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ABSTRACT OF THE DISSERTATION 

 

LC-MS/MS/MS Quantification of Oxidatively Induced DNA Lesions 

 

by 

Candace Rae Guerrero 

Doctor of Philosophy, Graduate Program in Chemistry 

University of California, Riverside, June 2014 

Dr. Yinsheng Wang, Chairperson 

 

 

Endogenous and exogenous sources can induce reactive oxygen species (ROS), 

which can inflict damage to DNA. This damage has been linked to aging, cancer, and 

other human diseases. In this dissertation, we focus on several DNA lesions, which 

remain unexplored with regards to their induction by ROS via the Fenton-type reaction. 

We employed a highly sensitive and robust LC-MS/MS/MS coupled with stable isotope 

dilution method to aid us in the research at hand. 

 In Chapter 2, we investigated the induction of the (5'R) and (5'S) 8,5'-cyclopurine-

2'-deoxynucleosides by ROS in vitro. Fenton-type reaction constitutes a relevant source 

of endogenous ROS since transition metal ions in the reduced state can react with H2O2, 

which is a byproduct of normal aerobic metabolism, to generate a highly reactive ·OH. 

Our results demonstrated that under increasing concentrations of Fenton-type reagents, 



 

viii 

 

both diastereomers cPu were generated in a dose-dependent manner, with the (5'R)-

isomers being preferentially generated. This supported earlier findings that the (5'R) 

diastereomers of the purine cyclonucleosides are repaired more efficiently in mammalian 

cells than the (5'S) counterparts. 

 In Chapter 3, we described the accumulation of cPu in tissues of Long-Evan 

Cinnonmon rats, which bear a deletion in the Atp7b gene thus sharing many attributes of 

Wilson’s disease. Wilson’s disease entails defective excretion of copper ions into the bile, 

in which patients often suffer from hepatic, neurological and renal abnormalities 

following copper toxicosis. Therefore, this was a viable system to assess the induction of 

cPu from in vivo Fenton-type reactions. Our results showed that cPu accumulation 

occurred in age-dependent manner in liver and brain tissues. 

    In Chapter 4, we assessed the conversion of 5-methyl-2'-deoxycytidine (5-mdC) 

to its oxidative derivatives by Fenton-type reagents.  A Tet/TDG-mediated pathway has 

been demonstrated to induce active cytosine demethylation in mammals through 

enzymatic oxidation and subsequent cleavage. Our results suggested ROS may induce 

demethylation without the use of Tet, potentially compromising the integrity of the 

genome and gene regulation. We showed that all three oxidation products of 5-mdC were 

induced in a dose-dependent manner. 

 

 



 

ix 

 

TABLE OF CONTENTS 

 

ACKNOWLEDGEMENTS ............................................................................................... iv 

COPYRIGHT ACKNOWLEDGEMENTS ....................................................................... vi 

ABSTRACT OF THE DISSERTATION ......................................................................... vii 

Chapter 1 ............................................................................................................................. 1 

Introduction ......................................................................................................................... 1 

1.1 Reactive Oxygen Species .......................................................................................... 1 

1.2 Oxidative DNA Damage ........................................................................................... 3 

1.2.1 Non-Bulky vs. Bulky Lesions ............................................................................ 3 

1.2.2 Oxidative Derivatives of 5-Methylcytosine ....................................................... 6 

1.2.3 8,5'-Cyclopurine-2'-deoxynucleosides ................................................................ 9 

1.3 DNA Repair............................................................................................................. 10 

1.3.1 Base Excision Repair ........................................................................................ 10 

1.3.2 Nucleotide Excision Repair .............................................................................. 11 

1.4 Metal-induced Oxidative Stress .............................................................................. 13 

1.5 LC-MSn Approaches for Assessing DNA Damage ................................................ 16 

1.5.1 Enzymatic Digestion......................................................................................... 16 

1.5.2 Stable Isotope Dilution ..................................................................................... 18 

1.5.3 Enrichment........................................................................................................ 18 

1.6 Scope of this Dissertation ........................................................................................ 19 

References ..................................................................................................................... 21 

Chapter 2 ........................................................................................................................... 30 



 

x 

 

Induction of 8,5'-Cyoclopurine-2'-dexynucleosides in Isolated DNA by Fenton-type 

Reagents ............................................................................................................................ 30 

2.1 Abstract ................................................................................................................... 30 

2.2 Introduction ............................................................................................................. 31 

2.3 Experimental Procedures......................................................................................... 35 

2.3.1 Materials ........................................................................................................... 35 

2.3.2 Treatment of Calf Thymus DNA ...................................................................... 35 

2.3.3 Enzymatic Digestion of DNA........................................................................... 36 

2.3.4 HPLC Enrichment ............................................................................................ 37 

2.3.5 LC-MS/MS Analysis of 8-oxodG..................................................................... 37 

2.3.6 LC-MS/MS/MS Analysis of cdA and cdG ....................................................... 38 

2.4 Results ..................................................................................................................... 38 

2.4.1 LC-MS/MS/MS Identification and Quantification of cdA and cdG Lesions in 

Calf Thymus DNA Exposed with Cu(II)/H2O2/Ascorbate ........................................ 38 

2.4.2 LC-MS/MS/MS Identification and Quantification of cdA and cdG Lesions 

Formed in Calf Thymus DNA Treated with Fe(II)/H2O2/Ascorbate ........................ 42 

2.4.3 LC-MS/MS Quantification of 8-oxodG Formed in Calf Thymus DNA Treated 

with Fe(II)/H2O2/Ascorbate ....................................................................................... 44 

2.5 Discussion ............................................................................................................... 46 

References ..................................................................................................................... 49 

Chapter 3 ........................................................................................................................... 55 

Quantification of Oxidative DNA Lesions in Tissues of Long-Evans Cinnamon Rats by 

Capillary High-performance Liquid Chromatography-Tandem Mass Spectrometry 

Coupled with Stable Isotope-dilution Method .................................................................. 55 

3.1 Abstract ................................................................................................................... 55 

3.2 Introduction ............................................................................................................. 56 



 

xi 

 

3.3 Experimental Section .............................................................................................. 58 

3.3.1 Materials ........................................................................................................... 58 

3.3.2 Synthesis and Characterization of Compounds ................................................ 60 

3.3.3 Animals ............................................................................................................. 61 

3.3.4 Extraction of Nuclear DNA .............................................................................. 62 

3.3.5 Enzymatic Digestion of Nuclear DNA ............................................................. 63 

3.3.6 HPLC ................................................................................................................ 64 

3.3.7 LC-MS/MS/MS Analysis ................................................................................. 64 

3.3.8 Real-time Quantitative Reverse Transcription-Polymerase Chain Reaction 

(Real-time qRT-PCR) ................................................................................................ 66 

3.4 Results ..................................................................................................................... 67 

3.4.1 LC-MS3 method for quantifying ROS-induced DNA lesions in rat tissues ..... 67 

3.4.2 The levels of ROS-induced DNA lesions in liver and brain tissues of LEA and 

LEC rats ..................................................................................................................... 68 

3.4.3 Real-time qRT-PCR for monitoring expression levels of genes involved in 

DNA repair ................................................................................................................ 72 

3.5 Discussion ............................................................................................................... 76 

References ..................................................................................................................... 82 

Chapter 4 ........................................................................................................................... 89 

Induction of 5-Methylcytosine Oxidative Products in Isolated DNA by Fenton-Type 

Reagents ............................................................................................................................ 89 

4.1 Abstract ................................................................................................................... 89 

4.2 Introduction ............................................................................................................. 90 

4.3 Experimental Procedures......................................................................................... 94 

4.3.1 Materials ........................................................................................................... 94 



 

xii 

 

4.3.2 Synthesis and Characterization of [4-amino-1,3-15N3]-5-Carboxyl-2'-

deoxycytidine ([4-amino-1,3-15N3]-CadC) ................................................................ 94 

4.3.3 Treatment of Calf Thymus DNA ...................................................................... 95 

4.3.4 Enzymatic Digestion of DNA........................................................................... 97 

4.3.5 HPLC Enrichment ............................................................................................ 98 

4.3.6 LC-MS/MS/MS Analysis of 5-hmdC, 5-fodC, and 5-cadC ............................. 98 

4.4 Results ..................................................................................................................... 99 

4.4.1 LC-MS/MS/MS Method for Identification and Quantification of Oxidatively-

Induced Derivatives of 5-mdC in Calf Thymus DNA Exposed to 

Cu(II)/H2O2/Ascorbate. ............................................................................................. 99 

4.4.2 Levels of 5-HmdC, 5-FodC, and 5-CadC Formed in Calf Thymus DNA 

Exposed with Fenton-type Reagents ....................................................................... 104 

4.5 Discussion ............................................................................................................. 107 

References ................................................................................................................... 111 

Chapter 5 ......................................................................................................................... 116 

Concluding Remarks and Future Direction .................................................................... 116 

Appendix A ..................................................................................................................... 119 

Supporting Information for Chapter 2 ............................................................................ 119 

Appendix B ..................................................................................................................... 127 

Supporting Information for Chapter 3 ............................................................................ 127 

Appendix C ..................................................................................................................... 148 

Supporting Information for Chapter 4 ............................................................................ 148 

 

 



 

xiii 

 

LIST OF FIGURES 

Figure1.1…………………………………………………………………………………..4 

Structures of some representative ROS-induced single-nucleobase and bulky lesions. 

Figure 1.2………………………………………………………………………………….8 

 

The chemical structures of ROS-induced 8,5'-cyclopurine-2'-deoxynucleosides. 

 

 

Figure 2.1…………………………………………………………………...……………39  

 

Selected-ion chromatograms (SICs) for monitoring the m/z 250164136 [A, for 

unlabeled (5'S)-cdA] and m/z 255169141 [B, for uniformly [15N]-labeled (5'S)-cdA] 

transitions in the Cu(II)/H2O2/ascorbate-treated calf thymus DNA after enzymatic 

digestion. Shown in the insets are the positive-ion MS3 spectra for the unlabeled and 

labeled (5'S)-cdA.  The sample was treated under Conditions B listed in Table 2.1. 

 

 

Figure 2.2………………………………………………………………………………...41 

 

Cu(II)/H2O2/ascorbate-induced formation of cPu lesions in calf thymus DNA: (A) (5'R)-

cdG and (5'R)-cdA; (B) (5'S)-cdG and (5'S)-cdA. The values represent the means  S.D. 

of results from three independent experiments. The corresponding concentrations of 

Fe(II) and ascorbate are listed in Table 2.1. 

 

 

Figure 2.3……………………………………………………………………………..….43  

 

Fe(II)/H2O2/ascorbate-induced formation of cPu lesions in calf thymus DNA: (A) (5'R)-

cdG and (5'R)-cdA; (B) (5'S)-cdG and (5'S)-cdA. The values represent the means  S.D. 

of results from three independent experiments. The corresponding concentrations of 

Fe(II) and ascorbate are listed in Table 2.1. 

 

 

Figure 2.4…………………………………….…………………………………………..45  



 

xiv 

 

 

Fe(II)/H2O2/ascorbate-induced formation of 8-oxodG in calf thymus DNA. The values 

represent the means  S.D. of results from three independent oxidation and quantification 

experiments.  

Figure 3.1………………………………………………………………………….……..70  

 

Selected-ion chromatograms (SICs) for monitoring the m/z 266180163 [A, for 

unlabeled S-cdG] and m/z 271185167 [B, for labeled S-cdG] transitions of the 

digestion mixture of genomic DNA from the liver tissue of a 6-month old LEC-/- rat. 

Shown in the insets are the positive-ion MS3 spectra for the unlabeled and labeled S-cdG.  

 

 

Figure 3.2……………………………………………………………………….………..73 

 

Levels of 5-FodU and 5-HmdU in genomic DNA isolated from the liver (L) and brain (B) 

of LEA (3m), LEC+/- (3m or 12m) and LEC-/- (1m, 3m or 6m) rats. The values represent 

the mean  S.D. of results obtained from tissues of three rats. ‘*’, P < 0.05; ‘**’, P < 

0.01; ‘***’, P < 0.001. The P values were calculated by using paired t-test. 

 

 

Figure 3.3………………………………………………………………………..……74-75  

 

Levels of R-cdG, S-cdG, R-cdA and S-cdA in genomic DNA isolated from the livers (L) 

and brains (B) of LEA (3m), LEC+/- (3m or 12m) and LEC-/- (1m, 3m or 6m) rats. The 

values represent the mean  S.D. of results obtained for tissue samples from three 

different rats. ‘*’, P < 0.05; ‘**’, P < 0.01; ‘***’, P < 0.001. The P values were 

calculated by using paired t-test. 

 

 

Figure 3.4…………………………………………………………………...……………77 

.. 

The mRNA levels of NTHL1, NEIL1, XPA, ERCC1, CSA and CSB in the liver (A) and 

brain (B) of LEC-/- (1m, 3m or 6m) rats. The results were obtained by real-time qRT-

PCR with the use of GAPDH as standard. The data represent the mean  S.D. of three 

separate experiments. 
 

Figure 4.1…………………………………………………………………….…………100 

Selected-ion chromatograms (SICs) for monitoring the m/z 258142124 [A, for 

unlabeled 5-hmdC], and m/z 261144126 [B, for 15N-labeled 5-hmdC] transitions in 

the Cu(II)/H2O2/ascorbate-treated calf thymus DNA after enzymatic digestion. MS3 

spectrum for unlabeled and labeled 5-hmdC are displayed in each inset. This 



 

xv 

 

representative SIC corresponds to calf thymus DNA treated under condition C listed in 

Table 4.1. 

 

Figure 4.2………………………………………………………………….……………101  

Selected-ion chromatograms (SICs) for monitoring the m/z 25614097 [A, for 

unlabeled 5-fodC], and m/z 25914298 [B, for 15N-labeled 5-fodC] transitions in the 

Cu(II)/H2O2/ascorbate-treated calf thymus DNA after enzymatic digestion. MS3 spectrum 

for unlabeled and labeled for 5-fodC are displayed in each inset. This representative SIC 

corresponds to calf thymus DNA treated under condition D listed in Table 4.1. 

 

Figure 4.3…………………………………………………………………………..…...102  

Selected-ion chromatograms (SICs) for monitoring the m/z 272156138 [A, for 

unlabeled 5-cadC], and m/z 275159141 [B, for 15N-labeled 5-cadC] transitions in the 

Cu(II)/H2O2/ascorbate-treated calf thymus DNA after enzymatic digestion. MS3 spectrum 

for unlabeled and labeled for 5-cadC are displayed in each inset. This representative SIC 

corresponds to calf thymus DNA treated under condition C listed in Table 4.1. 

 

Figure 4.4………………………………………………………………….……………103  

 

Cu(II)/H2O2/ascorbate-induced formation of 5-hmdC in calf thymus DNA. The values 

represent the mean + SD of results from three independent experiments. The 

corresponding concentrations of Cu(II) and ascorbate are shown in Table 4.1. 

 

 

Figure 4.5……………………………………………………………………………….106  

 

Cu(II)/H2O2/ascorbate-induced formation of 5-fodC and 5-cadC lesions in calf thymus 

DNA. The values represent the mean + SD of results from three independent 

experiments. The corresponding concentrations of Cu(II) and ascorbate are shown in 

Table 4.1. 

 

Figure A1……………………………………………………………………….………120 

 

HPLC trace of the separation of enzymatic digestion mixture of Cu(II)/H2O2/ascorbate-

treated calf thymus DNA.  

 



 

xvi 

 

 

Figure A2…………………………………………………………………...…………..121 

 

Selected-ion chromatograms (SICs) for monitoring the m/z 250164136 [A, for 

unlabeled R-cdA] and m/z 255169141 [B, for labeled R-cdA] transitions in the 

nucleoside mixture of Cu(II)/H2O2/ascorbate-treated calf thymus DNA. Shown in the 

insets are the positive-ion MS3 spectra for the unlabeled and labeled R-cdA. The sample 

was treated under conditions B listed in Table 1. 

 

 

Figure A3.………………………………………………………………...................….122 

 

SICs for monitoring the m/z 266180163 [A, for unlabeled S-cdG] and m/z 

271185167 [B, for labeled S-cdG] transitions in the nucleoside mixture of 

Cu(II)/H2O2/ascorbate-treated calf thymus DNA. Shown in the insets are the positive-ion 

MS3 spectra for the unlabeled and labeled S-cdG. The sample was treated under 

conditions B listed in Table 1. 

 

 

Figure A4……………………………………………………………………….………123 

 

SICs for the monitoring the m/z 266180163 [A, for unlabeled R-cdG] and m/z 

271185167 [B, for labeled R-cdG] transitions in the nucleoside mixture of 

Cu/H2O2/ascorbate-treated calf thymus DNA. Shown in the insets are the positive-ion 

MS3 spectra for the unlabeled and labeled R-cdG. 

 

 

Figure A5……………………………………………………………….…….……….. 124 

 

Calibration curves for the quantifications of A; S-cdG (filled circle), B; S-cdA (filled 

diamond), C; R-cdG (open circle), and D; R-cdA (open diamond) based on LC-

MS/MS/MS analysis. The results reflect the means and standard deviations of data 

acquired from three independent LC-MS/MS/MS measurements. The amounts of labeled 

S-cdG, S-cdA, R-cdG, and R-cdA used for calibration were 20 fmol, 20 fmol, 40 fmol and 

20 fmol, respectively. 

 

 

Figure A6………………………………….…………………………………………..125  

 

Calibration curve for the quantification of 8-oxodG based on LC-MS/MS analysis. The 

amount of labeled 8-oxodG used for the calibration was 500 fmol. The results reflect the 

means and standard deviations of data acquired from three independent LC-MS/MS 

measurements. 



 

xvii 

 

 

 

Figure B1…………………………………………………………………………..….135  

 

A representative HPLC trace for the separation of the synthetic mixture of the uniformly 
15N-labeled R- and S-cdG. Column, Alltima HP C18 column (5 m in particle size, Grace 

Davison, Deerfield, IL), 4.6250 mm; mobile phases, water (A) and methanol (B); flow 

rate, 1 mL/min; elution gradient, 0-25 min, 0% B; 25-26 min, 0-2% B; 26-36 min, 2% B; 

26-40 min, 2-20% B; 40-60 min, 20% B. 

 

 

Figure B2……………………………………………………………………………….136  

 

A representative HPLC trace for the separation of the synthetic mixture of the uniformly 
15N-labeled R- and S-cdA. Column, Alltima HP C18 column (5 m in particle size, Grace 

Davison, Deerfield, IL), 4.6250 mm; mobile phases, water (A) and methanol (B); flow 

rate, 1 mL/min; elution gradient, 0-40 min, 0% B; 40-41 min, 0-2% B; 41-60 min, 2% B; 

60-61 min, 2-5% B; 61-80 min, 5% B; 80-90 min, 5-20% B; 90-120 min, 20% B. 

 

 

Figure B3………………………………………………………………….……………137  

 

A representative HPLC trace for the separation of the enzymatic digestion mixture of 

genomic DNA from rat tissue. 

 

 

Figure B4……………………………………………………………………………….138  

 

Selected-ion chromatograms (SICs) for monitoring the m/z 266180163 [A, for 

unlabeled R-cdG] and m/z 271185167 [B, for labeled R-cdG] transitions of the 

digestion mixture of genomic DNA from the liver tissue of a 3-month old LEC-/- rat. 

Shown in the insets are the positive-ion MS3 spectra for the unlabeled and labeled R-cdG. 

