain and heart tissue, the cells don’t regenerate, thus the decreased levels of 

cPus might be attributed to elevated apoptosis in ERCC1-deficient mouse tissues. An age-

dependent accumulation of cPus was also observed, which is in keeping with the findings 

for other types of tissues made from a previous study [23]. 
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Figure 4.6. Levels of cPus in mouse heart tissues of wild type and Ercc1-/D mice. Young 
group mice were at 11-12 weeks of age. Old group mice were at 16-28 weeks of age. Mean 
and standard error of the mean (SEM) from biological replicates are plotted. n ≥ 3 . p-
values were calculated using two-tailed Student’s t-test. *: p < 0.05.. *: t-test p value < 
0.05; **: p value < 0.01; *** p value < 0.001. 
 
Table 4.2. Summary of levels (lesions/106 nucleosides) of cPus in Ercc1-/D mouse heart 
tissues and those in their wild type counterparts. Data represents sample size, mean and 
SEM of biological replicates. Two technical replicate measurements were performed for 
each tissue DNA. 
 

Age Genotype 
S-cdA S-cdG R-cdA R-cdG 

n Mean ± 
SEM n Mean ± 

SEM n Mean ± 
SEM N Mean ± 

SEM 

Young 
Wild type 5 0.235 

±0.087 4 0.383 ± 
0.104 4 0.333 ± 

0.074 4 0.389 ± 
0.086 

Ercc1-/D 5 0.126 ± 
0.016 5 0.214 ± 

0.050 5 0.211 ± 
0.045 5 0.283 ± 

0.067 

old 
Wild type 5 0.259 ± 

0.035 5 0.557 ± 
0.075 5 0.530 ± 

0.089 3 0.695 ± 
0.079 

Ercc1-/D 5 0.164 ± 
0.058 5 0.330 ± 

0.086 5 0.305 ± 
0.080 4 0.343 ± 

0.013 
 

We compared the levels of cPus in renal cortex tissue from mice that are 

specifically deficient of ERCC1 in podocytes (Pod-Cre+/-) with tissues from their control 
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counterparts (Pod-Cre+/-;Ercc1-/c). Renal cortex, where the podocytes are located, is 

expected to have higher levels of DNA damage due to ERCC1 deficiency. However, we 

did not observe any statistically significant difference between the two genetic 

backgrounds (Figure 4.7 and Table 4.3). The lack of difference might, to some extent, be 

attributed to the age variance in the animals (ranging between 33~46 weeks). In addition, 

the release of cPus are likely incomplete, making it more difficult to pick up the biological 

difference. The levels of cPus presented here is likely an underestimate of the actual levels 

of cPus. 

 
Figure 4.7. Levels of cPus in mouse renal cortex tissues. Pod-Cre+/-;Ercc1-/c mice have 
ERCC1 deficiency in podocytes and Pod-Cre+/- mice are their ERCC1 proficient 
counterparts. Mean and SEM from biological replicates are plotted. No statistically 
significant difference observed between two genotypes using two-tailed Student’s t-test. *: 
p < 0.05. n ≥3.  
 
Table 4.3. A summary of the levels (lesions/106 nucleosides) of cPus in renal cortex tissues 
of Pod-Cre+/-;Ercc1-/c mice and those in their repair-proficient counterparts. The data 
represent mean ± SEM of the indicated number of biological replicates (n). Two technical 
replicate measurements were performed for each tissue DNA. 
 
Genotype S-cdA/106 dN S-cdG/106 dN R-cdA/106 dN R-cdG/106 dN 

Pod-Cre+/- 0.074 ± 0.032 0.105 ± 0.057 0.274 ± 0.104 0.101 ± 0.049 
Pod-Cre+/-;Ercc1-/c 0.047 ± 0.020 0.083 ± 0.030 0.271 ± 0.142 0.120 ± 0.101 
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Figure 4.8. Levels of cPus in a) kidney, b) liver and c) spleen tissue of Vav-iCre+/-;Ercc1-

/c mice and their control counterparts. Vav-iCre+/-;Ercc1-/c mice have ERCC1 deficiency in 
hematopoietic stem cells and represent an immunosenescent phenotype, and Vav-iCre+/- 
mice are their ERCC1 proficient counterparts. Mean and SEM from at least 4 biological 
replicates are plotted.p-values were calculated using two-tailed Student’s t-test. **: t-test p 
value < 0.01. 
 
Table 4.4. A summary of the levels (lesions/106 nucleosides) of cPus in kidney, liver and 
spleen tissues of Vav-iCre+/-;Ercc1-/c mice and those in their repair-proficient counterparts. 
The data represent mean ± SEM of the indicated number of biological replicates (n). Two 
technical replicate measurements were performed for each tissue DNA. 
 

Tissue Genotype 
S-cdA S-cdG R-cdA R-cdG 

n Mean ± 
SEM n Mean ± 

SEM n Mean ± 
SEM n Mean ± 

SEM 

Kidney 

Vav-iCre+/- 6 0.545 
±0.201 6 0.637 ± 

0.285 6 0.541 ± 
0.195 6 0.635 ± 

0.250 
Vav-

iCre+/-;Ercc1-

/c 
5 0.523 ± 

0.074 5 0.752 ± 
0.240 5 0.899 ± 

0.323 5 1.500 ± 
0.453 

Liver 

Vav-iCre+/- 5 0.892 
±0.223 5 1.588 ± 

0.529 5 1.302 ± 
0.811 5 2.045 ± 

1.308 
Vav-

iCre+/-;Ercc1-

/c 
5 0.689 ± 

0.221 5 1.837 ± 
0.564 5 1.212 ± 

0.688 5 1.475 ± 
0.709 

Spleen 

Vav-iCre+/- 5 1.130 ± 
0.233 5 1.787 ± 

0.498 5 0.632 ± 
0.365 5 0.778 ± 

0.508 
Vav-

iCre+/-;Ercc1-

/c 
5 0.903 ± 

0.245 5 1.535 ± 
0.869 4 0.674 ± 

0.270 5 0.757 ± 
0.292 

Kidney
Le
si
on
s
/1
06
nu
cl
eo
si
de
s

S-
cd
A

S-
cd
G

R-
cd
A

R-
cd
G

0.0

0.5

1.0

1.5

2.0

Vav-iCre+/- Vav-iCre+/-;Ercc1-/c

**

Liver

Le
si
on
s
/1
06
nu
cl
eo
si
de
s

S-
cd
A

S-
cd
G

R-
cd
A

R-
cd
G

0

1

2

3

Spleen

Le
si
on
s
/1
06
nu
cl
eo
si
de
s

S-
cd
A

S-
cd
G

R-
cd
A

R-
cd
G

0.0

0.5

1.0

1.5

2.0

2.5

a) b) c)