 

 

Figure B5…………………………………………………………………………….....139 

 

SICs for monitoring the m/z 250164136 [A, for unlabeled S-cdA] and m/z 

255169141 [B, for labeled S-cdA] transitions of the digestion mixture of brain 

nuclear DNA of a 3-month old LEC-/- rat. 

 



 

xviii 

 

 

Figure B6……………………………………………………………………………….140  

 

Selected-ion chromatograms (SICs) for monitoring the m/z 250164136 [A, for 

unlabeled R-cdA] and m/z 255169141 [B, for labeled R-cdA] transitions of the 

digestion mixture of genomic DNA from the liver tissue of a 6-month old LEC-/- rat. 

Shown in the insets are the positive-ion MS3 spectra for the unlabeled and labeled R-cdA. 

 

 

Figure B7……………………………………………………………………………….141  

 

Calibration curve for the quantification of 5-FodU. X axis is the molar ratio and Y axis is 

the peak area ratio. 

 

 

Figure B8……………………………………………………………………………….142  

 

Calibration curve for the quantification of 5-HmdU.  

 

 

Figure B9………………………………………...……………………………………..143  

 

Calibration curve for the quantification of R-cdG. 

 

 

Figure B10...……………………………………………………………………………144  

 

Calibration curve for the quantification of S-cdG.  

 

 

Figure B11…………………..………………………………………………………….145  

 

Calibration curve for the quantification of R-cdA.  

 

 

Figure B12………………………………...……………………………………………146  

 

Calibration curve for the quantification of S-cdA.  



 

xix 

 

 

 

Figure B13………………………………………………………………………...……147   

 

The mRNA levels of NTHL1, NEIL1, XPA, ERCC1, CSA and CSB in the livers (A) and 

brains (B) of LEC+/- (3m or 12m) rats. The results were obtained by real-time qRT-PCR 

with the use of GAPDH as standard. The data represent the mean  S.D. of three separate 

experiments. 

 

 

Figure C1……………………………………………………………………………….149 

Representative HPLC trace for the enrichment of 5-fodC and 5-hmdC from the enzymatic 

digestion mixture from isolated Calf Thymus DNA treated with Cu(II)/H2O2/ascorbate. 

 

Figure C2…………………...…………………………………………………………..150  

Calibration curve for the quantification of 5-hmdC by LC-MS/MS/MS with stable 

isotope dilution method. Plotted is the peak are ratios (5-hmdC/labeled 5-hmdC) with 

respect to the molar ratio of the unlabeled nucleoside over that of the corresponding 

stable isotope-labeled standard of 5-hmdC (30 fmol). 

 

Figure C3..…………………………………………………………………………….. 151 

Calibration curve for the quantification of 5-fodC by LC-MS/MS/MS with stable isotope 

dilution method. Plotted is the peak are ratios (5-fodC/labeled 5-fodC) with respect to the 

molar ratio of the unlabeled nucleoside over that of the corresponding stable isotope-

labeled standard of 5-fodC (30 fmol). 

 

Figure C3…………………………………………...…………………………………..152  

Calibration curve for the quantification of 5-cadC by LC-MS/MS/MS with stable isotope 

dilution method. Plotted is the peak are ratios (5-cadC/labeled 5-cadC) with respect to the 

molar ratio of the unlabeled nucleoside over that of the corresponding stable isotope-

labeled standard of 5-cadC (25 fmol). 



 

xx 

 

LIST OF TABLES 

 

Table 2.1…………………………………………………………………………….…...34  

Concentrations of Fenton Type Reagents Employed for the Treatment of Calf Thymus 

DNA. a   

Table 4.1………..…………………….………………….…………….……..…..…..….96  

Concentrations of Fenton-Type Reagents Employed for the Treatment of Calf Thymus 

DNAa 

Table A1………………..…………………………………………….………..…….….126 

 

A summary of the levels (in lesions per 106
 nucleosides) of cdA and cdG in calf thymus 

DNA treated with Cu(II)/H2O2/ascorbate. The data represent the means and standard 

deviations of results from three independent oxidation and LC-MS/MS/MS quantification 

experiments. 

 

 
Table A2……………………………...…………………………………………………126 

 

A summary of the levels (in lesions per 106
 nucleosides) of cdA and cdG in calf thymus 

DNA treated with Fe(II)/H2O2/ascorbate. The data represent the means and standard 

deviations of results from three independent oxidation and LC-MS/MS/MS quantification 

experiments. 

 

 
Table A3………………………………………..……………………………………….126 

 

A summary of the levels (in lesions per 106
 nucleosides) of 8-oxodG in calf thymus DNA 

treated with Fe(II)/H2O2/ascorbate. The data represents the means and standard 

deviations of results from the measurements of three different oxidation and 

quantification experiments. 

 

 

Table B1……..………………………………..…………..…………………………….128 

 

Optimized instrumental conditions of LC-ESI-MS3 used for the analysis of the lesions 

measured in this study and detection limits of these lesions. The LOD and LOQ represent 

the means and standard deviations of the results from three measurements of the unlabeled 

lesion standards in three separate days. A constant activation time of 30 ms was employed 



 

xxi 

 

for this experiment. 

 

Table B2…………………………………………………………………..…………….129 

A summary of the levels (in lesions per 106 nucleosides) of oxidatively induced lesions in 

brain and liver tissues of rats. The data represent the means and standard deviations of 

results from the measurements of tissues of three different rats in each group (one 

technical replicate measurement was performed for each tissue DNA). 

 

Table B3………………………………………………………………………..……….130  

 

List of primers used for Real-time qRT-PCR experiments.  

 

 

Table B4………………………………………………………………………………...131 

 

Histological grading of liver damage in rats 

 

 

Table B5……………………………………………………………………………...…132  

 

ESI-LC-MS3 Data for constructing the calibration curve for the quantification of 5-FodU. 

 

 

Table B6………………………………………………………………………………...132  

 

ESI-LC-MS3 Data for constructing the calibration curve for the quantification of 5-

HmdU. 

 

 

Table B7…………………………………………………………………...……………133  

 

ESI-LC-MS3 Data for constructing the calibration curve for the quantification of R-cdG. 

 

 

Table B8………………………………………………………………………………...133  

 

ESI-LC-MS3 Data for constructing the calibration curve for the quantification of S-cdG. 

 

 

Table B9…………………………………………………...……………………………134 

 

ESI-LC-MS3 Data for constructing the calibration curve for the quantification of R-cdA. 

 

 



 

xxii 

 

Table B10…………………………………………………………………………….....134 

 

ESI-LC-MS3 Data for constructing the calibration curve for the quantification of S-cdA. 

 

Table C1………………………………………………………...…………………….153  

A summary of the levels (in lesions per 106 nucleosides) of cdA and cdG in calf thymus 

DNA treated with Cu(II)/H2O2/ascorbate. The data represent the means and standard 

deviations of results from three independent oxidation and LC-MS/MS/MS quantification 

experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

xxiii 

 

 

LISTS OF SCHEMES 

 

Scheme 1.1………………………………………………………………………………..7  

Tet-mediated pathway for the demethylation of 5-mdC. 

 

Scheme 1.2……………………………………………………………………………….12  

Cartoon illustration highlighting the key steps and enzymes involved in the BER and 

NER pathways. This representation is modeled after Figure 2 of Brierley and Martin 

2013. 

 

Scheme 2.1………………………………………………………………….……………33  

Chemical structures of synthesized 15N-labeled nucleosides. The “N” in bold represents 
15N. 

 

Scheme 3.1………………………………………………………………...……………..59  

Chemical Structures of Oxidative DNA Lesions Measured in This Studya 

 

 

Scheme 3.2………………………………………………………………………….........71 

 

Proposed Major Fragmentation Pathways for the [M + H]+ Ion of Unlabeled S-cdG 

Observed in MS/MS and MS/MS/MS. 

 

 

Scheme 4.1……………………………………………………………………….……....92  

Chemical structures of 5-mdC oxidative products. 



 

 1 

Chapter 1 

 

Introduction 

 

In order for an organism to exhibit normal cell growth and metabolism, it must 

have the ability to achieve and maintain homeostasis.1 There are a variety of cellular 

mechanisms that contribute to the overall homeostatic state of an organism; these include 

both enzymatic and non-enzymatic systems.  However, both endogenous and exogenous 

sources, such as reactive oxygen species (ROS), can play a significant role in disrupting 

cellular homeostasis, directly resulting in detrimental consequences for the organism. 

 

1.1 Reactive Oxygen Species 

ROS such as superoxide anion (O2·
-), hydroxyl radical (·OH), and hydrogen 

peroxide (H2O2), are known to be major contributors to the onset of aging, cancer, and 

other diseases in humans.1, 2 ROS is generated both by exogenous sources, such as 

ultraviolet light (UV), ionizing radiation (IR), chemotherapeutics, and environmental 

toxins, and also by endogenous sources which transpires by intracellular metabolism via 

oxidative phosphorylation in mitochondria, long chain fatty acids breakdown by 

peroxisomes, and host defense mechanisms employed by inflammatory cells.3-6 Despite 

the origins of ROS, damage can arise from direct or indirect mechanisms.6-15  
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To a degree, endogenous ROS generation is critical for maintaining homeostasis. 

For example, phagocytes produce ROS for host defense mechanisms in fighting 

infections. Additionally, the stimulation of growth factors can generate cytosolic ROS to 

regulate cell proliferation responses.16 In general, scientific investigations support 

endogenous ROS production for their use as signaling molecules for a variety of 

biological purposes.17-19 

ROS encompass an assortment of chemical species, with much of the focus on the 

extremely reactive ·OH. Due to their instability, which in turn results in their high 

reactivity, the superoxide anion and hydroxyl radical are extremely short-lived.  For 

example, the ·OH in aqueous solution exhibits a half-life of less than 1 ns.20 However, 

hydrogen peroxide is a type of ROS that is long-lived and is freely diffusible in the 

cellular environment. Regardless of the life span, ROS are deleterious due to their 

reactivity with carbohydrates, lipids, proteins, and nucleic acids (DNA and RNA).  As a 

result, extensive damage to these macromolecules readily occurs. In order to achieve 

homeostasis in the presence of ROS generation, the cell is equipped with elaborate 

defense mechanisms to counteract the excessive accumulation of ROS. 

There are two specific defense mechanisms in which ROS regulation can be 

achieved. The first includes enzymatic systems, of which enzymatic scavengers actively 

covert highly reactive ROS to less reactive metabolites. One example is superoxide 

dismutase, which converts the O2
⦁- into H2O2. The freely diffusible H2O2 can then be 

converted into water and O2 by catalase and/or peroxidases.21, 22 Additionally, 
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Peroxiredoxins, a family of peroxide scavengers, are also known to regulate ROS 

levels.23 The second type of defense mechanisms includes various non-enzymatic small 

molecules such as glutathione, ascorbate, and pyruvate that serve as antioxidants, 

functioning as ROS scavengers. Unfortunately, when these antioxidant defense 

mechanisms fail to maintain the desired level of ROS required for homeostasis, many 

physiological functions are impaired.  Specifically, when the cell experiences elevated 

levels of ROS, which is referred to as oxidative stress, macromolecules such as nucleic 

acids can quickly react with ROS, resulting in oxidative DNA damage. 

 

1.2 Oxidative DNA Damage 

1.2.1 Non-Bulky vs. Bulky Lesions 

Oxidative damage can affect virtually every component of a cell. Much attention 

over the years has been focused on oxidative damage to lipids and proteins (including 

ROS induced carbonyl derivatives).24 However, several efforts seeking to understand 

disease and aging have reported an increase in ROS-induced damage to DNA.25 

Therefore, it is speculated that the relatively high levels of oxidatively-induced DNA 

damage could be due to either the proximity of DNA to the primary source of the oxidant 

generation and/or lack of sufficient DNA repair mechanisms. For these reasons, the aims 

set forth in this dissertation will focus on ROS-induced DNA damage. 
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Figure 1.1. Structures of some representative ROS-induced single-nucleobase and bulky 

lesions. 
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Despite being short-lived, highly reactive ·OH can be induced via a Fenton-like 

reaction both endogenously and exogenously. These radicals can then (i) oxidize the 

double bonds of the heterocyclic DNA bases, (ii) abstract an H-atom from the methyl 

position of thymine or 5-methylcytosine (5-mdC), or (iii) abstract an H-atom from the 

carbon atoms of the 2'-deoxyribose. Generally, these lesions are categorized in two 

subsets; non-bulky and bulky lesions (Figure 1.1). 

Non-bulky (or single–nucleobase) lesions are generally viewed as modifications 

to the nucleobase rather than the sugar-phosphate backbone. One of the most efficiently 

generated single-nucleobase lesion is 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-oxodG). 

Other non-bulky lesions include 5-formyl-2'-deoxyuridine (5-fodU), thymine glycol, and 

cytosine glycol.26 These modifications usually do not introduce distortions to the DNA 

double helical structure and can be induced on all four nucleobases, with a preference for 

guanine. The repair of these single-nucleobase lesions is commonly achieved by the base 

excision repair (BER) pathway. Alternatively, modifications resulting from ·OH attack 

that result in helical distortions are often referred to as bulky lesions. Some examples of 

these bulky lesions are illustrated in Figure 1.1.  Bulky lesions, such as cyclopurine 2'-

deoxynucleosides, which are recognized by the nucleotide excision repair (NER) 

pathway are discussed in section 1.3.2 below. 
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1.2.2 Oxidative Derivatives of 5-Methylcytosine  

Although there are a multitude of ROS-induced single-nucleobase lesions, several 

oxidatively induced nucleosides evaluated in the past few years have gained a significant 

amount of attention. The 5-methylcytosine (5-mC) lends itself to be an acceptable target 

for ·OH via a hydrogen atom abstraction from the methyl group residing on the C5 

position of the heterocyclic ring.21 Consequently, the carbon-centered radical generated at 

the C5 position can react with molecular O2 to form the peroxyl radical, which can be 

further reduced to generate 5-hydroxymethylcytosine (5hmC).26 Subsequent oxidation to 

this methyl group yields 5-formylcytosine (5-foC) and 5-carboxylcytosine (5-caC). 

Because of the role of 5-mC in gene regulation,27 ROS inflicted damage to 5-mC may be 

problematic for both genomic integrity and gene expression. 

Recently, ten-eleven translocation (Tet) proteins were shown to oxidize 5-mC to 

5-hmC, 5-hmC to 5-foC, and 5-foC to 5-caC (Scheme 1.1).25, 28, 29 Tet-mediated 

oxdidation and the subsequent action by the BER machinery represents the first active 

demethylation pathway of 5-mC in mammals. Briefly, 5-mC can be oxidized by the Tet 

family proteins to produce 5-hmC, 5-foC, and 5-caC. Thymine DNA glycosylase (TDG) 

can then recognize and cleave both 5-foC and 5-caC, leading to the formation of an 

abasic site, which can be repaired by the BER pathway resulting in the incorporation of 

an unmodified cytosine. Thus, unwarranted demethylation in promoter regions of genes 

stimulated by ROS has the potential to impact gene regulation by inadvertently turning 

“ON” genes. 
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Scheme 1.1. Tet-mediated pathway for the demethylation of 5-mdC. 

 

 

 

 

 

 

 

 

 



 

 8 

 

 

Figure 1.2. The chemical structures of ROS-induced 8,5'-cyclopurine-2'-

deoxynucleosides. 
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1.2.3 8,5'-Cyclopurine-2'-deoxynucleosides 

Bulky lesions, such as 8,5'-cyclopurine-2'-deoxynucleosides (cPus), have been 

shown to accumulate in mammalian tissues and are readily induced by X- or γ-irradiation  

in human cells (Figure 1.2).30-35 These lesions possess a covalent bond between the C8-

position of the nucleobase and C5'-position of the sugar, resulting in helical distortion of 

the DNA backbone. Depending on the configuration of the covalent addition at the C5'-

position, cPus exist in R- and S- diastereomeric forms (Figure 1.2). 2'- Deoxyadenosine 

(dA) and 2'-deoxyguanosine (dG) can be converted to 8,5'-cyclopurine- 

2'-deoxyadenosine (cdA) and 8,5'-cyclopurine-2'-deoxyguanosine (cdG), respectively.  

This is facilitated by the ·OH-mediated hydrogen abstraction from the C5'-position 

resulting in a C5'-centered sugar radical which can undergo intramolecular cyclization 

with the C8-position of the purine nucleobase.26, 36  

Biological relevance has been placed on these lesions due to their complexity with 

regard to repair and their highly mutagenic effects. For many years, it was assumed that a 

majority of oxidatively-induced DNA damage was repaired by the BER pathway. 

However, many studies with cPus have demonstrated that helical distortions in DNA 

induced by the C5' and C8 covalent linkage renders the N-glycosidic bond resistant 

towards acid-induced hydrolysis.37-39 If fact, the NER pathway is required for the 

appropriate excision and repair of cdA and cdG.40-42 While cdA and cdG are excised by 

NER with similar efficiencies, the R-diastereomers are excised with efficiencies that are 

approximately 2 fold higher than the S-isomers.42 The unsuccessful repair of these lesions 
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by NER can lead to transcriptional stalling and nucleotide misincorporation. Recent 

studies have shown that cdA and cdG generate mutations during both replication (via the 

translesion synthesis pathway) and transcription, which may contribute to the 

development of human diseases.40, 43-46   

1.3 DNA Repair  

 As previously mentioned, there are several cellular mechanisms for the detection 

and repair of oxidatively generated DNA damage. In order to maintain genomic integrity, 

there are two major excision repair pathways which include BER and NER. 

1.3.1 Base Excision Repair 

Non-bulky lesions, such as 8-oxodG, 5-fodU, and 5-fodC are substrates for the BER 

pathway. Usually these substrates, as well as others that are recognized by the BER 

pathway, characteristically contain damage localized on the nucleobase portion of the 

nucleic acid.  Consequently, these lesions generally do not impose helical distortions to the 

DNA backbone. In addition to lesions resulting from nucleobase damage, the BER pathway 

of most organisms can also remove DNA adducts such as alkylated thymidine, abasic (AP) 

sites, and even single-strand breaks.  

 The BER pathway successfully removes and efficiently repairs DNA damage by 

using a total of five enzymatic reactions.47-50 Specifically, DNA glycosylases recognize 

the damaged nucleobase, initiating the BER enzymatic cascade. There are a variety of 

DNA glycosylases, demonstrating either monofunctional or bifunctional activites. Once 

the DNA lesions are recognized by DNA glycosylases, the lesions then undergo 
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enzymatic cleavage at the N-glycosidic bond, generating an AP site. Next, DNA AP 

endonuclease (APE1) can cleave the phosphodiester backbone of the AP site, generating 

a nick at the 5'-position of the AP site.  This nick consists of a free 3'OH and a 5' 2-

deoxyribose phosphate (5-dRP) termini.51 DNA polymerase β (Pol β) subsequently 

removes 5-dRP and fills the gap with the appropriate nucleotide.52-55 Finally, DNA ligase 

III (Lig III) catalyzes the formation of the phosphodiester bond, restoring the 

oligonucleotide back to its undamaged state.56 For the scope of this dissertation, only the 

short-patch BER mechanism utilizing monofunctional DNA glycosylases will be 

addressed. A general overview is illustrated in Scheme 1.2.  

1.3.2 Nucleotide Excision Repair 

 The NER pathways is a pivotal process in which bulky adducts or helix-distorting 

lesions are removed. Deficiencies in this repair pathway contribute to diseases such as 

xeroderma pigmentosum (XP) and Cockayne’s syndrome.57, 58  If left unrepaired by NER 

pathway, these lesions can halt DNA replication. 

 Typically, the UV-DDB and XPC-RAD23 complexes identify and bind to the 

DNA lesions that mediate helix distortions, commencing the NER pathway.20, 59-61 As a 

result of the formation of these DNA-protein complexes, several other proteins (XPA, 

RPA, and TFIIH) are recruited, which facilitate the unwinding of the double-stranded  
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Scheme 1.2. Cartoon illustration highlighting the key steps and enzymes involved in the 

BER and NER pathways. This representation is modeled after Figure 2 of Brierley and 

Martin 2013.25 
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DNA double helix and reconfirms the presence of DNA damage. Subsequently, a pre-

incision complex consisting of ERCC1-XPF and XPG, is recruited to excise the lesion  

which is used as the template for DNA synthesis. Finally, DNA ligase I can seal the 

remaining nick (Scheme 1.2).62, 63 

 

1.4 Metal-induced Oxidative Stress 

As discussed previously, homeostasis is essential for healthy cellular activity. 

Particularly, transition metals like iron (Fe) and copper (Cu) are vital for a wide variety of 

biological functions. These functions include, but are not limited to, cell growth, oxygen 

utilization, immune system response, gene expression, and the electron transport 

system.51 There are extensive mechanisms for metal-ion uptake, storage, and secretion 

that function to control intracellular concentrations of free metal ions required to maintain 

homeostasis.64-68 

When homeostasis is disrupted, metals have the capability to interact with 

proteins and DNA that are not associated with their normal functions.52 There have been 

a considerable amount of literature devoted to the investigations about the negative 

implications of transition metal accumulation in cells and their ability to inflict damage to 

proteins and DNA.51, 55, 57, 58, 69 The aberrant accumulation of metal ions can lead to the 

unregulated metal-mediated generation of free ROS.  

One transition metal that is highly regulated in humans for cellular homeostasis is 

iron. Predominately, iron is present in biological systems as Fe(II) or Fe(III). “Free iron” 
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is rarely available in the body due to its reactivity with molecular oxygen, which can 

readily generate undesired ROS. Thus, iron is usually bound to heme proteins 

(hemoglobin, myoglobin, and cytochrome), iron storage proteins (ferritin and 

hemosiderin), or iron-containing enzymes.65 Only approximately 0.1% of iron is 

stationed in the plasma. Specifically, exchangeable iron ,which is required for many 

biological functions, is shielded by a variety of chelating agents and proteins such as 

transferrin, to both foster the facile transport of iron in cells and the protection against 

iron-mediated ROS production. Overall, the regulation of iron is performed by iron 

regulatory proteins which monitor the uptake and storage of iron. 

Copper, which exists in cells as Cu(II) or Cu(I), is an indispensable transition 

metal that participates in the electron transport chain (ETC) for ATP synthesis. Besides 

its role in the ETC, copper serves as a co-factor for several enzymes involved in redox 

reactions, such as superoxide dismutase and cytochrome c oxidase.51 Furthermore, copper 

also serves as a structure metal in chromatin and can establish stable complexes with 

DNA.16-19 Similar to iron, “free” copper is rarely present in cells, as its accumulation can 

have a deleterious impact on cellular damage. Copper is regulated at homeostasis by 

absorption and excretion mechanisms, of which roughly 80% of copper stored in the liver 

is released through the biliary pathway.68 

Despite the known regulatory pathways for both iron and copper, there are 

existing mechanisms in which these metals can become “free”, mediating the formation 

of an assortment of ROS [O2·
-, ·OH, and peroxyl radicals (ROO·)]. Significant levels of 

endogenously generated ·OH is a result of Fenton-like reactions, which have previously 
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been demonstrated to generate ROS-induced DNA damage in vitro.69, 70 These in vitro 

experiments have revealed that ascorbate can act as a reducing agent towards transition 

metals such as iron and copper. In doing so, these metals can be effectively reduced to 

Fe(II) and/or Cu(I) under physiological conditions where ascorbic acid exists as a 

monoanion. While ascorbate’s prooxidant properties hold true in vitro, research by Suh et 

al.71 demonstrated this is not the case in their in vivo conditions. Under excessive 

oxidative stress in vivo, O2·
- formation can generate “free iron” in vivo from iron-

containing molecules, such as ferritin.72 Additionally, O2·
- is also capable of reducing 

Cu(II) to Cu(I) due to the involvement of copper in redox dependent reactions with 

enzymes, such as superoxide dismutase.  

During normal aerobic metabolism, superoxide radicals can be generated via the 

coupling of electrons leaking from the ETC to molecular oxygen.73 It has been reported 

about that 1-3% of the molecular oxygen present in the mitochondria can be converted to 

superoxide radicals.73-75 Superoxide dismutase then readily converts the generated 

superoxide radicals into H2O2 and oxygen molecules.36 As previously mentioned, H2O2 is 

freely diffusible in a cellular environment; therefore, H2O2 can reach the nucleus and 

react with transition metals Fe(II) and Cu(I), yielding the extremely reactive hydroxyl 

radical via a Fenton-type reaction (Equations 1-2).76 While this is not the only reaction 

that can occur, copper and/or iron can complex with DNA, thereby increasing the 

susceptibility of DNA to ·OH-induced damage.16, 17, 22 
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Equation 1:     Fe(II) + H2O2  Fe(III) + ·OH + OH-                                  

Equation 2:     Cu(I) + H2O2  Cu(II) + ·OH + OH-                            

 

1.5 LC-MSn Approaches for Assessing DNA Damage 

Over the years, mass spectrometry has proven itself to be extremely useful for the 

identification and structure elucidation of DNA lesions generated from oxidative damage. 

When mass spectrometry is coupled with liquid chromatography, it can not only be used 

as a qualitative method, but also as a highly robust quantitative approach to assessing 

DNA damage induced by ROS or other genotoxic agents. Before the mainstream 

adoption of LC-MS methods for the analysis of DNA damage, methods such as [32P]-

labeling, GC-MS, gel electrophoresis, immunoassays, and ligation-mediated polymerase 

chain reaction were all previously used, but proven to have many disadvantages. An 

illustration of these methods was reported in a review by Himmelstein et al.,77 who 

reported that these assays lack the quantitative advantage of LC-MS.  Specifically, they 

require large sample amounts and often several derivatization steps. For these reasons, 

the research set forth in this dissertation will utilize LC-MSn couple with stable isotope 

dilution for identifying and quantifying lesions of interest.  

1.5.1 Enzymatic Digestion 

 Assay optimization and reproducibility are crucial for quantifying DNA lesions. 

The overall goal of quantifying DNA lesions at the nucleoside level depends 
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predominately on the enzymatic digestion methods utilized. Varying from adduct to 

adduct, and depending on whether the lesion is bulky or non-bulky, the efficiency of 

enzymatic hydrolysis at the phosphodiester bond varies. In Chapters 1 and 2, we discuss 

quantification of cPus which induce helical distortions to the phosphate backbone, which 

could be problematic for the efficient release of these nucleosides by enzymatic 

digestion. In Chapter 3, we discuss the non-bulky, oxidized 5-mdC derivatives, which 

should not influence their enzymatic release from double-stranded DNA 

 Based on previous publications, a four-enzyme cocktail was used to promote the 

successful release of cross-linked products.  Therefore, we chose to optimize this protocol 

for the release of similar cross-linked lesions, including cPu.65, 68, 71 The four-enzyme 

cocktail consists of nuclease P1 (NP1), calf spleen phosphodiesterase (ExoPII), calf 

intestinal alkaline phosphatase (CIP), and snake venom phosphodiesterase (ExoPI). First 

NP1 and ExoPII are mixed with the intact DNA under acidic conditions. Due to the 

presence of residual adenine deaminase(s) present in commercial enzyme preparations, 

the conditions were optimized by adding the demaninase inhibitor, erythro-9-(2-hydroxy-

3-nonyl)adenine (EHNA) hydrochloride, to minimize the coversion of dA to 2'-

deoxyinosine (dI).78 NP1, an endonuclease, cleaves on the 3'-side of any internal 

phosphodiester bond resulting in 5'-phosphates attached to adjacent nucleosides. ExoPII, 

a specific exonuclease hydrolytically removes the terminal nucleotide residues from the 

5'-side of the phosphodiester bond. Once treatment with NP1 and ExoPII is administered, 

the aqueous environment is shifted to an alkaline pH, and CIP and ExoPI are added. 

ExoPI, similar as ExoPII creates nucleoside-5'-phosphates, as well as NP1, but 
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specifically works in the 3'5' direction. The combination of these three enzymes results 

in nucleoside 5'-monophosphates which can be further hydrolyzed by CIP to 

mononucleosides. 

1.5.2 Stable Isotope Dilution 

Stable isotope dilution (SID) offers several benefits for the identification and 

quantification of DNA lesions. By synthesizing an isotopically labeled standard of a 

desired analyte, one can control which atoms are isotopically labeled, permitting for 

accurate structure elucidation and fragmentation pathway identification. While differing 

in molecular weight, chemical properties are conserved for the heavy- and light-isotope 

containing species therefore the same structural and molecular interactions are exhibited 

for these isotopomers.69 For LC-MS applications, these characteristics allow for the 

unambiguous identification of DNA lesions by sharing the same LC elution times, while 

still differentiating the target lesion from the isotope-labeled standard based on the unique 

transitions observed during their fragmentation. The SID methods work exceptionally 

well particularly because both the isotope-labeled standard and analyte exhibit very 

similar, if not the same ionization efficiencies, yielding precise quantification. 

1.5.3 Enrichment 

For analytes of low abundance, such as cPus and cadC, regardless of the 

enzymatic digestion procedures and the istope-labeled standard utilized, the LC-MS 

analyte signal can be suppressed by highly abundant unmodified nucleosides. For this 

reason, we used an off-line enrichment protocol in which unwanted salts and canonical 
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nucleosides are removed, resulting in a cleaner sample matrix.58, 69, 79 Samples are 

subjected to reversed-phase high performance liquid chromatography (RP-HPLC) and 

each analyte is collected in a predetermined retention time window; this minimizes ion 

suppression and isobaric interferences, allowing for optimal signal for each modified 

nucleoside investigated. 

 

1.6 Scope of this Dissertation 

This dissertation focuses on the identification and quantification of oxidatively 

induced single-nucleobase lesions and bulky lesions using LC-MS coupled with SID 

methods.  In Chapter 2, the ability of Fenton-like reactions to facilitate the generation of 

cPus lesions in vitro is investigated. For this study, analytical methods exploiting LC-

MS3 coupled with stable isotope dilution are used to identify and quantify cPus in calf 

thymus DNA treated with various concentrations of Fenton-type reagents. The observed 

yields for cdA and cdG exhibited a dose-dependent response, with marked increase 

displayed at concentrations of 800 and 1600 M H2O2. Futhermore, R-diastereomers of 

cdA and cdG are preferentially produced over S-isomers. 

In Chapter 3, I explored further into the formation of the cPu lesions from 

endogenous ROS by using an in vivo system representative of Fenton-like conditions. 

Long Evans Cinnamon (LEC) rats bearing a deletion in the Atp7b gene have hepatic 

damage arising from copper accumulation, of which the damage increases with age. We 

reason that these rats are suitable models for in vivo Fenton-like conditions due to the 
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excess copper accumulations. In this work, we established that cPus and single-

nucleobase lesions indeed accumulated in these tissues. Furthermore, we demonstrated 

that the levels of both diastereomers of cdA display age-dependent accumulation, as 

observed with the LEC-/- tissues compared to 3-month control LEA rats. Finally, cPus 

accumulation was found to be tissue-specific. 

In Chapter 4, we further explored the generation of ROS-induced lesions by 

studying the oxidation of 5-mdC to its oxidatized derivatives, 5-hmdC, 5-fodC, and 5-

cadC. In vitro experiments revealed that Fenton-type reactions can induce dose-

dependent formation these lesions.  We found that 5-fodC and 5-cadC levels are induced 

at comparable levels. This, together with the presence of 10-fold lower levels of 5-cadC 

relative to 5-fodC, suggest the more efficient removal of 5-cadC than 5-fodC in vivo. 

These in vitro experiments suggests the potential involvement of ROS induced active 

cytosine demethylation. 
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Chapter 2 

Induction of 8,5'-Cyoclopurine-2'-dexynucleosides in Isolated DNA by Fenton-type 

Reagents 

 

2.1 Abstract 

Exposure of aqueous solutions of DNA to X- or -rays, which induces hydroxyl 

radical as one of the major reactive oxygen species (ROS), can result in the generation of 

a battery of single-nucleobase and bulky DNA lesions. These include the (5'R) and (5'S) 

diastereomers of 8,5'-cyclo-2'-deoxyadenosine (cdA) and 8,5'-cyclo-2'-deoxyguanosine 

(cdG), which were also found to be present at appreciable levels in DNA isolated from 

mammalian cells and tissues. However, it remains unexplored how efficiently the cdA 

and cdG can be induced by Fenton-type reagents. By employing HPLC coupled with 

tandem mass spectrometry (LC-MS/MS/MS) with the use of the isotope-dilution 

technique, here we demonstrated that treatment of calf thymus DNA with Cu(II) or 

Fe(II), together with H2O2 and ascorbate, could lead to dose-responsive formation of both 

the (5'R) and (5'S) diastereomers of cdA and cdG, though the yields of cdG were 2-4 

orders of magnitude lower than that of 8-oxo-7,8-dihydro-2’-deoxyguanosine. This result 

suggests that Fenton reaction may constitute an important endogenous source for the 

formation of the cPu lesions. Additionally, the (5'R) diastereomers of cdA and cdG were 

induced at markedly higher levels than the (5'S) counterparts. This latter finding, in 

conjunction with the previous observations of similar or greater levels of the (5'S) than 
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(5’R) diastereomers of the two lesions in mammalian tissues, furnishes an additional line 

of evidence to support the more efficient repair of the (5’R) diastereomers of the purine 

cyclonucleosides in mammalian cells. 

 

2.2 Introduction 

Reactive oxygen species (ROS) are constantly induced by endogenous and 

exogenous sources and they can result in damage to DNA.1, 2 For instance, exposure of 

DNA to γ- or X-rays can lead to the formation of a variety of single-nucleobase and 

bulky DNA lesions.3-11 During normal aerobic metabolism, electrons leaking from the 

electron transport chain in mitochondria may couple with molecular O2 to yield 

superoxide (O2·
-), which can be subsequently converted to H2O2 by superoxide 

dismutase. Being freely diffusible in the cellular environment, H2O2 may reach the 

nucleus and react with DNA-bound transition metal ions [e.g. Fe(II) or Cu(II)] to yield 

the highly reactive hydroxyl radical (OH) via the Fenton-type reaction.12 Along this line, 

earlier studies by Linn and co-workers13-15 demonstrated the capability of Fenton-type 

reagents in inducing oxdatively generated lesions of DNA. 

The importance of the Fenton-type reaction in human disease is manifested by 

genetic disorders associated with defects in handling transition metal ions, including 

Wilson’s disease16 and iron overload disease.17 In this vein, we found previously that 

deficiency in the orthologue of human Wilson’s disease gene (i.e., Atp7b) and the 

ensuing aberrant accumulation of copper ions in hepatocytes led to elevated levels of 
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oxidatively induced 8,5'-cyclo-2'-deoxyadenosine (cdA) and 8,5'-cyclo-2'-

deoxyguanosine (cdG) lesions in liver tissues of Long-Evans Cinnamon (LEC) rats.18 

The cdA and cdG are unique oxidatively induced DNA lesions owing to the 

presence of an additional C-C bond between the C8 of the purine base and the C5' of the 

2-deoxyribose in the same nucleoside (Scheme 2.1). This additional covalent linkage 

induces helical distortion to DNA and renders the N-glycosidic bond resistant toward 

acid-induced hydrolysis.19-22 Thus, cPu lesions are attractive substrates for nucleotide 

excision repair (NER), but they are poor substrates for DNA glycosylase-mediated base 

excision repair (BER).23-25 Both the (5'R) and (5'S) diastereomers of cdA inhibit primer 

extension by T7 DNA polymerase as well as human DNA polymerase δ.23, 26, 27 

Nevertheless, results from steady-state kinetic measurements showed that yeast and 

human polymerase -mediated nucleotide incorporation opposite (5'S)-cdA and (5'S)-

cdG was largely efficient and accurate.28  In addition, cdA and cdG strongly impede 

DNA transcription in mammalian cells and induce transcription mutagenesis.23, 24, 26  

Recent studies have shown that both (5'R) and (5'S) diastereomers of cdA and cdG 

have been detected in vitro and in vivo,18, 29-37 Nevertheless, it remains to be established 

how efficiently these lesions can be induced in DNA by Fenton-type reagents. Here we 

treated calf thymus DNA with Cu(II)/H2O2/ascorbate or Fe(II)/H2O2/ascorbate and 

analyzed the enzymatic digestion products of DNA by LC-MS/MS or LC-MS/MS/MS.  

We found that Fenton-type reagents could induce dose-dependent  
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Scheme 2.1. Chemical structures of synthesized 15N-labeled nucleosides. The “N” in bold 

represents 15N. 
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Table 2.1. Concentrations of Fenton Type Reagents Employed for the Treatment of Calf Thymus 

DNA. a   

 

 Control A B C D E 

Cu(II)/Fe(II) (μM) 200 12.5 25 50 100 200 

H2O2 (μM) 0 100 200 400 800 1600 

Ascorbate (mM)  0 1.0 2.0 4.0 8.0 16.0 

 

aAll reactions were carried out in a 250-L solution containing 75 g of calf thymus DNA. 
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formation of cdA and cdG, with the (5'R) diastereomer being produced much more 

efficiently than its (5'S) counterpart.  

 

2.3 Experimental Procedures 

2.3.1 Materials 

CuCl2, (NH4)2Fe(SO4)26H2O, L-methionine, L-ascorbic acid, calf thymus DNA, 

nuclease P1, alkaline phosphatase, and phosphodiesterases 1 and 2 were purchased from 

Sigma-Aldrich (St. Louis, MO). Hydrogen peroxide (30%) and erythro-9-(2-hydroxy-3-

nonyl)adenine (EHNA) hydrochloride were obtained from Fisher Scientific (Fair Lawn, 

NJ) and Tocris Bioscience (Ellisville, MO), respectively. The uniformly 15N-labeled 8-

oxodG, cdA and cdG were synthesized previously (Structures shown in Scheme 1).18, 38 

2.3.2 Treatment of Calf Thymus DNA 

Commercially available calf thymus DNA was desalted by ethanol precipitation. 

The DNA pellet was redissolved in a solution containing 25 mM NaCl and 50 mM 

phosphate (pH 7.0), and the DNA was annealed by heating the solution to 90C for 5 min 

followed by cooling slowly to room temperature. 

Aliquots of DNA (75 g) were incubated with CuCl2 or (NH4)2Fe(SO4)2 (12.5-

200 M), H2O2 (0.1-1.6 mM), and ascorbate (1-16 mM) in a 250-L solution containing 

25 mM NaCl and 50 mM phosphate (pH 7.0) at room temperature under aerobic 

conditions for 60 min. Chemicals used in the Fenton-type reagent treatment of DNA were 
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freshly prepared in doubly distilled water. Detailed concentrations of individual Fenton 

reagents used for the reactions are shown in Table 1. After 60 min, the reactions were 

terminated by adding excess L-methionine, and the DNA samples were again desalted by 

ethanol precipitation.  