 119 

The levels of cPus in immunosenescence mouse model (Vav-iCre+/-) were also 

examined. Although we expected to observe a difference in the mouse spleen tissues, we 

failed to detect significant decrease or increase of cPus in the ERCC1 deficient background 

(Figure 4.8.a and Table 4.4). We did not observe any difference in the levels of cPus in 

liver tissues either (Figure 4.8.b and Table 4.4). For kidney tissue, we only observed a 

statistically significant increase of R-cdG in ERCC1-deficient mice (Figure 4.8.c and 

Table 4.4). As immune system can impact many organs, it is possible that tissue-specific 

ERCC1 deficiency led to systemic consequences in kidney. The large variations in the 

levels of cPus might result from many factors including the biological differences in the 

animals (age of mice unknown here), the combination of artifactual generation and 

incomplete release of cPus. 

 

Conclusions 

As a unique group of DNA damage, cPus have stimulated the interest of many 

researchers and been shown to be involved in many disease and health conditions. 

Although currently most concerns about the methods focus on the artifacts during analysis, 

herein we demonstrated that their artifactual introduction and incomplete release from 

DNA are both confounding factors in the quantitative analysis of cPus in DNA. We also 

noticed possible conversion of dA to cdA at the ESI interface. Further confirmation of this 

phenomenon is still needed. Despite incomplete release of cPus, samples processed in 

parallel are still comparable within the same batch. We examined the effects of systemic 

or tissue-specific ERCC1 deficiency on the levels of cPus in different mouse tissues. The 

systemic ERCC1 deficiency resulted in a more pronounced changes in the levels of cPus, 



 120 

while tissue-specific ERCC1 deficiency resulted in subtle differences and possibly 

systemic effects. Underestimations of the levels of cPus might widely exist as the lesions 

are difficult to be fully released from DNA. Future work should evaluate the release 

efficiency, and if possible, include lesion-containing ODN as a reference for the enzyme 

activity. The cautions for the analysis of cPus may be applicable for analysis of other types 

of DNA lesions as well. 
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Chapter 5. LC-MS/MS for the quantitative measurement of 2′-deoxyinosine 

 

Introduction 

2′-Deoxyinosine (dI), the deamination product of 2′-deoxyadenosine (dA), can be 

generated in DNA through several pathways. First, dI can be induced by reactive oxygen 

species (ROS) and elevated levels of dI were observed in tissues of mouse models of human 

inflammatory bowel disease [1]. Second, it can be generated through spontaneous 

deamination of dA, which can occur under physiological conditions [2]. The third pathway 

is through adenosine deaminase (ADA), which can act on both adenosine and dA [3]. The 

fourth pathway occurs through the incorporation of dITP present in the cellular nucleotide 

pool during DNA synthesis [4]. The integrity of the cellular nucleotide pool needs to be 

maintained [5, 6], and disruption of such integrity may lead to the incorporation of 

damaged nucleoside triphosphates into nascent DNA, which may have deleterious 

consequences [7-9]. 

Cells are equipped with mechanisms for removing dI from DNA. One such 

mechanism is through BER initiated by DNA glycosylases. The hypoxanthine DNA 

glycosylase (HDG) family of enzymes remove hypoxanthine [10]. In Escherichia coli 

cells, the major pathway for dI repair is initiated by endonuclease V, which nicks the DNA 

on the 3′ side of one nucleotide downstream of the deaminated base instead of removing 

the nucleobase [11]. The human endonuclease V also has endonuclease activities towards 

substrate containing hypoxanthine, though it prefers RNA over DNA [12, 13]. 

After dA in DNA is deaminated to dI, it pairs with 2′-deoxycytidine (dC). 

Therefore, the deamination product is mutagenic and can give rise to A:T-to-G:C 
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mutations. Abnormal functions of proteins that are involved in dI metabolism are 

implicated in many human diseases. Deficiency in ADA can adversely affect immune 

system, and lead to neurodevelopmental defects, sensorineural deafness and skeletal 

abnormalities [14, 15]. Aberrant inosine triphosphate pyrophosphatase activity can result 

in accumulation of dITP in cells and increased level of inosine in both DNA and RNA [16, 

17]. Adenosine deaminase acting on RNA (ADAR) can edit RNA post-transcriptionally 

and has important biological functions [18]. Recently it was reported that ADAR can also 

edit dA in DNA/RNA hybrids [19]. Whether such activity on DNA can result in more 

mutation and contribute to disease etiology remains unexplored. 

Another question we would like to investigate is the involvement of dI in oncogenic 

processes. Mutations and genetic alterations are main driving forces of cancer. Recently, 

analyses of whole-genome sequencing data revealed that chromothripsis is often involved 

in early evolution of human tumor [20, 21]. Chromothripsis represents a phenomenon 

where extensive genomic rearrangement of one or more chromosomes occurs as a one-off 

catastrophic event during a single cell division, usually accompanied with altered DNA 

copy number between two states and randomized end joining [22]. Mechanisms underlying 

chromothripsis are still being explored. One hypothesis is that chromothripsis originates 

from chromosome pulverization in micronucleus, a structure formed when mis-segregated 

chromosomes are enclosed in its own nuclear envelope [23-25]. The defective nuclear 

envelope assembly of micronuclei often leads to defective DNA replication and 

spontaneous rupture of nuclear envelope, which further result in DNA damage via 

unknown mechanisms [26, 27]. A recent study showed that aberrant interphase replication 

of bridged chromosomes might lead to subsequent catastrophic events, including 
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micronuclei formation and increased chromothripsis in subsequent cell cycles [28]. 