2.3.3 Enzymatic Digestion of DNA 

To the above desalted DNA samples were added 8 units of nuclease P1, 0.01 unit 

of phosphodiesterase 2, 20 nmol of EHNA and a 20-L solution containing 300 mM 

sodium acetate (pH 5.6) and 10 mM zinc chloride. EHNA was added to the enzymatic 

digestion mixture to prevent the possible deamination induced by residual contamination 

of adenine deaminase present in some commercial preparations of enzymes used in DNA 

digestion.39 After a 48-hr incubation at 37C, 8 units of alkaline phosphatase, 0.02 unit of 

phosphodiesterase 1, and 40 L of 0.5 M Tris-HCl (pH 8.9) were added to the digestion 

mixture. The solution was further incubated at 37C for 2 h, after which the enzymes 

were removed by chloroform extraction and the solution dried by Speed-vac. DNA 

samples were then reconstituted in doubly distilled water and their concentration 

measured using UV-absorption spectrophotometry. To the mixture were then added 

uniformly [15N]-labeled 8-oxodG (500 fmol), R-cdG (200 fmol), S-cdG (100 fmol), R-

cdA (100 fmol), and S-cdA (40 fmol, Scheme 1).  The resulting aliquots were subjected 

directly to LC-MS/MS analysis (for 8-oxodG), or HPLC enrichment prior to LC-

MS/MS/MS analysis (for cdA and cdG). 
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2.3.4 HPLC Enrichment 

A 4.6×250 mm Alltima HP C18 column (5 m in particle size, Grace Davison, 

Deerfield, IL) was used for the enrichment of the oxidatively induced cPu lesions from 

the enzymatic digestion products of DNA. The flow rate was 1 mL/min, and the mobile 

phases were 10 mM ammonium formate (solution A) and methanol (solution B). A 

gradient of 25 min 0-2% B, 1 min at 2% B, 14 min 2-5% B, 1 min 5-15% B, and 20 min 

at 15% B was employed. The HPLC fractions eluting at 12-18, 31.5-41.5, 42.5-50.5, 63-

71.5 min were pooled for R-cdG, R-cdA, S-cdG, and S-cdA, respectively (Figure S1). 

The collected fractions were dried in the Speed-vac, redissolved in H2O, and subjected to 

LC-MS/MS/MS analysis. 

2.3.5 LC-MS/MS Analysis of 8-oxodG 

A 3×100 mm Hypersil Gold column (5 m in particle size, Thermo, San Jose, 

CA) and an Accela 600 HPLC pump (Thermo) were used, and the flow rate was 50 

L/min. A solution of 0.1% (v/v) formic acid in doubly distilled water (solution A) and a 

solution of 0.1% (v/v) formic acid in methanol (solution B) were employed as mobile 

phases. The gradient included 0-90% B in 30 min and 90% B in 5 min. The effluent from 

the LC column was directed to a TSQ Vantage triple quadrupole mass spectrometer 

(Thermo). The instrument was operated in multiple-reaction monitoring (MRM) mode, 

and the MRM transitions for 8-oxodG and its uniformly 15N-labeled standard were m/z 

284168 and m/z 289173, respectively.  
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2.3.6 LC-MS/MS/MS Analysis of cdA and cdG 

An Agilent 1100 capillary HPLC pump (Agilent Technologies) and a 0.5×250 

mm Zorbax SB-C18 column (particle size, 5 m, Agilent) were used for the separation. A 

solution of 0.1% (v/v) formic acid in water (solution A) and a solution of 0.1% (v/v) 

formic acid in methanol (solution B) were used as mobile phases, and the gradient 

included 20 min 0-15% B, 10 min 15-35% B, and 10 min 35-60% B. The flow rate was 

10 L/min. 

 The effluent from the LC column was directed to an LTQ linear ion-trap mass 

spectrometer (Thermo), which monitored the fragmentation of the [M+H]+ ions of 

labeled and unlabeled R-cdG, S-cdG, R-cdA, S-cdA, and the further fragmentation of the 

corresponding [M+H–86]+ fragments found in MS/MS.  

 

2.4 Results 

2.4.1 LC-MS/MS/MS Identification and Quantification of cdA and cdG Lesions in Calf 

Thymus DNA Exposed with Cu(II)/H2O2/Ascorbate 

We set out to investigate how efficiently the cdA and cdG lesions could be 

induced by Fenton-type reagents in isolated DNA.  To this end, we treated calf thymus 

DNA with various concentrations of Cu(II)/H2O2/ascorbate (Table 2.1), digested the 

DNA with a cocktail of four enzymes, enriched cdA and cdG from the resulting 

nucleoside mixture and subjected them to LC-MS/MS or LC-MS3 analysis by using the  
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Figure 2.1. Selected-ion chromatograms (SICs) for monitoring the m/z 250164136 

[A, for unlabeled (5'S)-cdA] and m/z 255169141 [B, for uniformly [15N]-labeled 

(5’S)-cdA] transitions in the Cu(II)/H2O2/ascorbate-treated calf thymus DNA after 

enzymatic digestion. Shown in the insets are the positive-ion MS3 spectra for the 

unlabeled and labeled (5'S)-cdA.  The sample was treated under Conditions B listed in 

Table 2.1. 
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corresponding uniformly [15N]-labeled nucleosides as internal standards (see 

Experimental Procedures). 

In the LC-MS/MS/MS experiment, we monitored the m/z 250164136 and m/z 

255169141 transitions for (5'S)-cdA and its uniformly [15N]-labeled counterpart, 

respectively. The selected-ion chromatograms (SICs) and MS3 spectra for the unlabeled 

and [15N]-labeled (5'S)-cdA are displayed in Figure 2.1. The identity of the component 

eluting at 22.6 min in the SIC (Figure 2.1A and 2.1B) was found to be (5'S)-cdA by the 

co-elution, and similar fragment ions found in MS3, of the analyte and its uniformly 

[15N]-labeled standard. Ions of m/z 164 and m/z 169 arise from the neutral loss of a 86-Da 

fragment via cleavages of both the N-glycosidic linkage and the bond between the C5' 

and C4’ of the 2-deoxyribose moiety of (5'S)-cdA and uniformly [15N]-labeled (5'S)-cdA, 

respectively.  Further cleavage of the ion of m/z 164 led to the elimination of a CO 

molecule to give the major fragment ion at m/z 136. Corresponding fragment ions were 

observed in the MS3 of the 15N-labeled (5'S)-cdA. (5'R)-cdA was found to yield the same 

fragment ions in both MS/MS and MS3 as (5'S)-cdA, though the two diastereomers 

exhibited different elution time on a reversed phase C18 column (Appendix A, Figure 

B2).  Moreover, the amounts of (5'R)- and (5'S)-cdA are significantly lower in the control 

samples without hydrogen peroxide treatment (Figure 2.2 and Table A1 in Appendix A), 

supporting that Cu(II)/H2O2/ascorbate can induce the formation of these two lesions. 

We also observed the presence of (5'R)- and (5'S)-cdG based on the peaks at 11.6 

and 21.4 min found in the SIC for monitoring the m/z 266180163 transition (Figures 

A3 and A4 in Appendix A). These components exhibit identical retention times as their  
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Figure 2.2. Cu(II)/H2O2/ascorbate-induced formation of cPu lesions in calf thymus DNA: 

(A) (5'R)-cdG and (5'R)-cdA; (B) (5'S)-cdG and (5'S)-cdA. The values represent the 

means  S.D. of results from three independent experiments. The corresponding 

concentrations of Fe(II) and ascorbate are listed in Table 2.1. 
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respective isotope-labeled internal standards. Moreover, the major fragment ion at m/z 

180 arises again from the cleavages of the C5'-C4' bond of 2-deoxyribose and the N-

glycosidic bond in cdG.40 Further fragmentation of the ion of m/z 180 yielded three major 

fragment ions of m/z 163, 152, and 135 in MS/MS/MS, which emanate from the neutral 

losses of NH3, CO, and [NH3 + CO], respectively (Figures A3 and A4 in Appendix A). 

The corresponding fragment ions were found in the MS3 for both diastereomers of the 

internal standards (Figures A3 andS4). LC-MS3 quantification results showed that the 

treatment of calf-thymus DNA with Cu(II)/H2O2/ascorbate induced the dose-dependent 

formation of both diastereomers of cdG (Figure 2.2 and Appendix A Table A1).  

2.4.2 LC-MS/MS/MS Identification and Quantification of cdA and cdG Lesions Formed 

in Calf Thymus DNA Treated with Fe(II)/H2O2/Ascorbate 

Iron is another biologically important transition metal that can participate in 

Fenton-type reactions.13, 14, 41 Iron’s ability to generate highly mutagenic oxidative lesions 

in genomic DNA has been linked with iron-induced carcinogenesis in iron-overload 

diseases.17 Thus, we also assessed the formation of cadA and cdG lesions in calf thymus 

DNA treated with Fe(II)/H2O2/ascorbate (Table 2.1). It turned out that there is again a 

dose-dependent increase in the formation of the (5'R) and (5'S) diastereomers of cdA and 

cdG (Figure 2.3 and Table A2). 

Comparison of the levels of the cdA and cdG lesions induced by the two Fenton 

systems revealed that the yields of cdA and cdG were lower when Cu(II) was replaced 

with Fe(II) under reaction conditions A through C (Figures 2.2 and 2.3 and Appendix A, 

Tables A1 and A2). However, we observed an opposite trend when the transition metal  
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Figure 2.3. Fe(II)/H2O2/ascorbate-induced formation of cPu lesions in calf thymus DNA: 

(A) (5'R)-cdG and (5'R)-cdA; (B) (5'S)-cdG and (5'S)-cdA. The values represent the 

means  S.D. of results from three independent experiments. The corresponding 

concentrations of Fe(II) and ascorbate are listed in Table 2.1. 
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ion concentrations exceeded 100 M (i.e., conditions D and E, Figures 2.2 and 2.3 and 

Appendix A, Tables A1 and A2). 

2.4.3 LC-MS/MS Quantification of 8-oxodG Formed in Calf Thymus DNA Treated with 

Fe(II)/H2O2/Ascorbate  

Ionizing radiation-induced formation of cdA is thought to proceed through an 

OH-mediated hydrogen abstraction from the C5' of the 2-deoxyribose. The resultant C5' 

radical then couples with the C8 of the purine base to form the additional covalent bond 

between the nucleobase and 2-deoxyribose in the same nucleoside. Viewing that OH can 

also result in the formation of single-nucleobase lesions, it is important to compare the 

yields for the formation of cdA and cdG with respect to single-nucleobase lesions in both 

transition metal systems. Previous studies showed that Fenton reagents, 

Cu(II)/H2O2/ascorbate, can induce single-nucleobase lesion, 8-oxo-7,8-dihydro-2'-

deoxyguanosine (8-oxodG) in isolated DNA.38, 42 A comparison of the quantification 

results for Cu(II)/H2O2/ascorbate-induced cdG with these previously published 

quantification data of 8-oxodG under the same experimental condition38 showed that cdG 

was induced at a level that is 2-4 orders of magnitude lower than 8-oxodG. 

Here, we further assessed the generation of 8-oxodG via Fe(II)/ H2O2/ascorbate 

system, and our results revealed that the yield of 8-oxodG was ~50-2500 fold greater than 

the combined yield of the two diastereomers of cdG (Figures 2.3 and 2.4 and Appendix 

A, Tables A2 and A3).   
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Figure 2.4. Fe(II)/H2O2/ascorbate-induced formation of 8-oxodG in calf thymus DNA. 

The values represent the means  S.D. of results from three independent oxidation and 

quantification experiments.  
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It is worth nothing that Cu(II)/H2O2 was found to induce singlet oxygen (1O2) 

generation,43, 44 and the incubation of Cu+ or Cu2+ complex with H2O2 was observed to 

induce one-electron oxidation of DNA.45 Both singlet oxygen and one-electron oxidation 

could result in the formation of 8-oxodG but not cdA and cdG. Ascorbate, however, is a 

known scavenger for singlet oxygen,46 and the inclusion of excess amount of ascorbate in 

the reaction (Table 2.1) should also minimize one-electron oxidation of DNA by 

maintaining copper ion in the +1 oxidation state. Thus, we reason that the markedly lower 

yield observed for cdA and cdG than 8-oxodG is unlikely due to the involvement of 

singlet oxygen or one-electron oxidation. 

 

2.5 Discussion 

Here we demonstrated, by using LC-MS/MS/MS with the standard isotope 

dilution technique, that the treatment of isolated DNA with Cu(II)/H2O2/ascorbate or 

Fe(II)/H2O2/ascorbate can lead to the formation of both the (5'R) and (5'S) diastereomers 

of cdA and cdG.  Additionally, the yields of   cdA and cdG lesions exhibit a dose-

dependent increase at low concentration ranges followed by a marked increase at 800 M 

Cu(II) or Fe(II) (Figures 2.2 and 2.3 and Table A1 and A2 in Appendix A). These results 

are reminiscent of previous findings about the formation of intrastrand crosslink lesions 

in calf thymus DNA exposed with Fenton reagents under similar conditions,38, 42 

suggesting that binding to Cu(II) and Fe(II) may result in an alteration in DNA 

conformation. Although cdA and cdG can be detected in calf thymus DNA without 

treatment with Fenton reagents, which is consistent with the previous finding,34 it is 
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apparent that Fe(II)/H2O2/ascorbate and Cu(II)/H2O2/ascorbate could induce the dose-

responsive formation of these lesions. Our results also revealed that 

Fe(II)/H2O2/ascorbate at the two highest concentrations (conditions D and E) were at 

least ~ 2-8 fold as effective as Cu(II)/H2O2/ascorbate system in inducing the cadA and 

cdG lesions, though the latter is more efficient in inducing the cPu lesions at lower 

concentrations. Our observations with calf thymus DNA suggested that Fenton reaction 

may constitute an important endogenous source for the formation of cdA and cdG in 

mammalian tissues.  

In keeping with previous results from treatment with  rays,29 our data 

demonstrated that treatment with Fenton reagents also led to the preferential formation of 

(5'R)- over (5'S)-diastereomers of both cdA and cdG. However, these results were 

inconsistent with another study showing preferential formation of (5'S)- over (5'R)-cdG in 

calf thymus DNA upon exposure to γ rays. The exact reason for this discrepancy is 

unclear, though it is possible that the less specific LC-MS or GC-MS technique used in 

the previous study40 may lead to inaccurate measurements of the cdA and cdG lesions. 

Recent LC-MS/MS/MS quantification studies revealed that the (5'S) diastereomers  of 

cdA and cdG are present at similar or higher levels than the corresponding (5'R) 

diastereomers in DNA isolated from mammalian tissues.18, 36, 37 This result is in line with 

the more efficient repair of the (5'R) diastereomers than its (5'S) counterpart; indeed, it 

was observed that a substrate housing a (5'R)-cdA was cleaved more efficiently than the 

corresponding (5'S)-cdA substrate by NER activities in a mammalian nuclear extract.23 
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cdA and cdG are known substrates for NER, but not BER.23, 24, 47 Our results 

showed that these lesions could be induced by Fenton-type reagents at efficiencies that 

are 2-4 orders of magnitude lower than that of 8-oxodG under the same experimental 

conditions (Figures 2.2-2.4). The detection of appreciable levels of cdA and cdG lesions 

in DNA isolated from mammalian tissues18, 36, 37, 48 suggests that these lesions might be 

more resistant to repair than the oxidatively generated single-nucleobase lesions (e.g., 8-

oxodG). In addition, cdA was a strong block to DNA polymerase ,23 and both cdA and 

cdG strongly inhibit transcription by RNA polymerase II in vitro and in mammalian 

cells.24 Thus, these lesions could accumulate in patients with deficiency in NER and 

become cytotoxic. Neurons consume a vast amount of oxygen, rendering the central 

nervous system susceptible to ROS-induced DNA damage. In this vein, xeroderma 

pigmentosum (XP) patients suffer from a progressive, yet massive, neuron loss, which is 

accompanied with mental deterioration over a serveral of decades, and these patients also 

manifest an elevated frequency of internal cancers.49 The induction of cdA and cdG 

lesions by Fenton-type reagents reported here provide important new knowledge toward 

understanding the role of these lesions in the pathological symptoms of XP patients or in 

deficiencies in handling transition metal ions, such as Cu(II) or Fe(II).  

 

Appendix Materials 

HPLC trace for the enrichment of cdA and cdG. LC-MS/MS/MS data and calibration 

curves for cdA and cdG. Table of numerical results of cdA, cdG, and 8-oxodG lesion 

levels. This material is found in Appendix A. 
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Chapter 3 

Quantification of Oxidative DNA Lesions in Tissues of Long-Evans Cinnamon Rats 

by Capillary High-performance Liquid Chromatography-Tandem Mass 

Spectrometry Coupled with Stable Isotope-dilution Method 

 

3.1 Abstract 

Transition metal-driven Fenton reactions constitute an important endogenous source of 

reactive oxygen species (ROS). In genetic diseases characterized by aberrant 

accumulation of transition metal ions, excessive production of ROS is implicated in 

pathophysiological consequences, including DNA damage. Wilson’s disease is an 

autosomal recessive disorder with copper toxicosis due to deficiency of the ATP7B 

protein, which is needed for excretion of copper ions into bile. The Long-Evans 

Cinnamon (LEC) rat bears a deletion in the Atp7b gene and serves as an excellent animal 

model for hepatic Wilson’s disease. The purpose of our study was to develop suitable 

methods to identify oxidative DNA lesions in the setting of transition metal-related 

diseases. We used a sensitive capillary LC-ESI-MS/MS/MS coupled with the stable 

isotope dilution technique, and quantified several types of oxidative DNA lesions in the 

liver and brain of LEC rats. These lesions included 5-formyl-2'-deoxyuridine, 5-

hydroxymethyl-2'-deoxyuridine, the 5'R and 5'S diastereomers of 8,5'-cyclo-2'-

deoxyguanosine, and 8,5'-cyclo-2'-deoxyadenosine. Moreover, the levels of these DNA 

lesions in the liver and brain increased with age. This correlated with age-dependent 
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regulation of the expression of several DNA repair genes in the liver and brain of LEC 

rats. These results provided significant new knowledge for better understanding the 

implications of oxidative DNA lesions in transition metal-induced diseases, such as 

Wilson’s disease, as well as in ageing and ageing-related pathological conditions. 

 

3.2 Introduction 

Reactive oxygen species (ROS) can be induced by both endogenous and exogenous 

sources and maintaining cellular ROS homeostasis is essential for normal cellular 

function; excess generation of ROS can cause damage to lipids, proteins and DNA 1. 

Transition metal ion-mediated Fenton reactions constitute an important endogenous 

source of ROS 2. Understanding the role of these processes in DNA damage will be 

particularly important for defining mechanisms of genotoxicity as well as for developing 

potential therapeutic interventions. This will be benefited by the availability of sensitive 

and effective diagnostic methods to characterize oxidative DNA lesions. 

Among single-gene disorders of transition metal handling, Wilson’s disease (WD) 

occupies a unique place due to defective excretion of copper into bile 3, along with 

hepatic, neurological and renal abnormalities following copper toxicosis 4, 5. The WD 

gene encodes a copper-dependent P-type ATPase (ATP7B) and is highly expressed in the 

liver, kidney and placenta 4, 5. Long-Evans Cinnamon (LEC) rat, which was found in an 

inbred colony of healthy Long-Evans Agouti (LEA) rats 6-8, bears a deletion in Atp7b 

gene 9 and shares many attributes of WD 8, 10, including hepatic damage arising from 

copper accumulation, which worsens with age 8, 11, 12. Thus, LEC rat is an appropriate 
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animal model for examining the pathophysiology of liver injury in Wilson’s disease 6, 8, 

and the LEA rat constitutes an excellent healthy control. 

The accumulation of copper in tissues of LEC rats may lead to the aberrant generation of 

ROS and elevated formation of oxidative DNA lesions in tissues of LEC rats. In this 

context, 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-oxodG) was found to be present at 

elevated levels in DNA of the liver, kidney and brain of LEC rats 13. Nair et al. 14 found 

by immunoaffinity/32P-postlabeling assays that hepatic levels of two DNA lesions arising 

as byproducts of lipid peroxidation, 1,N6-etheno-2'-deoxyadenosine (dA) and 3,N4-

etheno-2'-deoxycytidine (dC), increased with age in LEC rats, peaking at 8-12 weeks. 

This suggested that progressive accumulation of oxidatively damaged DNA may 

contribute to losses of hepatocytes in WD. Moreover, additional oxidative DNA lesions 

may be contributing to liver damage in WD. Along this line, a Fenton-like reagent, 

Cu(II)/H2O2/ascorbate, was found to induce a spectrum of oxidatively generated DNA 

lesions, including single-nucleobase lesions (8-oxodG, 5-FodU and 5-HmdU) and 

intrastrand cross-link lesions 15, 16. In alternative settings, quantification of 8-oxodG, 5-

HmdU, 5-FodU, as well as cdG and cdA in cells after exposure to X- 17, 18 or -rays 19-21 

or chemopreventive agents has been reported 22. Similarly, cdG and cdA could be 

detected in mouse tissues 23-25. 

The oxidatively induced DNA lesions, if left unrepaired, may accumulate and confer 

deleterious biological consequences. Along this line, 5-HmdU could induce TC 

transition in cellular DNA 26-28, and 5-FodU could give rise to TG and TA 

transversions in mammalian cells 29. Host cell reactivation assay and in-vitro cleavage 
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assay using mammalian cell nuclear extract revealed that cdA was a substrate for 

nucleotide excision repair (NER) 30, 31. Additionally, cdA is a strong blockade to 

transcription in mammalian cells 30 and it could induce transcription mutagenesis 32. 

Furthermore, both diastereomers of cdA inhibit primer extension by T7 DNA polymerase 

as well as human DNA polymerases  and  31, 33.  

In the present study, we developed a sensitive capillary liquid chromatography- 

electrospray ionization-tandem mass spectrometry (LC-ESI-MS3) method coupled with 

the stable isotope dilution technique and quantified the levels of 5-FodU, 5-HmdU, and 

the R and S diastereomers of cdG and cdA in DNA isolated from the liver and brain 

tissues of LEC and LEA rats. This provided information regarding the effect of Atp7b 

deficiency and ageing on the accumulation of endogenously induced DNA lesions in 

mammalian tissues. 

 

3.3 Experimental Section 

3.3.1 Materials 

 Nuclease P1 and phosphodiesterases 1 and 2 were purchased from Sigma-Aldrich (St. 

Louis, MO). Alkaline phosphatase and proteinase K were obtained from New England 

Biolabs (Ipswich, WA), and erythro-9-(2-hydroxy-3-nonyl)adenine (EHNA) 

hydrochloride was from Tocris Bioscience (Ellisville, MO).  
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Scheme 3.1. Chemical Structures of Oxidative DNA Lesions Measured in This Studya 
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3.3.2 Synthesis and Characterization of Compounds  

The structures of the isotope-labeled DNA lesions used in the present study are shown in 

Scheme 3.1. The stable isotope-labeled 5-FodU and 5-HmdU were synthesized 

previously 16. 

 

1,3,7,9-15N4-(2-Amino-15N)]-8,5'-cyclo-2'-deoxyguanosine 

 The title compound was synthesized at a sub-milligram scale following published 

procedures for the preparation of un-labeled 8-bromo-2'-deoxyguanosine and cdG with 

some modifications. 34, 35 [1,3,7,9-15N4-(2-Amino-15N)]-2'-deoxyguanosine (1 mg) was 

suspended in a mixture of acetonitrile (2.1 mL) and water (0.9 mL), to which was added 

N-bromosuccinimide (1.3 mg) solution in three portions. The mixture was stirred at room 

temperature for 1.5 h. After the solvent was removed, ethyl ether (1 mL) was added to the 

mixture. The solution was subsequently stirred at room temperature for 2 h and incubated 

at -20C overnight. The mixture was then centrifuged and the supernatant discarded. The 

precipitate was washed twice with cold acetone and dried to give the uniformly 15N-

labeled 8-bromo-2'-deoxyguanosine. 

A 1-mM solution of the above-prepared 8-bromo-2'-deoxyguanosine, dissolved in 

acetonitrile under argon atmosphere, was irradiated with 254-nm UV light from a TLC 

lamp (UVGL-58, UVP Inc., Upland, CA) at room temperature for 3 h. The resulting 5'R 

and 5’S diastereomers of [1,3,7,9-15N4-(2-amino-15N)]-8,5'-cyclo-2'-deoxyguanosine were 

purified from the reaction mixture by HPLC. (Figure B1 in Appendix B). Exact mass 

measurements gave m/z 271.0741and m/z 271.0752 for the [M + H]+ ions of the 
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uniformly 15N-labeled 5'R-cdG and 5'S-cdG, respectively which are in keeping with the 

calculated m/z of 271.0741. The high-resolution mass spectra (HRMS) were acquired on 

an Agilent 6510 Q-TOF LC-MS instrument equipped with an HPLC-Chip Cube MS 

interface as described previously.36 The isotopic purity was found to be better than 99.9% 

based on LC-MS/MS analysis.  

 

1,3,7,9-15N4-(2-amino-15N)]-8,5'-cyclo-2'-deoxyadenosine  

The isotope-labeled cdA was synthesized from the uniformly 15N-labeled 2'-

deoxyadenosine using the above-described procedures for the preparation of the two 

diastereomers of uniformly 15N-labeled cdG (Figure B2 in Appendix B). Exact mass 

measurements yielded m/z 255.0801 and m/z 255.0796 for the [M + H]+ ions of the 

uniformly 15N-labeled 5'R-cdA and 5'S-cdA, respectively, which are in keeping with the 

calculated m/z of 255.0792. the isotopic purity was found to be better than 99.1% based 

on LC-MS/MS analysis. 

3.3.3 Animals 

Breeding of rats was approved by the Animal Care and Use Committee at Albert Einstein 

College of Medicine. Rats were housed in the Institute for Animal Studies at Einstein 

under 14 h light/10 h dark cycles with unrestricted access to rodent chow (11.8 mg 

copper/kg; Ralson Purina, St. Louis, MO) and tap water. LEA rats were periodically 

backcrossed with LEC-/- rats to maintain their inbred status. LEA and LEC-/- rats were 

crossed to obtain heterozygous LEC+/- rats. The genotype of animals was verified by 

polymerase chain reaction (PCR) of genomic DNA from tail as described previously.37 
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Animals were housed without any manipulations for various time periods and sacrificed 

for collecting tissues in liquid nitrogen, which were stored under 80ºC. Grading of tissue 

changes was performed by histological examination of hematoxylin and eosin-stained 

tissue sections; the following changes in hepatocytes were graded, and mitosis.38 The 

grades were summed with maximal possible score of 13 (see Results and Appendix B) 

3.3.4 Extraction of Nuclear DNA 

Genomic DNA was isolated using a high-salt method 39. Briefly, rat tissue was ground 

under liquid nitrogen into fine powders in a mortar. The powders were subsequently 

transferred to a 50-mL centrifuge tube, to which was added a 5-mL lysis buffer 

containing 20 mM Tris (pH 8.1), 20 mM EDTA, 400 mM NaCl and 1% SDS (w/v) as 

well as 25 L of proteinase K (20 mg/mL). The tube was incubated in a water bath at 

55C overnight. Next day, 0.5 volume of saturated NaCl solution was added to the 

digestion mixture, which was vortexed for 1 min, and then incubated at 55C for 15 min. 

The mixture was centrifuged at ~10,000 rpm for 30 min and the supernatant was 

collected and centrifuged again under the same conditions. The nucleic acids in the 

supernatant were precipitated from ethanol. To the nucleic acid mixture was added 2.5 L 

solution of RNase A (10 mg/mL) and 1 L solution of RNase T1 (25 units/L), and the 

solution was incubated at 37C for 1 h followed by extraction with an equal volume of 

chloroform/isoamyl alcohol (24:1, v/v) twice. The DNA was then precipitated from the 

aqueous layer by ethanol. The mixture was subsequently centrifuged at 7,000 rpm for 15 

min. The resulting DNA pellet was washed twice with 70% cold ethanol and allowed to 
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air-dry at room temperature for overnight. The pellet was then dissolved in TE buffer and 

the amount of nuclear DNA was quantified by using UV spectrophotometry. 

3.3.5 Enzymatic Digestion of Nuclear DNA 

Eight units of nuclease P1, 0.01 unit of phosphodiesterase 2, 20 nmol of EHNA and a 20-

L solution (pH 5.6) containing 300 mM sodium acetate and 10 mM zinc chloride were 

added to 80 g of DNA. In this context, some enzymes used for DNA digestion were 

contaminated with adenine deaminase, which can induce the deamination of dA to 2'-

deoxyinosine (dI). Because dI shared a very similar retention time as S-cdG during HPLC 

enrichment (Appendix B, Figure B3), the presence of considerable amount of dI in the 

digestion mixture diminished substantially the sensitivity for S-cdG measurement. 

Therefore, we added EHNA prior to the enzymatic digestion 40, which reduced the 

deamination of dA to less than 2%, facilitating S-cdG to be detected with adequate 

sensitivity. The above digestion was continued at 37C for 48 h. To the digestion mixture 

were then added 8 units of alkaline phosphatase, 0.02 unit of phosphodiesterase 1 and 40 

L of 0.5 M Tris-HCl buffer (pH 8.9). The digestion mixture was incubated at 37C for 2 

h and subsequently neutralized by addition of formic acid. To the mixture were then 

added isotopically labeled standard lesions, which included 2.5 pmol of 5-FodU, 1.5 

pmol of 5-HmdU, 80 fmol of R-cdG, 40 fmol of S-cdG, 60 fmol of R-cdA and 20 fmol of 

S-cdA (Scheme 3.1). The enzymes in the digestion mixture were subsequently removed 

by chloroform extraction. The resulting aqueous layer was dried, reconstituted in doubly 

distilled water, and subjected to off-line HPLC separation for the enrichment of the 
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lesions under study. 

3.3.6 HPLC 

A 4.6250 mm Alltima HP C18 column (5 m in particle size, Grace Davison, Deerfield, 

IL) was used for the enrichment of oxidatively induce DNA leisons from enzymatic 

digestion products of DNA. A solution of 10 mM ammonium formate (solution A) and 

methanol (solution B) were used as mobile phases, and the flow rate was 1 mL/min. A 90 

min gradient of 42 min 0% B, 1 min 0-5% B, 32 min 5% B, 5 min 5-20% B, and 10 min 

20% B was employed. A typical HPLC trace is depicted in Figure B1 of Appendix B. A 

minor RNA contamination (less than 5% for most DNA samples) was often observed for 

the DNA samples based on the chromatograms obtained during the HPLC enrichment. 

Correction for RNA contamination was made for each DNA sample according to the peak 

areas of adenosine and guanosine in the HPLC traces relative to those of 2'-

deoxyadenosine (dA) and 2'-deoxyguanosine (dG). The HPLC fractions eluting at 8.5-

10.0, 17.0-20.0, 21.0-24.0, 29.5-32.5, 32.5-36.0 and 56.0-63.0 min were pooled for R-

cdG, 5-HmdU, R-cdA, S-cdG, 5-FodU and S-cdA, respectively. The collected fractions 

were dried in the Speed-vac, redissolved in H2O, and injected for LC-MS/MS/MS 

analysis.  

3.3.7 LC-MS/MS/MS Analysis  

A 0.5250 mm Zorbax SB-C18 column (particle size, 5 m, Agilent) was used for the 

separation of the above-enriched lesion fractions, and the flow rate was 8.0 L/min, 

which was delivered by using an Agilent 1100 capillary HPLC pump (Agilent 
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Technologies). A solution of 0.1% (v/v) formic acid in water (solution A) and a solution 

of 0.1% (v/v) formic acid in methanol (solution B) were used as mobile phases for the 

analyses of all the ROS-induced DNA lesions after HPLC enrichment, and a gradient of 5 

min 0-20% B followed by 21 min 20-35% B was employed for the separation.  

The effluent from the LC column was directed to an LTQ linear ion-trap mass 

spectrometer (Thermo Fisher Scientific), which was set up for monitoring the 

fragmentation of the labeled and unlabeled R-cdG, S-cdG, R-cdA and S-cdA in the 

positive-ion mode or the labeled and unlabeled 5-FodU and 5-HmdU in the negative-ion 

mode. The temperature for the ion transport tube was maintained at 275C, the sheath gas 

flow rate was 15 arbitrary units, and no auxiliary gas was used. In the positive-ion mode, 

the spray voltage, capillary voltage and tube lens voltage were 4.5 kV, 5 V and 20 V, 

respectively; each MS3 scan was composed of three microscans and maximum time for 

each microscan was 250 ms. In the negative-ion mode, the spray voltage, capillary 

voltage and tube lens were 4 kV, -10 V and -100 V, respectively; each scan had one 

microscan and the maximum scan time was 100 ms. Prior to analyzing the lesions 

isolated from tissue DNA samples, the sensitivities for detecting all these lesions were 

optimized by varying two working parameters of the LTQ mass spectrometer, i.e., 

normalized collision energy and activation Q (Table B1 of Appendix B). The detection 

limits (LOD and LOQ), calculated from the amounts of a lesion that could give rise to a 

signal-to-noise ratio (S/N) of 3 and 10 in the selected-ion chromatogram, respectively. 

The LOD and LOQ were determined based on three independent LC-MS3 measurements 

preformed in three separate days (Table S1). A single LC-ESI-MS3 measurement was 
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performed for each lesion released from each tissue genomic DNA. 

3.3.8 Real-time Quantitative Reverse Transcription-Polymerase Chain Reaction (Real-

time qRT-PCR) 

mRNA was isolated from the liver and brain tissues of LEC rats with RNAeasy mini kit 

(Qiagen, Valencia, CA) following the vendor’s recommended procedures. One μg of total 

RNA was subsequently reverse-transcribed with 1 μL iScript reverse transcriptase (Bio-

Rad Laboratories, Hercules, CA) and 4 μL 5×iScript reaction mixture in a 20 μL-volume 

reaction. The reaction was carried out at 25C for 5 min and at 42C for 30 min, and the 

reverse transcriptase was then deactivated by heating at 85C for 5 min. 

Analyses of the transcripts for rat NTHL1, NEIL1, XPA, ERCC1, CSA and CSB were 

performed by real-time qRT-PCR using iQTM SYBR Green Supermix kit (Bio-Rad) 

according to the manufacturer’s recommendations on a Bio-Rad iCycler system (Bio-

Rad). The real-time PCR was performed by running at 95°C for 3 min and 45 cycles at 

95°C for 15 s, 55°C for 30 s and 72°C for 45 s (The primer sequences are listed in Table 

B3 of Appendix B). The comparative cycle threshold (Ct) method was used for the 

relative quantification of gene expression 41. The GAPDH gene was used as the internal 

control, which was included on each plate to correct for sample variations. The mRNA 

level of each gene in each sample was normalized to that of the internal control. Relative 

mRNA level with respect to 1-month old animal tissue was represented as 2-ΔΔCt, where 

ΔΔCt = (Ctgene of interest - Ctinternal control)3 or 6 month - (Ctgene of interest - Ctinternal control)1 month. 

Relative mRNA levels in 3 and 12 month old LEC+/- rats were calculated in a similar 

fashion. All data shown were the mean ± S.D. of three separate experiments. 
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3.4 Results 

3.4.1 LC-MS3 method for quantifying ROS-induced DNA lesions in rat tissues 

For quantifying low levels of DNA lesions in isolated and cellular DNA, we 

enriched lesions from the enzymatic digestion mixture by off-line HPLC with an 

analytical column and then subjected lesion-containing fractions to LC-MS analysis on 

an LTQ linear ion-trap mass spectrometer 16, 42-44. To achieve unambiguous identification 

and quantification of low levels of ROS-induced bulky lesions in complicated sample 

matrices 16, 42, 43, we employed MS3 mode of detection using parameters detailed in Table 

S1. We also assessed analytical performance of LC-MS3 monitored in the positive- or 

negative-ion mode (See Experimental Section) for all lesions (Appendix B, Table B1). 

Here we describe detection of S-cdG to illustrate the application of LC-MS3 for 

quantifying this lesion in rat tissues. The selected-ion chromatograms (SICs) and MS3 

spectra for unlabeled and 15N-labeled S-cdG are shown in Figure 3.1. We monitored the 

m/z 266180163 and m/z 271185167 transitions for S-cdG and its uniformly 15N-

labeled counterpart, respectively. The identity of the component eluting at 13.6 min in the 

SIC depicted in Figure 3.1A was determined to be S-cdG based on its co-elution with 

15N-labeled S-cdG and similar fragment ions found in MS3 of the analyte and its 

uniformly 15N-labeled standard (Figure 3.1). As shown in Scheme 2, the ions of m/z 180 

and 185 arise from cleavages of both the N-glycosidic linkage and the bond between the 

5'-C and 4'-C of the 2-deoxyribose moiety of S-cdG and 15N-labeled S-cdG, respectively 

45. Further fragmentation of the ion at m/z 180 gave rise to three major fragment ions at 

m/z 163, 152 and 135, which form from the neutral losses of NH3, CO and [NH3 + CO], 
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respectively. The corresponding fragment ions were found in the MS3 of the internal 

standard. In addition, the relative abundances of these three major fragment ions 

emanating from the cleavage of the ions of m/z 180 and 185 were very similar, thereby 

confirming the identity of the component eluting at 13.6 min to be S-cdG. Other purine 

cyclonucleosides were assessed by LC-MS/MS/MS in a similar fashion (Figures B4-B6 

in Appendix B). We also constructed calibration curves for the quantification of all these 

lesions from results of three independent sets of experiments performed in three separate 

days (Tables B5-B10 and Figures B7-B12 in Appendix B). The relatively small variation 

in measurement results highlighted the reproducibilities of the LC-MS/MS/MS method.  

3.4.2 The levels of ROS-induced DNA lesions in liver and brain tissues of LEA and LEC 

rats 

With the above LC-MS3 method, we quantified all lesions in DNA isolated from 

rat liver and brain tissues. The data are summarized in Table B2 and plotted in Figures 

3.2-3.3. Therein, the lesion levels are reported as number of lesions per 106 DNA 

nucleosides. To obtain these numbers, we converted the peak area ratios obtained in LC-

MS3 analysis to molar ratios, which were then multiplied by the amount of the 

corresponding labeled standards to give the amount of lesions in mole. The number of 

DNA nucleosides in the tissue genomic DNA was calculated by dividing the amount (g) 

of DNA used for enzymatic digestion with the mean molecular weight of 

deoxyribonucleotides, 309 g/mol.  