However, it remains unclear how micronuclei formation results in large-scale 

chromosomal rearrangements. Our collaborators found that, after nuclear envelope rupture, 

strand breaks can be detected in micronuclei (MN) DNA. Meanwhile, strand breaks were 

substantially decreased upon genetic depletion of ADAR or MPG (data not shown). 

Moreover, increased R-loop formation was observed in micronuclei, possibly due to 

aberrant transcription activities in MN. It is thus hypothesized that, after nuclear envelope 

rupture, MN DNA is exposed to ADAR, which converts dA to dI. The glycosylase MPG 

removes the inosine base, giving rise to AP site that is prone to strand break formation. The 

mechanistic proposal, while attractive, can be further substantiated if the involvement of 

dI in this process is demonstrated. 

Despite many unanswered questions involving the biological significance of dI, 

only a few studies revealed significant differences in terms of levels of dI. Reported levels 

varied from a few dI per 107 dN to a few thousand dI per 106 nucleosides [1, 4, 29]. Earlier 

work examining oxidative DNA damages did not reveal increased level of dI in patients 

with dementia with Lewy bodies, Alzheimer’s disease or type II diabetes [30-32]. To some 

extent, this is due to a lack of robust quantification method for dI. Since dI is susceptible 

to artifactual formation, its quantitative measurement has been challenging [29]. The 

deamination of adenine is faster under acidic conditions, elevated temperatures, or when it 

is in ssDNA compared with dsDNA [33, 34]. In addition, some commercial enzymes 

contain deaminase activity, which can convert dA to dI during the enzymatic hydrolysis of 

DNA and carry a considerable amount of dI, which might arise from deamination of 

residual dA after the enzymes are isolated from biological matrices. To cope with these, 
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deaminase inhibitors are usually added during enzymatic digestion of DNA [35, 36] and 

the enzymes should also be thoroughly cleaned by ultrafiltration or dialysis. Despite the 

measures taken to reduce the background level of dI, it is still difficult to completely 

remove exogenous dI from the digestion system. Reliable detection of dI usually requires 

a large amount of DNA. However, in the case of MN, it is not feasible to obtain a large 

quantity of DNA (i.e. more than a few micrograms). Herein, we aim to develop a sensitive 

and robust method for the quantitative detection of dI with small quantities of DNA. 

 

Methods and materials 

Materials 

Ribonuclease H (RNase H) and alkaline phosphatase (Quick CIP) were purchased 

from New England Biolabs (Ipswich, WA). Pentostatin was purchased from Tocris 

Bioscience (Ellisville, MO). TURBOTM DNase was purchased from Thermo Fisher 

Scientific (Waltham, MA). 2′-Deoxyinosine was purchased from Berry & Associates 

(Dexter, MI). The stable isotope-labeled [15N5]-2′-deoxyadenosine ([15N5]-dA) was 

purchased from Cambridge Isotope Laboratories (Cambridge, MA). A 12-mer dI-

containing oligodeoxyribonucleotide (ODN) was purchased from Integrated DNA 

Technologies (Newark, NJ) with a sequence of 5′-ATG GCG IGC TAT-3′. All other 

chemicals and enzymes, if not specified, were purchased from Sigma-Aldrich (St. Louis, 

MO). Primary nuclear (PN) and MN DNA was provided by the research group of Dr. David 

Pellman at Howard Medical School (Boston MA). 
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Generation of uniformly 15N-labeled 2′-deoxyinosine standard 

[15N4]-2′-deoxyinosine ([15N4]-dI) was generated by incubating 1 nmol [15N5]-dA 

with 0.00035 units of phosphodiesterase II, which has deaminase activity, at 37 °C for 48 

hrs in a solution containing 30 mM sodium acetate (pH 5.6) and 1 mM zinc acetate. After 

the incubation, the mixture was neutralized with Tris-HCl (pH 8.9) and the enzymes were 

removed by chloroform extraction. [15N4]-dI was subsequently purified by HPLC with a 

Hypersil GOLD aQ column (250 × 4.6 mm, 3 µm particle size, Thermo Fisher Scientific, 

Waltham, MA). The concentration of [15N4]-dI was determined with LC-MS/MS by mixing 

[15N4]-dI with known amount of unlabeled dI (Figure 5.1).  

 
Figure 5.1. Calibration curve for the concentration of [15N4]-dI. The amount of [15N4]-dI 
was first estimated as 1.2 fmol. The amount of unlabeled dI ranged from 0.12 fmol to 120 
fmol. The actual amount of internal standard was determined as 0.45 fmol. 

 

Enzymatic Hydrolysis of DNA 

Nuclease P1 and alkaline phosphatase were first cleaned up with centrifugal filters 

(10 kDa MWCO, VWR, Radnor, PA) for multiple cycles to remove residual dI. The 

concentrations of purified enzymes were determined by Bradford assay.  
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Here we describe the optimized protocol for the enzymatic release of dI from DNA. 

Approximately 1 µg DNA was first incubated with 2 units of RNase H in the buffer 

provided by the vendor at 37 °C for 1 hr in a total volume of 10 µL. Subsequently, 0.15 

unit of nuclease P1, 0.8 unit of TURBOTM DNase and [15N4]-dI were added to a 30-µL 

solution containing 0.033 mg/mL pentostatin, 0.1 mM deferoxamine, 30 mM sodium 

acetate (pH 5.6) and 1.0 mM zinc acetate. The mixture was incubated at 37 °C for 22 hrs, 

followed by another 2 hrs after addition of 0.05 unit of alkaline phosphatase and Tris-HCl 

buffer (pH 8.9, final concentration 50 mM). The hydrolysis mixture was subsequently 

neutralized, and enzymes were removed by chloroform extraction. The resulting aqueous 

layer was stored in a −80 °C freezer until offline HPLC enrichment. 

Recovery tests with dI-containing ODN 

Recovery tests were performed using PN DNA spiked with varying amount of dI-

containing ODN, where the amounts of enzymes and buffers were adjusted proportionally 

with the amounts of DNA digested. 

Offline HPLC enrichment 

Offline enrichment of dI from enzymatic hydrolysis mixture of DNA was carried 

out on an Agilent 1200 series HPLC system equipped with a binary pump and coupled to 

a Beckman Gold HPLC system with a UV detector module 126 monitoring at 260 nm. A 

250 × 4.6 mm Aeris Widepore C18 column (3.6 µm in particle size, Phenomenex, 

Torrance, CA) was used. Nucleosides were eluted by using 10 mM ammonium formate 

(Solution A) and acetonitrile (Solution B) with a gradient of 30 min 0% B, 12 min 0-8%, 

1 min 8-70%, 5 min 70% B and 1 min 70-0% B at a flow rate of 0.8 mL/min. The fraction 

eluting at 19-21 min was collected for dI. A typical HPLC trace is depicted in 
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Supplementary Information (Figure 5.2). The actual amount of deoxynucleosides in DNA 

samples were estimated based on peak areas of deoxynucleosides in HPLC traces, where 

HPLC peak areas for nucleosides were calibrated by subjecting known amount of 

deoxynucleosides to HPLC analysis under the same conditions (Figure 5.3). The collected 

fractions were dried, reconstituted in water and subsequently injected for LC-MS/MS 

analysis. 

 
Figure 5.2. Representative HPLC trace for offline HPLC enrichment of dI. 

 
Figure 5.3. Calibration curve for the quantification of canonical deoxynucleosides by 
HPLC. 
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LC-ESI-MS/MS detection of dI 

Normal flow HPLC-ESI-MS/MS experiment for the measurement of dI was 

performed with an Agilent 1200 series HPLC system using a Hypersil GOLD 150 × 2.1 

mm column (3 µm in particle size, Thermo Fisher Scientific, Waltham, MA). The analytes 

were eluted with 20 mM ammonium acetate as solution A and methanol as solution B using 

a gradient of 30 min 1-70% B, 5 min 70% B and 1 min 70-1% B at a flow rate of 50 µL/min. 

The effluent from HPLC was ionized with a Heated Electrospray Ionization source at a 

spray voltage of 2700 V, a sheath gas pressure of 20 arbitrary unit, an auxiliary gas pressure 

of 0.3 arbitrary unit, and a vaporizer temperature at 150 °C. Ion transfer tube temperature 

was set at 275 °C. A TSQ Altis mass spectrometer (Thermo Fisher Scientific, San Jose, 

CA) was operated in the positive-ion mode. Selected-reaction monitoring (SRM) was 

employed with a collision energy of 16V, where we monitored the transitions of m/z 253 

à 137 for dI, m/z 252 à 136 for dA and m/z 257 à 141 for [15N5]-dA and [15N4]-dI. 

Capillary LC-ESI-MS/MS detection of dI 

Capillary-flow HPLC-ESI-MS/MS experiment for the measurement of dI was 

performed with an Agilent 1200 series HPLC system using a 0.5 × 250 mm Zorbax SB-

C18 column (5 mm in particle size, Agilent Technologies, Santa Clara, CA). The flow rate 

was 8 µL/min. The effluent from the LC column was directed to a Q Exactive Plus 

quadrupole-Orbitrap hybrid mass spectrometer. linear ion-trap mass spectrometer (Thermo 

Fisher Scientific), The effluent from capillary LC was ionized with a Heated Electrospray 

Ionization source at a spray voltage of 4400 V, a sheath gas pressure of 7 arbitrary unit, an 

auxiliary gas pressure of 2 arbitrary unit, and a vaporizer temperature at 40 °C. Ion transfer 

tube temperature was set at 320 °C. Parallel-reaction monitoring (PRM) experiments were 
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performed with an isolation window of 1.0 m/z, a normalized collision energy of 20, a 

resolution at 70 000, an AGC target of 2 × 105, and a maximum ion injection time of 100 

ms. 

 

nLC-NSI-MS/MS detection of dI 

The above HPLC-enriched dI fraction was subjected to nLC-NSI-MS/MS analysis 

on a Q Exactive Plus mass spectrometer (Thermo Fisher Scientific), which was equipped 

with nanoelectrospray ionization source and coupled with an EASY-nLC 1200 system 

(Thermo Fisher Scientific). The samples were loaded onto a trapping column (150 µm i.d.) 

packed with Magic C18 AQ (5 μm in particle size, 200 Å in pore size, Michrom 

BioResources) at a flow rate of 2 µL/min within 7.5 min. The samples were then eluted 

onto a Magic C18 AQ analytical column (75 µm i. d.) at a flow rate of 300 nL/min. The 

gradient was 0–50% B in 20 min, 50–100% B in 2 min, 100% B for 5 min, where mobile 

phases A and B were 0.1% (v/v) formic acid in water and 0.1% (v/v) formic acid in 80% 

aqueous solution of acetonitrile, respectively. The spray voltage of 1.8 kV, and the ion 

transport tube temperature was 275°C. PRM experiments were performed with an isolation 

window of 0.4 m/z, a normalized collision energy of 20, a resolution at 70 000, an AGC 

target of 1 × 105, and a maximum ion injection time of 100 ms. 

 

Results and discussions 

Quantitative measurement of dI in a small amount of DNA by LC-MS/MS has 

multiple analytical challenges. In previously published studies, large quantities of DNA 

(50 ~ 100 µg) were employed, which overcame the interference from background levels of 
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dI by increasing the amount of analytes [1, 4, 29]. This, however, is not feasible in the case 

of MN DNA, where only a few µg of DNA can be isolated from ~100 plates of cells. 

During the process of developing a sensitive method for the quantification of dI in low µg 

quantity of DNA, we came across several key issues that contribute to poor sensitivity and 

lack of reproducibility. Herein we will discuss these issues and how we address them to 

achieve robust quantification of dI. 