To manage the number of samples, we studied 3-month old LEA rats since liver copper 

remains normal in these animals without age-dependent changes. Similarly, no alteration 
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in liver histology was observed in LEA rats over age (Table S4). In addition, we 

established that biliary copper excretion is normally maintained in heterozygous LEC+/- 

rats and as a result liver copper content also remains normal. This was confirmed by 

normal liver histology in heterozygous LEC+/- rats, which was similar to LEA rats (Table 

S4). Nevertheless, we included heterozygous LEC+/- rats of 3 and 12 month ages in our 

studies of DNA lesions. By contrast, LEC rats begin to exhibit significant changes in 

hepatic copper content at early ages, and extensive copper-induced liver damage becomes 

apparent within several weeks of age (Table B4). 

We next describe the levels of oxidatively induced DNA lesions in livers of LEA, LEC+/- 

and LEC-/- rats. First, we did not observe significant differences in the levels of 

oxidatively induced DNA lesions in 3-month old LEA and LEC+/- rats (Figures 3.2-3.4), 

which was in agreement with normal liver copper content and histological appearances. 

On the other hand, appreciably higher levels of 5-FodU, 5-HmdU, and both 

diastereomers of cdA were observed in the liver of 3-month old LEC-/- rats (Figures 3.2-

3.4). The two diastereomers of cdG were present at slightly higher levels in liver of LEC 

significant. Additionally, we observed that the liver of 12-month old LEC+/- rats 

contained higher levels of ROS-induced lesions than corresponding 3-month old LEA or 

LEC +/- rats.We found greatest levels of 5-FodU and S-cdA in LEC-/- rats at 3-months of 

age compared with at 1- or 6-months of age, which may reflect changes associated with 

acute-on-chronic liver injury, which is a known feature of hepatitis in LEC-/- rats. 

However, no statistically significant difference was observed for other lesions among 

LEC-/- rats at various ages, except for S-cdG, which was present at higher levels in 6-  



 

 70 

 

 

Figure 3.1. Selected-ion chromatograms (SICs) for monitoring the m/z 266180163 

[A, for unlabeled S-cdG] and m/z 271185167 [B, for labeled S-cdG] transitions of 

the digestion mixture of genomic DNA from the liver tissue of a 6-month old LEC-/- rat. 

Shown in the insets are the positive-ion MS3 spectra for the unlabeled and labeled S-cdG.  
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Scheme 3.2. Proposed Major Fragmentation Pathways for the [M + H]+ Ion of Unlabeled 

S-cdG Observed in MS/MS and MS/MS/MS 
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month old rats  

While LEC rats exhibited extensive liver damage due to copper toxicosis, no 

neurological abnormalities or brain damage have been reported in these animals, which 

differs from WD in humans 46 and is attributable to the lack of copper accumulation in 

the brain of LEC rats. However, examination of oxidative DNA lesions in the brain of 

these rats revealed some similarities and differences with those in the liver. In this 

respect, we again observed similar levels of all quantified oxidative DNA lesions in 3-

month old LEA and LEC+/- rats. Likewise, we found age-dependent accumulation of all 

quantified oxidative DNA lesions, except for S-cdG and S-cdA in brain of LEC+/- rats. In 

contrast to liver tissues, we observed a slightly higher level of 5-FodU in the brain of 

LEC-/- rats compared with LEA or LEC+/- rats. Furthermore, we found an age-dependent 

increase in the levels of all the quantified ROS-induced DNA lesions in brain of LEC-/- 

rats. 

3.4.3 Real-time qRT-PCR for monitoring expression levels of genes involved in DNA 

repair 

Previous studies revealed a decreased expression of some DNA repair genes in 

liver tissues of LEC rats in the acute hepatitis stage 47. We reasoned that the altered 

expression of DNA repair genes may also have contributed to age-related levels of 

oxidative DNA lesions in the brain and liver tissues of LEC rats. Therefore, we studied 

six DNA repair genes, including two BER genes, NTHL1 and NEIL1, two NER genes, 

XPA and ERCC1, and two transcription-coupled repair genes, CSA and CSB 48.  

Expression of NTHL1, NEIL1, XPA, and CSB was markedly lower in the liver of 
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3-month old LEC-/- rats compared with 1-month old LEC-/- rats, while the expression of 

 

 

Figure 3.2. Levels of 5-FodU and 5-HmdU in genomic DNA isolated from the liver (L) 

and brain (B) of LEA (3m), LEC+/- (3m or 12m) and LEC-/- (1m, 3m or 6m) rats. The 

values represent the mean  S.D. of results obtained from tissues of three rats. ‘*’, P < 

0.05; ‘**’, P < 0.01; ‘***’, P < 0.001. The P values were calculated by using paired t-

test. 
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Figure 3.3. Levels of R-cdG, S-cdG, R-cdA and S-cdA in genomic DNA isolated from the 

livers (L) and brains (B) of LEA (3m), LEC+/- (3m or 12m) and LEC-/- (1m, 3m or 6m) 

rats. The values represent the mean  S.D. of results obtained for tissue samples from 

three different rats. ‘*’, P < 0.05; ‘**’, P < 0.01; ‘***’, P < 0.001. The P values were 

calculated by using paired t-test. 
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these genes was restored, fully or in part, in 6-month old LEC-/- rats (Figure 3.4). The 

transcript levels of CSA were not substantially different in liver of 1- and 3-month old 

LEC-/- rats, whereas the liver of 6-month old animals exhibited significantly higher 

expression of these two genes. On the other hand, expression of NTHL1 and CSA was 

slightly decreased in the brain of 3-month old LEC-/- rats. Furthermore, we found 

expression of NEIL1 increased with age, whereas expression of XPA, ERCC1 and CSB 

exhibited an age-dependent decrease in the brain of LEC-/- rats. 

Together, the brain and liver of LEC-/- rats displayed different age-dependent expression 

of DNA repair genes, which may have been responsible, at least in part, for the 

differences in the profiles of DNA lesions in these tissues. 

We also assessed, by employing real-time PCR analysis, the levels of expression 

of the above six DNA repair genes in the liver and brain tissues of 3 and 12 month old 

LEC +/- rats, respectively small differences were observed between the 3 and 12 month 

old LEC +/- rats, particularly for the brain tissues (Figure B13 in Appendix B). Thus, the 

higher levels of the oxidatively induced DNA lesions observed for the brain and liver 

tissues of 12 month old LEC +/- rats might reflect the age-associated accumulation of 

these lesions. 

 

3.5 Discussion 

In this study, we found MS3 detection mode offered more reliable quantification 

of ROS-induced DNA lesions than the MS2 mode that was employed to analyze these 
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Figure 3.4. The mRNA levels of NTHL1, NEIL1, XPA, ERCC1, CSA and CSB in the 

liver (A) and brain (B) of LEC-/- (1m, 3m or 6m) rats. The results were obtained by real-

time qRT-PCR with the use of GAPDH as standard. The data represent the mean  S.D. 

of three separate experiments. 
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types of lesions in most previous studies.23-25 For instance, Figure B5 shows the SICs and 

MS3 results for monitoring S-cdA in a rat DNA sample, where two pairs of major  

fragment ions at m/z 136 and 119, and at m/z 141 and 123 were observed for the 

unlabeled and labeled S-cdA, respectively. Apart from these fragment ions, other ions 

emanating from isobaric interferences (e.g. the ions of m/z 151 and 152 in Figure S3B) 

were also detected. Similar interferences were observed for some other lesions quantified 

in the present study. Thus, MS3 afforded more reliable detection of these lesions in 

cellular DNA. We found higher levels of 5-FodU, 5-HmdU, and two diastereomers of 

cdA in the liver of 3-month old LEC-/- than age-matched LEC+/- or LEA rats. This was 

in keeping with previous observation of greater 8-oxodG levels in LEC rats, especially at 

the acute hepatitis stage 13. In contrast, LEC-/- rats deficient in Atp7b did not show 

greater levels of all the quantified ROS-induced lesions, except for 5-FodU in the brain, 

which was in agreement with the absence of gross neurological defects in these rats.49 

We observed age-dependent increases in ROS-induced DNA lesions in liver and 

brain of LEC+/- rats and brain of LEC-/- rats (Figures 3.2-3.3). Randerath et al. 50 

demonstrated by 32P-postlabeling assays that bulky DNA lesions increase with age in 

animals. Some of these indigenous lesions (“I-compounds”) were identical to those 

induced in isolated DNA exposed to Fenton-type reagents and the levels of these lesions 

were elevated in kidneys of rodents treated with prooxidant carcinogens 51. Thus, these 

so-called “Type II-I compounds” were attributed to those induced by endogenous ROS 51. 

Later, some of the Type-II I compounds found by 32P-postlabeling assay were identified 

to be S-cdA with different flanking 5' nucleosides 52.  The covalent linkage between the 
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C8 carbon of adenine and the C5' carbon of 2-deoxyribose in the lesion inhibits cleavage  

 of the flanking 5' phosphodiester bond by nucleases in the 32P-post-labeling assay 52 

However, the structures of other bulky DNA lesions demonstrated by the 32P-post-

labeling assay are yet to be established. Our studies showed that all four purine 

cyclonucleosides could be detected in animal tissues and all of them exhibited age-

dependent increases in brain of LEC-/- rats and brain and liver of LEC+/- rats. Thus, 

aside from previously identified S-cdA, other bulky lesions, including R-cdA, S-cdG and 

R-cdG, should constitute new members of the Type II I-compound family. In this context, 

it is worth noting that we assessed the lesion levels in tissues of animals from a relatively 

small number of age groups. In the future, it will be important to expand the study to 

more age groups of rats and to other mammalian species. 

Among our noteworthy findings were that we did not observe age-dependent 

increases in ROS-induced DNA lesions in the liver of LEC-/- rats. Indeed, the liver of 3-

month old LEC-/- rats exhibited greater levels of 5-FodU and S-cdA than 1- and 6-month 

old LEC-/- rats. Similar age-associated prevalences of DNA lesions were previously 

observed for dA and dC in liver of LEC rats, where the levels of these two lesions 

peaked at 8-12 weeks 14. Additionally, the age-dependent accumulation of dA and dC 

paralleled the liver copper content of these rats 14. Also, accumulation of hepatic copper 

in LEC rats was shown to compromise the capacity for DNA repair. In the latter respect, 

the enzymatic activities and expression levels of two major DNA glycosylases, 

endonuclease III (NTHL1) and 8-oxoguanine DNA glycosylase (OGG1), were greatly 

diminished in LEC rat liver extracts during acute hepatitis at 16-18 weeks of age 47. No 
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substantial differences in DNA repair activity or expression level of DNA repair genes 

were observed for LEA rats with ages ranging from 8 to 40 weeks 47. In keeping with 

these previous findings, the transcript levels of NTHL1, NEIL1, XPA and CSB genes in 

3-month old LEC-/- rats were lower than those in 1-month old LEC-/- rats. The products 

of the former two genes are important for repairing thymine methyl group oxidation 

products 53, 54, and NEIL1 is important for repairing cdA 55. Additionally, cdA is a 

substrate for mammalian NER pathway 30, 31. On the other hand, CSA and CSB are 

important in transcription-coupled repair; CSB plays a key role as a coupling factor to 

recruit NER proteins to lesion-stalled RNA polymerase II, whereas CSA is dispensable 

for this process 56. Along this line, the CSB-/- mouse embryonic fibroblast (MEF) is 2-

fold more sensitive to  rays than wild-type MEF, whereas the CSA-/- MEF exhibited 

similar sensitivity as the wild-type counterpart 57. In particular, CSB was also shown to 

be important in repairing S-cdA 58. Therefore, diminished hepatic expression of NTHL1, 

NEIL1, XPA, and CSB in 3-month old LEC rats may have contributed to the elevated 

levels of 5-FodU and S-cdA in the liver of these rats. 

It is worth discussing the relative levels of the ROS-induced purine 

cyclonucleosides with respect to 5-HmdU and 5-FodU. In this regard, our results (Figures 

3.2-3.3) revealed that cdA and cdG levels were approximately 2 orders of magnitude 

lower than those of 5-FodU and 5-HmdU in the liver and brain of LEA and LEC rats. The 

relative levels of these lesions reflect a dynamic interplay between the rates of their 

formation and repair in animal tissues. 

Taken together, the age- and genotype-dependent accumulation of oxidative DNA 
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lesions, as revealed in herein, should help in understanding the implications of oxidative 

DNA damage in the pathophysiology of WD, as well as in ageing and ageing-associated 

pathological conditions. 

 

Appendix Materials 

Instrument parameters for LC-MS/MS/MS analysis, LC-MS/MS/MS data, calibration 

curves, and histological grading for liver damage of rats used in this study. This material 

is in Appendix B. 
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Chapter 4 

Induction of 5-Methylcytosine Oxidative Products in Isolated DNA by Fenton-Type 

Reagents  

 

4.1 Abstract 

 Recently, it was demonstrated that ten-eleven translocation (Tet) family 

dioxgenases and thymine DNA glycosylase (TDG) mediate an active demethylation 

pathway for 5-methylcytosine in mammals; in which Tet mediates the sequential 

oxidation of 5-mdC to 5-fodC and then to 5-cadC followed by TDG recognition and 

cleavage of 5-fodC and 5-cadC. Base excision repair can then restore the resulting AP 

site with an unmodified cytosine, completing demethylation of the initial 5-mdC. This is 

the first active demethylation pathway found in mammals. However, endogenous and 

exogenous ROS is capable of generating 5-hmdC and 5-fodC, which may compromise 

genome integrity and result in aberrant gene expression. Furthermore, it has not been 

demonstrated in vitro, whether 5-cadC can be induced by ROS. Fenton-type reactions are 

a major endogenous source of ROS that has been associated with aging, disease, and 

cancer. Here, we examined the formation of 5-mdC oxidation products in isolated DNA 

treated with Fenton-type reagents. We found that all three modified 5-mdC derivatives 

could be induced proportionally with respect to increasing concentrations of Fenton-type 

reagents. 5-hmdC levels were one order of magnitude higher than those of 5-fodC and 5-

cadC. In addition, this is the first evidence indicating that ROS can induce the generation 
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5-cadC. Furthermore, it is possible that ROS can induce 5-fodC and 5-cadC which could 

be recognized by TDG suggesting potential path of inadvertent active demethylation. 

 

4.2 Introduction 

DNA methylation is essential for epigenetic signaling, which regulates many 

important biological processes including genomic imprinting, retrotransposon silencing, 

and X-chromosome inactivation.1-4 This methylation usually is initiated by DNA 

methyltransferases 3a and 3b (DNMT3a and DNMT3b) during embryonic development, 

while DNA methyltransferase 1 (DNMT1) facilitates the maintenance of the DNA 

methylation pattern during cell division.1  In mammals, methylation occurs at the C5 

position of cytosine residues mainly at CpG dinucleotide sites.5 Recently, it was reported 

that an enzyme-mediated demethylation pathway exists, which may enable the dynamic 

regulation of DNA cytosine methylation during development and cellular differentiation.6 

This active demethylation pathway occurs via the oxidation of 5-mdC by the ten-eleven 

translocation (Tet) family dioxygenases Tet1, Tet2, and Tet3, followed by the recognition 

and cleavage of the resulting oxidation products by thymine DNA glycosylase (TDG), 

yielding an unmethylated cytosine.  Briefly, Tet1, Tet2, and Tet3 are responsible for 

sequential enzymatic oxidation of 5-methyl-2'-deoxycytidine (5-mdC) to 5-

hydroxymethyl-2'-deoxycytidine (5-hmdC), 5-formyl-2'-deoxycytidine (5-fodC), and 5-

carboxyl-2'-deoxycytidine (5-caC) (Scheme 4.1).7-9 Furthermore, TDG is capable of 

cleaving 5-foC and 5-caC, and the resulting abasic sites can be recognized by the base-

excision repair (BER) machinery, which ultimately leads to the incorporation of an 
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unmethylated cytosine at the initial 5-mdC site.10 Together, these enzymes comprise the 

first active demethylation pathway known to regulate cytosine methylation in mammalian 

cells.   

Alternatively, the 5-hmC and 5-foC are known to be products of oxidatively-

induced DNA damage.11 While active demethylation by the Tet family dioxygenases is 

suspected to maintain intracellular regulation for a variety of factors, we hypothesize that 

inadvertent demethylation may also occur via reactive oxygen species (ROS)-induced 

oxidation of 5-mdC, where the resulting 5-fodC and 5-cadC may also be recognized by 

TDG thereby giving rise to cytosine demethylation in a process that is independent of Tet 

enzymes.   

Endogenous and exogenous ROS are continuously inflicting damage to proteins, 

lipids, and DNA.  Exogenous ROS such as γ- and Χ-rays are well-known to damage 

DNA, generating lesions including 5-hmC and 5-foC.  Normal aerobic metabolism can 

generate ROS. In this regard, approximately 1 - 3% of cellular O2 combines with 

electrons leaking from the electron transport chain to yield superoxide anion radicals  

(O2
-·).12-14 O2

-· can then be converted to H2O2 by superoxide dismutase.15 H2O2 is freely 

diffusible in the cellular environment and can react with DNA-bound transition metal 

ions, such as Cu(I) and Fe(II), yielding a highly reactive hydroxyl radical (·OH) via a 

Fenton-type reaction (Equation 1).16 

Equation 1:       Cu(I) + H2O2  Cu(II) + ·OH + OH- 
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Scheme 4.1. Chemical structures of oxidized derivatives of 5-mdC.  

 

 

‘dR’ represents 2-deoxyribose 
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Transition metal ions serve as essential components for many intracellular and 

intercellular pathways. However, they have to be highly regulated to minimize their 

induction of ROS via the Fenton-type reaction. Several genetic disorders, such as 

Wilson’s disease and iron overload disease, have deficiencies in regulating and 

maintaining homeostasis of transition metal ions.17, 18  As a result, individuals with these 

diseases are known to be more susceptible to oxidatively-induced DNA damage. 

Previously we demonstrated that the bulky 8,5'-cyclo-2'-deoxyadenosine (cdA) and 8,5’-

cyclo-2'-deoxyguanosine (cdG) lesions are induced in calf thymus DNA when treated 

with Fenton-type reagents.19 Furthermore, we quantified the cadA and cdG levels in 

tissues of Long Evans Cinnamon (LEC) rats, which mimic the cellular conditions 

exhibited in patients with Wilson’s disease.  We found elevated levels of  cdA and cdG in 

LEC rats compared to the controls.20 This result supports transition metal ion-induced , 

oxidative DNA damage in vitro and in vivo. Lesions such as cdA and cdG pose threats to 

genomic integrity since they can impede DNA replication, transcription, and induce 

mutations in these processes.21-23 

Previous studies have demonstrated the generation of 5-hmdC and 5-fodC in 

oligodeoxyribonucleotides (ODN) upon treatment with Fenton-like reagents.11 In the 

present study, we employed LC-MS/MS/MS coupled with stable isotope-dilution method 

to identify and quantify 5-hmdC, 5-fodC, and 5-cadC in calf thymus DNA treated with 

Fenton-type reagents. Our results revealed a dose-dependent formation of all 5-mdC 

oxidative products.  Specifically, to our knowledge, this is the first report demonstrating 

that 5-cadC can be induced at a similar level as 5-fodC by ROS in vitro.  
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4.3 Experimental Procedures 

4.3.1 Materials  

CuCl2, (NH4)2Fe(SO4)2·6H2O, L-methionine, L-ascorbic acid, calf thymus DNA, 

nuclease P1, alkaline phosphatase, and phosphodiesterases 1 and 2 were purchased from 

Sigma-Aldrich (St. Louis, MO). Hydrogen peroxide (30%) and erythro-9-(2-hydroxy-3-

nonyl)adenine (EHNA) hydrochloride were obtained from Fisher Scientific (Fair Lawn, 

NJ) and Tocris Bioscience (Ellisville, MO), respectively. The uniformly [15N]-labeled 5-

hmdC and 5-fodC were synthesized previously (Structures shown in Scheme 1).24, 25 

4.3.2 Synthesis and Characterization of [4-amino-1,3-15N3]-5-Carboxyl-2'-deoxycytidine 

([4-amino-1,3-15N3]-CadC) 

 The title compound was prepared at a micromole scale according to previously 

published methods for the synthesis of the corresponding unlabeled compound with slight 

modifications (Scheme 4.2).26 [4-amino-1,3-15N3]-dC (3.0 mg, 13.0 M) was dissolved in 

dimethylformamide (100 L) and allowed to stir at room temperature (RT) for 10 min. 

Iodine (2.13 mg), followed by m-chloroperbenzoic acid (2.97 mg), was added and 

allowed to stir at RT for 1.5 h. The reaction mixture was then dried using a Speed-

vacuum. The solid residues were reconstituted with water and filtered. The resulting [4-

amino-1,3-15N3]-5-iodo-2'-deoxycytidine ([4-amino-1,3-15N3]-IdC) was purified by 

HPLC.  

 The purified [4-amino-1,3-15N3]-IdC was dissolved in methanol (500 L) and 

bubbled with CO for 30 min.  Subsequently, triphenylphosphine (1.37 mg), triethylamine 
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(2 L) and tris(dibenzylideneacetone)dipalladium(0) (0.81 mg) were added. The reaction 

mixture was stirred overnight at 50 °C under CO atmosphere. The mixture was cooled to 

RT and the resulting solid was removed by filtration.  The resulting [4-amino-1,3-15N3]-

5-methoxycarbonyl-2'-deoxycytidine was readily converted to the desired [4-amino-1,3-

15N3]-cadC by treating with 0.1 M K2CO3 in MeOH/H2O at 40°C overnight. The latter 

compound was isolated from the reaction mixture by HPLC. The identity of [4-amino-

1,3-15N3]-cadC was confirmed by LC-MS/MS analysis and by high-resolution MS 

analysis on an ESI-TOF instrument. The latter measurement gave m/z 273.0636 for the 

[M - H]- ion, whose calculated m/z was 273.0641. 

4.3.3 Treatment of Calf Thymus DNA  

Commercially available calf thymus DNA was desalted by ethanol precipitation 

and reconstituted in 25 mM NaCl and 50 mM phosphate (pH 7.0) buffer.  The DNA was 

then slowly annealed by heating at 90C for 5 min, followed by cooling slowly to room 

temperature. 

Aliquots of DNA (75 g) were incubated at room temperature under aerobic 

conditions for 60 min in a 250-L of reaction buffer (25 mM NaCl, 50 mM phosphate, 

pH 7.0) containing various amounts of CuCl2, H2O2 (0.1-1.6 mM) and ascorbate (1-16 

mM). Chemicals used in the Fenton-type reagent treatment of DNA were freshly 

prepared in doubly distilled water. Detailed concentrations of individual Fenton reagents 

used for the reactions are shown in Table 1. After 60 min, the reactions were terminated 
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Table 4.1. Concentrations of Fenton-Type Reagents Employed for the Treatment of Calf 

Thymus DNAa               

 

aAll reactions were carried out in a 250-L solution containing 75 g of calf thymus DNA. 
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by adding excess L-methionine.  Finally, DNA samples were desalted by ethanol 

precipitation. 

4.3.4 Enzymatic Digestion of DNA 

To the above desalted DNA samples were added 8 units of nuclease P1, 0.01 unit 

of phosphodiesterase 2, 20 nmol of EHNA, and a 20-L solution containing 300 mM 

sodium acetate (pH 5.6) and 10 mM zinc chloride. To prevent the potential deamination 

of adenine induced by residual contamination of adenine deaminase present in some 

commercial preparations of enzymes used for the DNA digestion, EHNA was added to 

the enzymatic digestion mixture.27 After a 48-hr incubation at 37 C, 8 units of alkaline 

phosphatase, 0.02 unit of phosphodiesterase 1, and 40 L of 0.5 M Tris-HCl (pH 8.9) 

were added to the digestion mixture. The solution was further incubated at 37C for 2 h, 

after which the enzymes were removed by chloroform extraction and the solution dried 

using the Speed vacuum. DNA samples were then reconstituted in doubly distilled water 

and concentrations determined using UV-absorption spectrophotometry. To aliquots of 

each mixture were added stable isotope-labeled 5-hmdC (300 fmol), 5-fodC (60 fmol), 

and 5-cadC (50 fmol), (Scheme 4.1).  The resulting aliquots were subjected directly to 

LC-MS/MS analysis (mdC and hmdC), or HPLC enrichment prior to LC-MS/MS/MS 

analysis (fodC and cadC). 
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4.3.5 HPLC Enrichment 

An Apollo C18 column (4.6×250 mm, 5 m in particle size, Grace Davison, 

Deerfield, IL) was used for the enrichment of oxidatively induced 5-mdC products. The 

mobile phases consisted of 10 mM ammonium formate (solution A) and methanol 

(solution B). A gradient of 42 min 1% B, 1 min at 5% B, 17 min 5-15% B, and 10 min 

15-90% B was employed at a  flow rate of 1 mL/min. The HPLC fractions eluting at 2-8 

min and 36-43 min were pooled for cadC and fodC, respectively (Appendix D1). The 

collected fractions were dried in the Speed vacuum, redissolved in H2O, and finally 

subjected to LC-MS/MS/MS analysis. 

4.3.6 LC-MS/MS/MS Analysis of 5-hmdC, 5-fodC, and 5-cadC 

An Agilent 1100 capillary HPLC pump (Agilent Technologies) equipped with a 

SB-C18 Zorbax column (0.5×250 mm, 5 m particle size, Agilent) was used for LC-MS 

separation. A solution of 0.1% (v/v) formic acid in water (solution A) and 0.1% (v/v) 

formic acid in methanol (solution B) were used as mobile phases.  The optimized 

gradient used for LC separation included 0-20% B in 5 min, and 20-70% B in 25 min. 

The flow rate was 8 L/min. 

 The eluent from the LC column was directly coupled to an LTQ linear ion-trap 

mass spectrometer (Thermo), of which the fragmentation of the [M+H]+ ions of labeled 

and unlabeled hmdC, fodC, and cadC were monitored, as well as further fragmentation of 

the corresponding [M+H–116]+ fragments found in MS/MS.  
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4.4 Results 

4.4.1 LC-MS/MS/MS Method for Identification and Quantification of Oxidatively-Induced 

Derivatives of 5-mdC in Calf Thymus DNA Exposed to Cu(II)/H2O2/Ascorbate. 

First we assessed how efficiently Fenton-type reagents could induce all three 

oxidized derivatives of 5-mdC. To this end, we treated calf thymus DNA with various 

concentrations of Cu(II)/H2O2/ascorbate (Table 4.1), which mimics the endogenous 

production of ROS via the Fenton-type reaction. The resulting DNA was digested to 

mononucleosides using a cocktail of four enzymes, and the 5-fodC and 5-cadC were 

enriched from the nucleoside mixture using off-line HPLC, and then analyzed by LC-

MS3 using an isotope-dilution method with [15N]-labeled nucleoside standards. Lesion 

levels were calculated based on peak area ratios of analyte and labeled standards by using 

calibration curves constructed for each lesion (Appendix C2). 

For the analysis of 5-hmdC, we chose to exclude off-line enrichment prior to 

subjecting to LC-MS/MS/MS due to its relatively high abundance. In the LC-MS3, we 

monitored the m/z 258142124 and 261144126 transitions for 5-hmdC and its 

[15N]-labeled counterpart, respectively. The selected-ion chromatograms (SICs) and MS3 

spectra for unlabeled and labeled 5-hmdC are shown in Figure 4.1. The identity of 5-

hmdC was confirmed by the co-elution of components at 20.7 min and by similar 

fragment ions observed for the unlabeled analyte and the [15N]-labeled standard in Figure 

4.1A and B, respectively. Specifically, the ions of m/z 142 and m/z 144 arise from the 

neutral loss of a 116-Da fragment, which is associated with the cleavage of the N-

glycosidic bond and the subsequent loss of the 2-deoxyribose component from the 
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Figure 4.1. Selected-ion chromatograms (SICs) for monitoring the m/z 258142124 

[A, for unlabeled 5-hmdC], and m/z 261144126 [B, for 15N-labeled 5-hmdC] 

transitions in the Cu(II)/H2O2/ascorbate-treated calf thymus DNA after enzymatic 

digestion. MS3 spectrum for unlabeled and labeled 5-hmdC are displayed in each inset. 

This representative SIC corresponds to calf thymus DNA treated under condition C listed 

in Table 4.1. 
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Figure 4.2. Selected-ion chromatograms (SICs) for monitoring the m/z 25614097 [A, 

for unlabeled 5-fodC], and m/z 25914298 [B, for 15N-labeled 5-fodC] transitions in 

the Cu(II)/H2O2/ascorbate-treated calf thymus DNA after enzymatic digestion. MS3 

spectrum for unlabeled and labeled for 5-fodC are displayed in each inset. This 

representative SIC corresponds to calf thymus DNA treated under condition D listed in 

Table 4.1. 
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Figure 4.3. Selected-ion chromatograms (SICs) for monitoring the m/z 272156138 

[A, for unlabeled 5-cadC], and m/z 275159141 [B, for 15N-labeled 5-cadC] 

transitions in the Cu(II)/H2O2/ascorbate-treated calf thymus DNA after enzymatic 

digestion. MS3 spectrum for unlabeled and labeled for 5-cadC are displayed in each inset. 

This representative SIC corresponds to calf thymus DNA treated under condition C listed 

in Table 4.1. 
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[M + H]+ ions of 5-hmdC and [15N]-labeled 5-hmdC, respectively. Further cleavage of 

the ion of m/z 142 leads to the elimination of a H2O molecule to produce a major 

fragment ion at m/z 124. [15N]-labeled 5-hmdC exhibited the same fragment ions for the 

neutral losses of the 116-Da moiety and additional loss of H2O to give product ions of 

m/z 144 and m/z 126, respectively.  

The subsequent oxidation of 5-mdC to 5-hmdC continues on to yield 5-fodC. Due 

to the relatively lower level of formation of 5-fodC and 5-cadC, we chose to employ off-

line HPLC enrichment to provide a cleaner sample matrix for introduction into the LC-

MS. For precise validation and quantification of the 5-fodC, we monitored the m/z 

25614097 and m/z 25914298 transitions for 5-fodC and [15N]-labeled 5-fodC, 

respectively. Figure 4.2 displays representative the SICs for both the analyte and stable 

isotope-labeled 5-fodC, in which both components co-elute at 16.6 min. Ions of m/z 140 

and m/z 142 result from the loss of a 2-deoxyribose moiety from the [M + H]+ ions of the 

unlabeled and [15N]-labeled 5-fodC, respectively. Furthermore, collisional activation of 

the ions of m/z 140 and m/z 142 leads to the loss of a HNCO moiety yielding fragment 

ions of m/z 97 and m/z 98 for 5-fodC and [15N]-labeled 5-fodC, respectively.  

The final oxidative lesion generated from the subsequent oxidation of 5-mdC is 5-

cadC. For this lesion, we also employed the off-line HPLC enrichment in order to 

improve the detection sensitivity of 5-cadC, in addition to removing buffer salts and 

isobaric interferences from the sample matrix. To achieve reliable quantification of 5-

cadC, we monitored the m/z 272156138 and m/z 275159141 transitions for 

unlabeled and [15N]-labeled 5-cadC, respectively. SICs for 5-cadC showed the co-elution 
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of analyte and [15N]-labeled standard at 15.0 min (Figure 4.3). Collisional activation of 

the ions of m/z 272 and m/z 275 again leads to the loss of a 2-deoxyribose for both the 

analyte and internal standard. Subjecting the daughter ions to further collisional 

activation resulted in the loss of a H2O molecule. 

4.4.2 Levels of 5-HmdC, 5-FodC, and 5-CadC Formed in Calf Thymus DNA Exposed 

with Fenton-type Reagents 

For each Fenton-type condition we quantified 5-hmdC, 5-fodC, and 5-cadC using 

the LC-MS3 method detailed above. A summary of the results are given in Table C1 in 

Appendix C and plotted in Figures 4.4 and 4.5, where the levels of the modified 

nucleosides are reported as the number of lesions per 106 nucleosides. Our results showed 

that all three oxidatively-induced 5-mdC lesions were generated by Fenton-type reagents 

in calf thymus DNA in a dose-dependent manner. Levels for 5-hmdC exceeded 650 

lesions per million nucleosides at the highest concentrations of Fenton-type reagents used 

(condition D, Figure 4.4). Furthermore, we compared 5-hmdC levels to previously 

published data for the induction of 5-hmdU and found that 5-hmdC levels were 3.5-fold 

lower than 5-hmdU levels under the same experimental conditions.24 This result suggests 

that the oxidation of 5-mdC to 5-hmdC is more facile than the corresponding oxidation of 

thymine when considering that 5-mdC only constitutes ~1.5% of the calf thymus DNA 

content.28, 29  

5-FodC and 5-cadC were induced at comparable efficiencies, with 5-fodC formed 

at higher levels at lower Fenton concentrations (conditions: Control, A and B; Figure 

4.5), but induction levels were reversed in conditions C and D. Compared to 5-hmdC, 5- 
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Figure 4.4. Cu(II)/H2O2/ascorbate-induced formation of 5-hmdC in calf thymus DNA. 

The values represent the mean + SD of results from three independent experiments. The 

corresponding concentrations of Cu(II) and ascorbate are shown in Table 4.1. 
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Figure 4.5. Cu(II)/H2O2/ascorbate-induced formation of 5-fodC and 5-cadC lesions in 

calf thymus DNA. The values represent the mean + SD of results from three independent 

experiments. The corresponding concentrations of Cu(II) and ascorbate are shown in 

Table 4.1. 
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fodC and 5-cadC were induced at approximately 12-fold lower than in condition D. It is 

of note that, both 5-fodC and 5-cadC demonstrated profound increases with the 

concentrations of the Fenton-type reagents. In this vein, 5-fodC and 5-cadC were induced 

in condition D at levels that are 53- and 59-fold higher relative to the Control condition, 

respectively. On the other hand, the levels of 5-hmdC were only increased by 11-fold, 

when comparing the same conditions. This is mainly attributed to the presence of much 

higher levels of 5-hmdC than 5-fodC and 5-cadC in the initial calf thymus DNA, as 

observed previously for DNA isolated from mammalian cells and tissues.30 Furthermore, 

5-fodC and 5-cadC levels exceeded previously published levels for S-diastereomers for 

cdA and cdG under the similar experimental conditions.19 This could suggest that while 

5-fodC and 5-cadC are induced by Fenton-type reagents at relatively low levels compared 

to other single-nucleobase lesions, such as 8-oxodG or 5-fodU, it is still pertinent to 

understand the effects that oxidative damage can have on the genomic stability and gene 

regulation. 

 

4.5 Discussion 

By employing a robust and sensitive LC-MS/MS/MS couple with stable isotope 

dilution method, we were able to identify and quantify the levels of all three oxidatively 

damaged products of 5-mdC in isolated DNA treated with Cu(II)/H2O2/ascorbate. Our 

results indicated that 5-hmdC, 5-fodC and 5-cadC were generated in a dose-dependent 

manner. 5-HmdC was present at levels that are approximately 1 order of magnitude 

higher than 5-fodC and 5-cadC. In this context, Schiesser et al.31 observed that the 
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conversion of 5-fodC and 5-cadC was minimal when a solution of 5-mdC was exposed to 

air at high temperature (60-80 °C).31 Our observation of similar levels of formation of 5-

fodC and 5-cadC suggests that, in the presence of Fenton-type reagents, the conversion of 

5-fodC to 5-cadC or direct conversion of 5-hmdC to 5-cadC is a relatively efficient 

process. 

When calf thymus DNA was treated with Control, A, and B conditions of Fenton-

type reagents, we noticed higher 5-FodU accumulation compared to 5-cadC. However, in 

conditions C and D, levels of 5-cadC begins to supersede those of 5-FodC, suggesting 

that while the generation of 5-fodC is still occurring, the conversion of 5-fodC to 5-cadC 

occurs more efficiently under increased concentrations Fenton-type reagents. This is 

reminiscent of results from Berthod and Cadet32, who reported that prolonged irradiation 

of thymidine in the presence of 2-methyl-1,4-naphthoquinone under aerobic conditions 

leads to depreciating 5-formyl-2-deoxyuridine (5-fodU) levels and elevated levels of 5-

carboxy-2'-deoxyuridine (5-cadU). In this vein, Berthod and Cadet32 also noted that that 

5-cadU could also be induced by the ·OH-mediated decomposition of thymidine.  

To our knowledge, this is the first time it has been demonstrated that 5-cadC can 

be induced in vitro by ROS via a Fenton-type reagent. Furthermore, the levels of 5-cadC 

and 5-fodC generated in calf thymus DNA are higher than the previously published 

results for S-diastereomers of cdA and cdG incubated with Cu(II)/H2O2/ascorbate.19 

When treated with 100 M H2O2 (condition A), 5-fodC was generated at frequencies that 

are similar as R-cdA and R-cdG; however, at higher doses, 5-fodC and 5-cadC were 

produced at higher levels than those of S-cdA and S-cdG. Although these two lesions are 
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not induced at similar levels as other single-nucleobase lesions like 8-oxodG, small 

amounts could be detrimental to the integrity of the genome as in the case of S-cdA 

accumulation.21, 33 There are numerous documented circumstances in which elevated 

copper concentrations accompany disease and cancer.34  In this vein, we previously 

demonstrated that a deficiency in the orthologue of human Wilson’s disease gene (i.e., 

Atp7b), which results in abnormal accumulation of copper ions in hepatocytes, resulted in 

elevated levels of oxidatively induced cdA and cdG lesions in liver tissues of LEC rats.20 

Therefore, since 5-fodC and 5-cadC are induced at either similar or higher rates in vitro 

compared to the S-diastereomers of cPus, future investigations seeking to unveil whether 

the 5-mdC oxidative derivatives are affected by copper accumulation in vivo should be 

pursued.  

It was recently demonstrated that overexpression of catalytic domain human Tet-1 

fostered marked increases in 5-hmdC, 5-FodC, and 5-cadC.10, 30 In addition, TDG is 

known to exhibit high cleavage efficiencies for 5-fodC and 5-cadC and in its absence 5-

cadC has been shown to accumulate in mouse embryonic stem cells.10 TDG’s inadequate 

recognition and subsequent cleavage of 5-hmdC is sometimes used to explain elevated 

levels of endogenous 5-hmdC.35-37 There is also a recent hypothesis that 5-hmdC may 

serve as an epigenetic mark, thus induction of 5-hmdC could alter the epigenetic 

regulation of gene expression.38  Aberrant epigenetic remodeling of gene expression has 

been associated with cancer development. Under normal cellular environments 5-hmdC 

is likely regulated; however, under conditions of oxidative stress, 5-hmdC generation 

and/or conversion to 5-fodC and 5-cadC may potentially perturb its further epigenetic 
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regulation. Regardless of Tet-mediated oxidation or ROS-induced oxidation, 5-hmdC, 5-

fodC and 5-cadC find themselves in the middle of a 5-mdC active demethylation pathway 

where unwarranted oxidation of 5-mdC or 5-hmdC could lead to the restoration of 

unmethylated cytosine thus having adverse impacts on gene regulation.  