Commercial enzymes contain deaminase activity and residual 2′-deoxyinosine 

It is widely recognized that many commercial enzymes, especially alkaline 

phosphatases, contain deaminase activity [35, 36]. We found that the phosphodiesterases 

employed in the 4-enzyme digestion protocol [37], especially phosphodiesterase II, carry 

the most deaminase activity. Considering that the 4-enzyme digestion protocol allows for 

the release of the bulky 8,5′-cyclopurine-2′-deoxynucleosides (cPus) lesions, we reasoned 

that this method is capable of fully releasing dI from DNA. Thus, we started with testing 

the 4-enzyme protocol for the quantification of dI, in parallel with 2-enzyme digestion 

conditions (i.e. nuclease P1 followed by alkaline phosphatase digestion) to minimize the 

contamination of deaminase activities. We noted that dI co-elutes with (5′S)-8, 5′-cyclo-2′-

deoxyguanosine (S-cdG); therefore, the fraction corresponding to dI was enriched by 

offline HPLC following the previously published method for cPus [37]. We found the level 

of dI was much higher with the 4-enzyme digestion method than with the two-enzyme 

protocol (Figure 5.4 and Table 5.1), though there was no difference in the peak areas for 

the canonical nucleosides released by the two different digestion methods based on HPLC 

traces. This result suggests that the decreased level of dI with the 2-enzyme method was 

not attributed to the incomplete release of dI from DNA. Therefore, we removed the 
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phosphodiesterases from our digestion protocol, employing only nuclease P1 and alkaline 

phosphatase. Meanwhile, we noticed that the level of dI in the nucleoside mixture 

generated by the 2-enzyme method was still quite high (around 2.5~52 dI/106 nucleosides). 

We suspected that it might result, in part, from carryover from HPLC column. This 

prompted us to further optimize our method for direct injection without offline HPLC 

enrichment, which will be discussed later in this chapter. 

 
 

Figure 5.4. a) Experiment design and b) LC-MS/MS measurement results for the 
comparison of the levels of dI released from DNA employing a 4-enzyme digestion method 
vs. a 2-enzyme method devoid of phosphodiesterases. The data represent mean ± S. D.; p 
= 0.00022, which was calculated using two-tailed Student’s t-test (n = 9). 
 
Table 5.1. Summary of levels (dI/106 nucleosides) of dI with same amount of calf thymus 
DNA digested by 4-enzyme or 2-enzyme method. Each replicate represents one LC-MS 
measurement. The measurements were obtained from different samples. 
 

Group n Mean SD 
4-enzyme 9 433.4 183.8 
2-enzyme 9 23.40 15.85 

 
After observing the artifactual generation of dI from the contaminated deaminase 

activity in phosphodiesterase II, we took advantage of such activity to prepare the 

isotopically labeled dI standard. We incubated [15N5]-dA with phosphodiesterase II to 

convert [15N5]-dA to [15N4]-dI, purified [15N4]-dI from the reaction mixture by HPLC, and 

confirmed its identity by LC-MS/MS (Figure 5.5). 
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Figure 5.5. Representative SIC for the quantification of dI with nLC-NSI-MS/MS acquired 
on a quadrupole-Orbitrap hybrid mass spectrometer. Shown in the inset is the MS/MS 
spectra acquired on an Orbitrap mass analyzer. The identity of [15N4]-dI is confirmed by 
the exact mass and its coelution with unlabeled dI when injecting [15N4]-dI and dI together. 
The residual unlabeled dI in the [15N4]-dI stock is less than 1%. 
 

We also noticed the presence of dI contamination in commercial enzymes, as 

appreciable levels of dI can be detected in blank digestion samples (i.e. digestion with 

enzymes and buffers, but without the addition of DNA). Because most enzymes employed 

for digestion are purified from biological matrices (e.g. cells, tissues or biological fluids), 

we suspect that the residual dA in the commercial enzymes is spontaneously converted to 

dI. We further cleaned up the enzymes by centrifugal filter and the background level of dI 

in the blank digestion sample was decreased by about 10 times (data not shown). However, 

there are other confounding factors that did not allow us to completely remove dI in the 

background. We reason that as long as the dI arising from the sample is substantially higher 

than that in the background, we should be able to detect the difference and deduce the 
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levels of dI in DNA samples of interest. Therefore, for all experiments we conducted, we 

always included a digestion blank with the inclusion of the same amount of enzymes and 

reagents as a control to estimate the amount of dI contributed from the background. 

Offline HPLC enrichment is essential for sensitive and robust measurement of dI 

Due to concerns about carryover of dI from HPLC columns, we started with direct 

injection to LC-MS/MS without offline HPLC enrichment. However, it came to our 

attention that the signal response with unenriched samples is much poorer than the enriched 

ones. By digesting the same amount of DNA with the same amount of spiked-in [15N4]-dI 

standard (either in unenriched DNA sample or in fractions collected from offline HPLC) 

and comparing the peak areas observed for the [15N5]-dI, we found that the signal response 

with unenriched sample was much lower than that from the enriched samples (Figure 5.6 

and Table 5.2), with an average of 5-fold difference. This is likely attributed to the ion 

suppression from sample matrices [38]. 

 
Figure 5.6. LC-MS/MS peak areas with same amount of [15N4]-dI injection for samples 
without or with offline HPLC enrichment. The data represent mean ± S. D.; p = 4.9 × 10-

8, which was calculated using two-tailed Student’s t-test (n = 15). 
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Table 5.2. Summary of peak areas of [15N4]-dI with same amount of LC-MS/MS injection 
when the sample were directly injected or subjected to offline HPLC enrichment. Each 
replicate represents one LC-MS measurement. The measurements were obtained from 
different samples. 
 

Group n Mean SD 
Unenriched 15 9.038 × 104 2.331 × 104 

Enriched 15 4.900 × 106 1.504 × 106 
 

As mentioned above, dI cannot be removed completely from the background and a 

blank digestion control is needed for estimating the background level of dI. In the blank 

digestion sample, the sample matrix is much simpler than the samples with DNA input, 

resulting in a much higher signal response than actual samples if they are not enriched. On 

the other hand, with offline HPLC enrichment, the sample matrix is much simpler, and the 

signal response are comparable between blank digestion and actual DNA samples. 

Therefore, offline HPLC enrichment is also essential for estimating the levels of dI from 

the background and from the samples. 