In summary, we employed a sensitive LC-MS/MS/MS coupled with stable-

isotope dilution methods for the quantification of 5-mdC oxidative products in isolated 

DNA treated with Fenton-type reagents. Our results illustrated a dose-dependent 

formation of all three methyl group oxidation products of 5-mdC in the presence of 

Cu(II)/H2O2/ascorbate.  Additionally, to our knowledge, this is the first in vitro 

experiment demonstrating the ROS-induced formation of 5-cadC.  We anticipate that 

under these conditions, which mimic endogenous Fenton-type conditions, the formation 

of 5-hmdC, 5-fodC, and 5-cadC are important not only for assessing oxidative DNA 

damage, but also for their potential roles in the TDG-mediated active demethylation 

pathway. It is suspected that ROS-induced damage may contribute to the onset of aging, 

cancer and other human diseases. Furthermore, ROS-induce active demethylation has the 

potential to generate aberrant epigenetic regulation, ultimately jeopardizing genomic 

integrity. 

 

Appendix Materials 

 HPLC traces for the enrichment of 5-cadC and 5-fodC. Calibration curves for 5-

hmdC, 5-fodC, and 5cadC.Table of numerical results for 5-hmdC, 5-fodC- and 5-cadC 

lesion levels. This material is in Appendix C 
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Chapter 5 

 

Concluding Remarks and Future Direction 

 

 In this dissertation, we utilized LC-MS/MS/MS coupled with the standard 

isotope-dilution method to accurately identify and quantify ROS-induced DNA lesions in 

vitro and in vivo. This method offers unambiguous identification and reliable 

quantification due to the nearly identical chemical properties and ionization efficiencies, 

as well as, analogous fragmentation patterns of the analytes and their corresponding 

isotope-labeled standards when subjected to LC-MS/MS analysis. In addition, we relied 

on off-line HPLC enrichment for the removal of salts and canonical nucleosides for 

improved efficiency in HPLC separation and electrospray ionization. The reliability and 

robustness in the detection and quantification of numerous ROS-induced DNA lesions in 

vitro (Chapter 1 and 4) and in vivo (Chapter 3) have opened possibilities of their use as 

biomarkers for assessing oxidative stress in cancer and other human diseases. 

 In Chapter 2, I assessed the induction of the (5'R) and (5'S) diastereomers of cdA 

and cdG in calf thymus DNA treated with Fenton-type reagents. Fenton-type reagents are 

a major source of endogenous ROS; thus, this transition metal-mediated reaction is 

highly restricted in cells through the regulation of transition metal ions, as well as, the 

regulation of cellular ROS via enzymatic and non-enzymatic means. Despite all these 

pathways in controlling cellular ROS generation, Fenton-type reactions can occur and the 

resulting damage can have catastrophic effects for the genome. Assessing what types of 
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DNA damage can occur and to what extent will increase our understanding of the role of 

ROS-induced DNA damage in aging, cancer and other human diseases. Here we 

demonstrated that elevated concentrations of Fenton-type reagents can induce increased 

generation of cdA and cdG. These results suggest that organisms with deficiencies in 

transition metal ion regulation could have adverse side-effects from accumulation of 

ROS-induced DNA damage. 

 In Chapter 3, building upon the study about the formation of Fenton reagent-

induced cdA and cdG lesions in vitro, we examined the formation of these lesions in 

tissues of Long-Evans Cinnamon rats with a deletion of the Atp7b gene. Rats bearing a 

deletion of the Atp7b gene mimic the attributes of Wilson’s disease. As stated in Chapter 

3, patients with Wilson’s disease have the inability to properly excrete copper into the 

bile. This often results in liver, neurological, and renal abnormities followed by copper 

toxicosis. In addition, it is not uncommon to find that the DNA damage arising from 

copper accumulation worsens with age. Here, we quantified cdA and cdG along with 

single-nucleobase lesions (5-fodU and 5-hmdU) in liver and brain tissues of LEC rats. 

Overall, we found age- and genotype-dependent accumulation of cdA, cdG, 5-fodU, and 

5-hmdU.  It would be interesting, to assess the levels of cdA and cdG in livers of patients 

with Wilson’s disease. However, cdA and cdG lesions can be used as biomarkers for 

assessing oxidative stress in a multitude of models for disease and cancer.  

 Finally in Chapter 4, we changed directions to focus on the potential for 5-mdC 

being demethylated via ROS-induced oxidation of 5-mdC to 5-hmdC, 5-fodC, and 5-
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cadC. Recently, it was demonstrated that 5-mdC could undergo active demethylation via 

a Tet/TDG-mediated base excision repair pathway, to dynamically regulate cytosine 

methylation during development. However, 5-hmdC and 5-fodC are known to be induced 

by ROS. Thus, the removal of the resulting 5-fodC and 5-cadC may be recognized by 

TDG and lead to inadvertent demethylation of 5-mdC. In addition, it remains unexplored 

whether 5-cadC could be induced by ROS. For this reason, we treated calf thymus DNA 

with increasing concentrations of Fenton-type reagents to investigate to what extent ROS 

could generate 5-hmdC, 5-fodC, and 5-cadC. Our results showed that all three oxidative 

lesions of 5-mdC could be generated, where 5-hmdC was produced at a level that is one 

order of magnitude higher than 5-fodC and 5-cadC. Because of their efficient cleavage by 

TDG, 5-fodC and 5-cadC, despite being induced a relatively low rates compared to 5-

hmdC, could have the potential to impose detrimental consequences by resulting in 

aberrant cytosine demethylation. Future studies are needed for the investigation about the 

formation of these lesions by exogenous ROS from 𝛾-rays. Furthermore, it is of interest 

to assess to what levels these lesions exist in tissues of LEC rats due to aberrant 

accumulation of copper ions in hepatocytes.  
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Appendix A 

Supporting Information for Chapter 2 

“Induction of 8,5'-Cyclopurine-2'-deoxynucleosides in Isolated DNA by Fenton-type 

Reagents” 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



 

 120 

 
 
 
Figure A1. HPLC trace of the separation of enzymatic digestion mixture of 

Cu(II)/H2O2/ascorbate-treated calf thymus DNA.  
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Figure A2. Selected-ion chromatograms (SICs) for monitoring the m/z 250164136 

[A, for unlabeled R-cdA] and m/z 255169141 [B, for labeled R-cdA] transitions in 

the nucleoside mixture of Cu(II)/H2O2/ascorbate-treated calf thymus DNA. Shown in the 

insets are the positive-ion MS3 spectra for the unlabeled and labeled R-cdA. The sample 

was treated under conditions B listed in Table 1. 
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Figure A3. SICs for monitoring the m/z 266180163 [A, for unlabeled S-cdG] and m/z 

271185167 [B, for labeled S-cdG] transitions in the nucleoside mixture of 

Cu(II)/H2O2/ascorbate-treated calf thymus DNA. Shown in the insets are the positive-ion 

MS3 spectra for the unlabeled and labeled S-cdG. The sample was treated under 

conditions B listed in Table 1. 
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Figure A4. SICs for the monitoring the m/z 266180163 [A, for unlabeled R-cdG] and 

m/z 271185167 [B, for labeled R-cdG] transitions in the nucleoside mixture of 

Cu/H2O2/ascorbate-treated calf thymus DNA. Shown in the insets are the positive-ion 

MS3 spectra for the unlabeled and labeled R-cdG. 
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Figure A5. Calibration curves for the quantifications of A; S-cdG (filled circle), B; S-cdA 

(filled diamond), C; R-cdG (open circle), and D; R-cdA (open diamond) based on LC-

MS/MS/MS analysis. The results reflect the means and standard deviations of data 

acquired from three independent LC-MS/MS/MS measurements. The amounts of labeled 

S-cdG, S-cdA, R-cdG, and R-cdA used for calibration were 20 fmol, 20 fmol, 40 fmol and 

20 fmol, respectively. 
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Figure A6. Calibration curve for the quantification of 8-oxodG based on LC-MS/MS 

analysis. The amount of labeled 8-oxodG used for the calibration was 500 fmol.  The 

results reflect the means and standard deviations of data acquired from three independent 

LC-MS/MS measurements. 
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Table A1. A summary of the levels (in lesions per 106
 nucleosides) of cdA and cdG in 

calf thymus DNA treated with Cu(II)/H2O2/ascorbate. The data represent the means and 

standard deviations of results from three independent oxidation and LC-MS/MS/MS 

quantification experiments. 

 

  S-cdA S-cdG R-cdA R-cdG 

Control 0.07 ± 0.02 0.60 ± 0.07 0.93 ± 0.02 0.28 ± 0.03 

A 0.17 ± 0.03 1.3 ± 0.3 2.8 ± 0.2 4.5 ± 0.4 

B 0.45 ± 0.12 2.0 ± 0.3 17 ± 2 24 ± 2 

C 2.5 ± 0.2 7.7 ± 1.5 60 ± 7 67 ± 9 

D 18 ± 1 25 ± 4 128 ± 27 145 ± 15 

E 44 ± 1 71 ± 11 440 ± 60 480 ± 67 

 
 

 

Table A2. A summary of the levels (in lesions per 106
 nucleosides) of cdA and cdG in 

calf thymus DNA treated with Fe(II)/H2O2/ascorbate. The data represent the means and 

standard deviations of results from three independent oxidation and LC-MS/MS/MS 

quantification experiments. 

 

  S-cdA S-cdG R-cdA R-cdG 

Control 0.49 ± 0.07 1.1 ± 0.3 1.92 ± 0.04 1.9 ± 0.7 

A 0.04 ± 0.12 1.5 ± 0. 8 2.0 ± 0.1 2.7 ± 0.3 

B 0.76 ± 0.05 2.5 ± 1.1 2.1 ± 0.2 4.7 ± 0.6 

C 1.3 ± 0.1 10 ± 5 15 ± 2 39 ± 13 

D 42 ± 8 210 ± 60 460 ± 15 730 ± 180 

E 125 ± 10 400 ± 10 860 ± 180 1190 ± 280 

 
 
 
Table A3. A summary of the levels (in lesions per 106

 nucleosides) of 8-oxodG in calf 

thymus DNA treated with Fe(II)/H2O2/ascorbate. The data represents the means and 

standard deviations of results from the measurements of three different oxidation and 

quantification experiments. 

 
 

  8-oxodG 

Control 600 ±170 

A 1500 ± 110 

B 3100± 720 

C 12000 ± 2400 

D 42000 ± 3000 

E 57000 ± 7000 
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Appendix B 

Supporting Information for Chapter 3 

 

“Quantification of Oxidative DNA Lesions in Tissues of Long-Evans Cinnamon Rats 

by Capillary High-performance Liquid Chromatography-Tandem Mass 

Spectrometry Coupled with Stable Isotope-dilution Method” 
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Table B1. Optimized instrumental conditions of LC-ESI-MS3 used for the analysis of the lesions measured in this study and 

detection limits of these lesions. The LOD and LOQ represent the means and standard deviations of the results from three 

measurements of the unlabeled lesion standards in three separate days. A constant activation time of 30 ms was employed for 

this experiment. 
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Table B2. A summary of the levels (in lesions per 106 nucleosides) of oxidatively induced lesions in brain and liver tissues of 

rats. The data represent the means and standard deviations of results from the measurements of tissues of three different rats in 

each group (one technical replicate measurement was performed for each tissue DNA). 
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Table B3.  List of primers used for Real-time qRT-PCR experiments.  
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Table B4.  Histological grading of liver damage in rats 

 

Animals N Histology grade (mean) 

LEA rats 

3 mo old 

3 2  0 

LEC+/- rats 

3 mo old 

12 mo old 

 

3 

3 

 

2  0 

2  0 

LEC-/- rats 

1 mo old 

3 mo old 

6 mo old 

 

3 

3 

3 

 

6  2* 

11  1* 

10  2* 

 

Histological grading of tissues was according to Malhi H, Bhargava KK, Afriyie MO, 

Volenberg I, Schilsky ML, Palestro CJ, Gupta S. 99mTc-mebrofenin scintigraphy for 

evaluating liver disease in a rat model of Wilson's disease. J. Nucl. Med. 2002;43:246-

52. 

 

Asterisks = p<0.05 versus LEA rats 
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Table B5. ESI-LC-MS3 Data for constructing the calibration curve for the quantification of 5-FodU. 

 
The concentration of the isotope-labeled 5-FodU was 0.72 M in all solutions used and the injection volume was 5.0 L for each 

measurement. 

 

Table B6. ESI-LC-MS3 Data for constructing the calibration curve for the quantification of 5-HmdU. 

 
The concentration of the isotope-labeled 5-HmdU was 0.50 M in all solutions used and the injection volume was 5.0 L for each 

measurement. 

 



 

 

1
3

3
 

Table B7. ESI-LC-MS3 Data for constructing the calibration curve for the quantification of R-cdG. 

 
The concentration of the isotope-labeled R-cdG was 40 nM in all solutions used and the injection volume was 5.0 L for each 

measurement. 

 

Table B8. ESI-LC-MS3 Data for constructing the calibration curve for the quantification of S-cdG. 

 
The concentration of the isotope-labeled S-cdG was 20 nM in all solutions used and the injection volume was 5.0 L for each 

measurement. 
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Table B9. ESI-LC-MS3 Data for constructing the calibration curve for the quantification of R-cdA. 

 
The concentration of the isotope-labeled R-cdA was 10 nM in all solutions used and the injection volume was 5.0 L for each 

measurement. 

 

Table B10. ESI-LC-MS3 Data for constructing the calibration curve for the quantification of S-cdA. 

 
The concentration of the isotope-labeled S-cdA was 6.0 nM in all solutions used and the injection volume was 5.0 L for each 

measurement.
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Figure B1. A representative HPLC trace for the separation of the synthetic 

mixture of the uniformly 15N-labeled R- and S-cdG. Column, Alltima HP C18 

column (5 m in particle size, Grace Davison, Deerfield, IL), 4.6250 mm; 

mobile phases, water (A) and methanol (B); flow rate, 1 mL/min; elution 

gradient, 0-25 min, 0% B; 25-26 min, 0-2% B; 26-36 min, 2% B; 26-40 min, 

2-20% B; 40-60 min, 20% B. 
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Figure B2. A representative HPLC trace for the separation of the synthetic 

mixture of the uniformly 15N-labeled R- and S-cdA. Column, Alltima HP C18 

column (5 m in particle size, Grace Davison, Deerfield, IL), 4.6250 mm; 

mobile phases, water (A) and methanol (B); flow rate, 1 mL/min; elution 

gradient, 0-40 min, 0% B; 40-41 min, 0-2% B; 41-60 min, 2% B; 60-61 min, 

2-5% B; 61-80 min, 5% B; 80-90 min, 5-20% B; 90-120 min, 20% B. 
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Figure B3. A representative HPLC trace for the separation of the enzymatic 

digestion mixture of genomic DNA from rat tissue. 
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Figure B4. Selected-ion chromatograms (SICs) for monitoring the m/z 

266180163 [A, for unlabeled R-cdG] and m/z 271185167 [B, for 

labeled R-cdG] transitions of the digestion mixture of genomic DNA from the 

liver tissue of a 3-month old LEC-/- rat. Shown in the insets are the positive-ion 

MS3 spectra for the unlabeled and labeled R-cdG. 
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Figure B5. SICs for monitoring the m/z 250164136 [A, for unlabeled S-

cdA] and m/z 255169141 [B, for labeled S-cdA] transitions of the 

digestion mixture of brain nuclear DNA of a 3-month old LEC-/- rat. 
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Figure B6. Selected-ion chromatograms (SICs) for monitoring the m/z 

250164136 [A, for unlabeled R-cdA] and m/z 255169141 [B, for 

labeled R-cdA] transitions of the digestion mixture of genomic DNA from the 

liver tissue of a 6-month old LEC-/- rat. Shown in the insets are the positive-

ion MS3 spectra for the unlabeled and labeled R-cdA. 
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Figure B7. Calibration curve for the quantification of 5-FodU. X axis is the 

molar ratio and Y axis is the peak area ratio. 
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Figure B8. Calibration curve for the quantification of 5-HmdU.  
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Figure B9. Calibration curve for the quantification of R-cdG. 
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Figure B10. Calibration curve for the quantification of S-cdG.  
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Figure B11. Calibration curve for the quantification of R-cdA.  
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Figure B12. Calibration curve for the quantification of S-cdA.  
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Figure B13.  The mRNA levels of NTHL1, NEIL1, XPA, ERCC1, CSA and 

CSB in the livers (A) and brains (B) of LEC+/- (3m or 12m) rats. The results 

were obtained by real-time qRT-PCR with the use of GAPDH as standard. The 

data represent the mean  S.D. of three separate experiments. 
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Appendix C  

Supporting Information for Chapter 4 

“Induction of 8,5'-Cyclopurine-2'-deoxynucleosides in Isolated DNA by Fenton-

Type Reagents” 
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Figure C1. Representative HPLC trace for the enrichment of 5-fodC and 5-hmdC from 

the enzymatic digestion mixture from isolated Calf Thymus DNA treated with 

Cu(II)/H2O2/ascorbate. 
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Figure C2. Calibration curve for the quantification of 5-hmdC by LC-MS/MS/MS with 

stable isotope dilution method. Plotted is the peak are ratios (5-hmdC/labeled 5-hmdC) 

with respect to the molar ratio of the unlabeled nucleoside over that of the corresponding 

stable isotope-labeled standard of 5-hmdC (30 fmol). 
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Figure C3. Calibration curve for the quantification of 5-fodC by LC-MS/MS/MS with 

stable isotope dilution method. Plotted is the peak are ratios (5-fodC/labeled 5-fodC) with 

respect to the molar ratio of the unlabeled nucleoside over that of the corresponding 

stable isotope-labeled standard of 5-fodC (30 fmol). 
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Figure C4. Calibration curve for the quantification of 5-cadC by LC-MS/MS/MS with 

stable isotope dilution method. Plotted is the peak are ratios (5-cadC/labeled 5-cadC) 

with respect to the molar ratio of the unlabeled nucleoside over that of the corresponding 

stable isotope-labeled standard of 5-cadC (25 fmol). 
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Table C1: A summary of the levels (in lesions per 106 nucleosides) of cdA and cdG in 

calf thymus DNA treated with Cu(II)/H2O2/ascorbate. The data represent the means and 

standard deviations of results from three independent oxidation and LC-MS/MS/MS 

quantification experiments. 

  5-hmdC 5-fodC 5-cadC 

Control  61 ± 10 0.87 ± 0.47 1.2 ± 0.1 

A 179 ± 29 7.6 ± 1.1 3.1 ± 0.3 

B 285 ± 51 12.2 ± 3.8 9.7 ± 2.4 

C 442 ± 46 28.0 ± 8.8 29.2 ± 5.9 

D 683 ± 38 46.8 ± 6.0 67 ± 18 

 

 

 