In MN DNA, where elevated presence of R-loops was observed, the nucleic acids 

in micronuclei are not comprised purely of DNA. Since we report the levels in dI based on 

the amounts of DNA present in the samples, if the actual amounts of DNA are lower than 

what are determined from UV spectrophotometric method, we would underestimate the 

levels of dI in the samples. Offline HPLC provides information about the nucleic acid 

composition of the samples, which allows us to normalize the level of dI to the actual 

amount of deoxynucleosides based on HPLC trace and to achieve more accurate 

quantification. 

To increase signal response and to better quantify the levels of dI in DNA, we 

decided to include offline HPLC enrichment in our workflow. The separation of dI from 
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dA by offline HPLC is performed as soon as possible after enzymatic hydrolysis of DNA, 

thereby minimizing spontaneous deamination of dA to dI during sample storage. To 

minimize carryover, we performed a thorough washing of the HPLC systems to make sure 

that the carryover from HPLC system did not contribute significantly to the levels of dI we 

measured (< 10% comparing to the dI signal in blank digestion sample). The carryover 

from HPLC system is examined every time before a new batch of digestion starts. 

nLC-NSI-MS/MS for the quantitative measurement of dI 

The choice of instrumentation is also crucial to reliable quantification of dI. The 

main consideration is the interference from dA. Isotopic dA has the same nominal mass as 

dI, therefore, they need to be resolved before they reach the mass spectrometer. Apart from 

isotopic dA, residual dA in LC systems may undergo spontaneous deamination, which 

could be introduced to measurement results as artifacts. Even though the majority of dA is 

removed by offline HPLC, low levels of canonical nucleosides are ubiquitously present in 

LC systems, and this is especially evident in the nanoflow liquid chromatography (nLC) 

systems. With the aim to reducing interference from dA and residual dI from LC systems, 

we tested normal flow LC (at a flow rate of 50 µL/min) coupled with a triple-quadrupole 

mass spectrometer (i.e. LC-ESI-MS/MS) first. Ideally, the high flow rate and relatively 

simple connection provided by normal flow LC reduces carryover, while high sensitivity 

provided by the triple-quadruple instrument benefits the measurement with small amount 

of DNA. However, the poor mass-resolving power offered by the triple-quadrupole mass 

spectrometer results in poor signal-to-noise ratio for the dI peak in the selected-ion 

chromatogram, which is due to the relatively low level of dI (Figure 5.7). The poor 

ionization efficiency from capillary-flow HPLC also reduces the overall sensitivity. 
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Figure 5.7. Representative SIC from HPLC-ESI-MS/MS experiment acquired with a 
triple-quadrupole mass spectrometer. 
 

 
 

Figure 5.8. Representative SIC from capLC-ESI-MS/MS experiment acquired with a 
triple-quadrupole mass spectrometer. capLC: capillary LC. 
 

Next, we turned to LC systems with lower flow rate (i.e. capillary LC and nLC) in 

order to obtain better sensitivity. We also employed a high-resolution mass spectrometer, 

a Q Exactive Plus quadrupole-Orbitrap hybrid instrument (Thermo Fisher Scientific, San 

Jose, CA) to better resolve the signal of dI from background interference. With the use of 

the high-resolution mass spectrometer, the baseline indeed becomes much cleaner and the 

signal-to-noise ratio increases substantially, with both capillary LC (flow rate 8 µL/min) 

and nLC (flow rate 300 nL/min) (Figures 5.7 and 5.8). The high-resolution mass 

spectrometer also allows us to distinguish dI from isotopic dA, although after offline HPLC 

enrichment, the interference from isotopic dA is no longer an issue. Meanwhile, nLC offers 
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superior sensitivity over capillary LC (Figure 5.9). For quantification with the use of small 

amount of DNA, high sensitivity is an important factor. Therefore, we decided to use nLC-

NSI-MS/MS for the quantification of dI. To reduce carryover of dI from the nLC system, 

wash runs by injection of 80% CH3CN over a short gradient were employed and we were 

able to eliminate the dI from the nLC system (data not shown). All the dI detected by our 

nLC-NSI-MS/MS method involved the aforementioned steps. 

 
Figure 5.9. Comparison of the peak areas acquired with different LC systems coupled to 
the same mass spectrometer. nanoLC offers superior sensitivity comparing with cap LC. 
nanoLC: nanoflow LC. capLC: capillary LC. 
 

Recovery of dI by enzymatic hydrolysis of DNA 

To evaluate the robustness of the whole workflow, we need to assess the recovery 

of dI from DNA samples. The PN DNA is a reference for DNA that contains relatively low 

levels of dI. We digested certain amount of PN DNA spiked in with varying amounts of 

dI-containing ODN. With the use of 0.5 µg DNA, we did not observe a good linear response 

for the recovery of dI (Figure 5.10.a). The slope below 30 ppm addition was less than 0.03, 

suggesting the poor release of dI from the ODN. With the addition of higher levels of dI-

containing ODN, the response seems to be linear, possibly because there are more 

substrates in the mixture. We then increased the amount of input DNA to 2.5 µg. The 
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recovery of dI became more linear, although the release was still with very poor (< 23%) 

(Figure 5.10.b). 

 
 
Figure 5.10. Recovery of dI when digesting a) 0.5 µg or b) 2.5 µg PN DNA spiked with 
dI-containing ODN using nuclease P1 and alkaline phosphatase, and digesting c) 0.7 µg 
and d) 2.5 µg PN DNA spiked with dI-containing ODN using the optimized workflow. 
Mean ± SD from duplicate measurements are plotted for each point. 
 

These lines of evidence suggest the poor release of dI from the spiked-in ODN, 

which led us to incorporate additional enzymes into our workflow. Considering that MN 

DNA contains R-loops, we included RNase H in the first step digestion. After RNase H 

incubation, we added TURBOTM DNase in addition to nuclease P1 in the second step of 

digestion, as this engineered protein is tolerant of high concentrations of monovalent 

cations and remains active at low concentrations of DNA. Alkaline phosphatase was 

subsequently added to convert the resulting mononucleoside 5¢-phosphates to nucleosides. 

With the newly incorporated RNase H and TURBO DNase, attempts to purify them with 

centrifugal filters were not successful, possibly due to loss of protein from adsorption to 

the membrane. We evaluated the levels of residual dI in these two enzymes and they did 

not contribute significantly to the background. Therefore, these two enzymes were used as 

they were provided by the manufacturer and were added to the digestion mixture with 

minimal quantities. We also replaced the deaminase inhibitor EHNA with a much more 

potent inhibitor, pentostatin (also known as deoxycoformycin) [39]. The recovery of dI 
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was again tested by digesting PN DNA spiked in with dI-containing ODN. With both 0.7 

µg and 2.5 µg DNA input (Figure 5.10.c&d), the recovery was linear and release of dI 

from ODN was nearly quantitative. The y-intercept of the recovery curve indicates that the 

background level of dI in PN DNA with this workflow is ~1.5 dI/106 dN; therefore, we 

should be able to reliably detect an increase in the level of dI if it is more than 4.5 dI/106 

dN. With this optimized workflow (Figure 5.11), we continued with the PN and MN DNA 

samples. 

 
 

Figure 5.11. Optimized workflow for the quantification of dI by LC-MS/MS. 
 

Admittedly, there still are a few caveats in this workflow. The background level of 

dI may be further reduced by purifying RNase H and TURBO DNase. The evaluation of 

recovery of dI so far was conducted with dI-containing single-stranded ODN. The recovery 

can be further validated by annealing dI-containing ODN with complimentary RNA and 

spike the DNA/RNA duplex into the samples.  

Quantification of dI in PN and MN DNA 

We next employed the optimized method to detect dI in PN and MN DNA. The PN 

and MN DNA samples provided by our collaborator were digested with the above-

described optimized workflow. One µg of DNA for each sample was digested. Since more 

sample handling was needed for the separation of MN DNA, our collaborator also prepared 

a portion of the PN DNA that underwent the same procedures as the MN DNA (designated 

as PN2). The portion that did not undergo the procedures (designated as PN1) was digested 
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in parallel. The background levels of dI was estimated based on the blank digestion and 

subtracted from the PN and MN DNA samples. PN1 and PN2 DNA samples did not exhibit 

significant difference in the level of dI (Figure 5.12 and Table 5.3), suggesting that the 

procedures for MN DNA preparation did not introduce additional dI into the sample. In 

MPG-deficient background, an elevated level of dI was observed in MN than PN DNA 

(Figure 5.12 and Table 5.3). Since we did not have enough MN DNA from the MPG-

proficient cells for quantification, we pooled a few MN DNA samples together and 

quantified dI levels in the pooled DNA. Levels of dI in pooled wild-type MN DNA was 

higher than that in PN DNA and lower than that in MN DNA isolated from the isogenic 

MPG knockout cells, suggesting a role of MPG in the removal of dI in MN DNA. It should 

be noted that these are preliminary results that need to be further validated. More replicates 

with different genetic background will be prepared for further analysis. 

 
Figure 5.12. Quantification of dI in PN and MN DNA in MPG-/- U2OS or parental U2OS 
cells. Mean and S.D. of duplicate measurements are plotted. p-values were calculated with 
two-tailed Student’s t-test *: p < 0.05; **: p value < 0.01. 
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Table 5.3. Summary of dI levels (dI/106 nucleosides) in PN and MN DNA from U2OS 
cells. 1 µg DNA was digested with the optimized workflow. Mean and SD of duplicate 
measurements are tabulated. 
 

Sample n Mean SD 
MPG-/- PN1 2 0.833 0.026 
MPG-/- PN2 2 0.616 0.100 
MPG-/- MN 2 30.43 0.631 

Pooled WT MN 2 7.471 0.042 
 
Conclusions 

Quantitative measurement of dI in a small amount of DNA is a challenging 

analytical problem mainly due to spontaneous deamination of dA to dI and the presence of 

dI in commercial sources of enzymes used for DNA hydrolysis. We report here that 

eliminating the enzymes with contaminated deaminase activity and cleanup of commercial 

enzymes drastically reduced the artificial introduction of dI into the samples during DNA 

digestion. We also identified enzymatic digestion conditions that allow for quantitative 

release of dI from spiked-in single-stranded ODN. This should be further evaluated with 

considerations of other DNA substrates (e.g. in DNA duplex or DNA/RNA heteroduplex). 

Instead of introducing carryover, offline HPLC enrichment is essential for ensuring the 

measurement is highly sensitive and robust. With very small amount of DNA, nLC-NSI-

MS/MS measurements on a high-resolution mass spectrometer can greatly enhance the 

sensitivity of the method. We have developed a workflow that can unambiguously quantify 

the level of dI with the use of approximately 1 µg of DNA when the level of dI is more 

than 4.5 dI/106 dN. Although the method still has room for further improvement, we 

employed it for the measurement of dI in PN and MN DNA and detected higher levels of 

dI in MN DNA than PN DNA from MPG knockout cells. We hope with more biological 
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replicates, we can have a better understanding about the roles of MPG and dI in the 

mechanisms for chromothripsis. Meanwhile, this method can also be applied for answering 

additional questions regarding the presence and biological effects of dI in cells. 
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Chapter 6. Concluding remarks and future directions 

 

LC-MS/MS has become a versatile tool for DNA adduct analysis. With the 

advances in instrumentation, mass spectrometry-based DNA adductomic analysis is 

gradually taking shape. Currently most methods are developed as untargeted approaches 

for the discovery and screening of DNA adducts. In the meantime, sensitive and 

quantitative detection of DNA adducts is still essential for understanding the biological 

roles of DNA adducts. With more adducts being characterized, it is foreseeable that 

targeted DNA adductomic approaches will be developed for quantitative analysis of the 

DNA adductome. In this dissertation, I started with differentiation of regioisomeric DNA 

adducts by tandem mass spectrometry, followed by developing a targeted approach for the 

analysis of the DNA adductome. The sample preparation workflow was also further 

investigated for two types of lesions that are susceptible to artifactual formation. 

In Chapter 2, I examined the collision-induced dissociation of two pairs of 

regioisomeric DNA alkylation adducts, O4- and O2-alkylthymine (O4- and O2-alkyldT), as 

well as N2- and O6-alkyl-2′-deoxyguanosine (N2- and O6-alkyldG), in order to investigate 

their fragmentation pathways and to assess whether they are distinguishable by mass 

spectrometry alone. The MS3 of O2- and O4-MedT exhibit different fragmentation patterns 

from each other, and from other O2- and O4-alkyldT adducts carrying larger alkyl groups. 

Meanwhile, elimination of alkene via a six-membered ring transition state is the dominant 

fragmentation pathway for O2-alkyldT, O4-alkyldT, and O6-alkyldG adducts carrying 

larger alkyl groups, whereas O6-MedG mainly undergoes elimination of ammonia. The 
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breakdown of N2-alkyldG is substantially influenced by the structure of the alkyl group, 

where the relative ease in eliminating ammonia and alkene is modulated by the chain length 

and branching of the alkyl groups. We also rationalize our observations with density 

functional theory (DFT) calculations. Since some regioisomers are not distinguishable by 

mass spectrometry, separation by LC prior to mass spectrometric analysis is important for 

identification of DNA adducts. The fragmentation pathways proposed here can be further 

validated by isotope labeling and ion mobility mass spectrometry in the future. In addition, 

there are many other regioisomeric DNA adducts that have not yet been studied. 

Investigation into their fragmentation pathways will provide a more comprehensive 

understanding about the behaviors of collision-induced dissociations of DNA adducts. 

Such knowledge will benefit future structural elucidations of unknown DNA adducts. 

In Chapter 3, I employed normalized retention time (iRT) for developing a 

scheduled selected-reaction monitoring (SRM)-based method for targeted analysis of the 

DNA adductome. By using the concept of iRT, which is widely adopted in proteomic 

studies, I established the iRT scores for 36 modified nucleosides from the retention times 

of the four canonical 2′-deoxynucleosides on a nanoflow liquid 

chromatography−nanospray ionization−tandem mass spectrometry (nLC−NSI−MS/MS) 

system. The iRT scores facilitated reliable prediction of retention time and were employed 

for establishing a scheduled SRM method for quantitative assessment of a subset of the 

DNA adductome. The quantification results of the scheduled SRM method were more 

accurate and precise than those from an unscheduled method. The method was developed 

as a proof-of-concept for targeted analysis of the DNA adductome. As we gradually acquire 

more standard analytes, we will establish more iRT scores for different DNA adducts. The 
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iRT scores and tandem mass spectra can also be shared among different labs for promoting 

DNA adductomic approaches. In the future, it will be important to apply the method for 

the analysis of DNA adducts in real samples, for which removal of canonical nucleosides 

by HPLC is likely essential. The sample preparation workflow should also be thoroughly 

evaluated to minimize artifacts and loss of analytes. 

In Chapter 4, I examined the workflow for quantitative analysis of 8,5′-cyclopurine-

2′-deoxynucleosides (cPus) by LC-MS/MS. I observed possible artifactual formation of 

cPus at the electrospray ionization (ESI) interface, suggesting that offline HPLC 

enrichment is essential for the analysis of cPus. The quantity of DNA input is also 

important for accurate quantification. For cPus, 5 µg of DNA input is better for achieving 

reliable measurement. I also found the inadequate release of cPus from DNA is a major 

obstacle in the quantification of cPus. S-cdG is released at a higher efficiency than S-cdA. 

The release efficiency can vary with the activities of the enzymes. The release efficiency 

could be 43~77% for S-cdG and 4~14% for S-cdA, suggesting many reported results might 

have underestimated the actual levels of cPus. Despite the poor release, the linearity for the 

recovery of cPus is good; therefore, comparisons can be made for samples that are digested 

in parallel. I employed the currently available method to investigate the levels of cPus in 

various mouse tissues with ERCC1 deficiency. Systemic ERCC1 deficiency led to 

pronounced changes in the levels of cPus in mouse heart tissues, whereas tissue-specific 

ERCC1 deficiency resulted in subtle differences and possibly systemic effects. Without 

sufficient release of cPus lesions, it is difficult to investigate their generation and repair. 

Future studies need to incorporate parallel digestion of DNA spiked with known levels of 

cPus, so that the batch-to-batch variations in adduct release efficiency of cPus from DNA 
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can be factored into the calculation of the levels of these lesions. On the other hand, the 

digestion protocol can also be improved to enable quantitative release of these lesions. 

Other steps in the workflow, such as DNA isolation, can also be further optimized to 

mitigate artifactual generation. 

In Chapter 5, I developed a method for quantifying reliably 2′-deoxyinosine (dI) in 

low microgram quantities of DNA. Because dI is the deamination product of 2′-

deoxyadenosine (dA), many challenges in the quantitative analysis originate from the 

interference of dA. We found that many commercial enzymes contain deaminase activity, 

which could result in artifactual formation of dI during DNA hydrolysis. The enzymes may 

also contain residual levels of dI, which needs to be removed before enzymatic hydrolysis 

of DNA. Offline HPLC enrichment, again, has been demonstrated to be essential for 

sensitive detection of dI. We further evaluated the recovery of dI and identified optimized 

enzymatic hydrolysis conditions for the quantitative release of dI from DNA. The 

workflow was employed for quantification of dI in DNA isolated from primary and 

micronuclei. We found that micronuclei DNA contains elevated levels of dI compared with 

primary nuclei, the micronuclei from MPG-deficient human cells contained higher levels 

of dI than those from the matched MPG-proficient cells. These results suggest that the 

conversion of dA to dI by adenine deaminase, followed by removal of dI by MPG to 

generate AP site, is involved in chromothripsis. However, the results need to be further 

validated with more biological replicates. The background level of dI can be further 

reduced by purifying all the enzymes used in this workflow. In addition, the release of dI 

should also be evaluated with other biologically relevant substrates such as DNA/RNA 

duplex and double-stranded DNA. The method can be further applied for probing other 
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questions, e.g. whether ADAR (adenosine deaminase acting on RNA) enzymes can act on 

DNA in human cells or if dI is involved in the etiology of human diseases. 

 
 




