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Abstract 

DNA is constantly damaged by exogenous and endogenous agents, generating a range of 

nucleobase lesions. It is important to understand the biological consequences and repair 

mechanisms of DNA adducts. Cellular proteins can become covalently trapped on DNA 

to generate DNA-protein crosslinks (DPCs). Because of their unusually bulky nature, 

DPCs are anticipated to block many cellular processes including replication, 

transcription, and repair. However, cellular effects of DPCs have not been fully 

elucidated. Chapter 1 of this thesis provides background information on the formation, 

biological consequences, and repair pathways of DPCs studied in previous studies.  

In Chapter 2, we employed a quantitative nanoLC-ESI+-MS/MS assay to investigate the 

formation of free radical-induced DPCs between thymidine in DNA and tyrosine 

sidechains of proteins. This methodology was used to examine the role of SPRTN 

protease and immunoproteasome in DPC repair in human cells and mouse models.  

In Chapter 3, a mass spectrometry based CTAB assay was used to study the effects of 

DNA-peptide crosslinks on transcription in human cells. We constructed plasmid 

molecules containing DPCs between C5 of dC and lysine sidechains of polypeptides in 

order to mimic conjugates that form endogenously at DNA epigenetic marks (5-formylc-

dC). Lesion bearing and control plasmids were transfected into human cells, and the 

amounts of RNA transcripts were determined using a mass spectrometry based approach. 

Moreover, DNA lesion bearing plasmid models were used to determine the importance of 

NER pathway in DPC repair. In Chapter 4, we investigated in vivo formation of DPCs in 

cells exposed to monofunctional alkylating agent, methyl methanesulfonate (MMS). A 

mass spectrometry-based TMT proteomics approach was used to characterize MMS-



iii 
 

induced DNA-protein cross-linking in Chinese hamster lung fibroblasts (V79). utilizing 

Our results revealed that DPCs can be produced via nucleophilic attack of proteins at the 

C8 position of N7-methylguanine (MdG). Our results revealed novel DPC formation 

mechanisms and the toxicities of monofunctional agent induced DPCs. 

In summary, mass spectrometry-based quantification was used to the amounts of free 

radical induced DPCs in cells, providing evidence for the role of DPC proteolysis in 

repair, while CTAB assay demonstrated the effect of endogenously formed DPCs on 

transcription. Moreover, a mass spectrometry-based methodology was applied to examine 

a novel DPC formation mechanism following treatment with monofunctional alkylating 

agents. 
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I. Introduction 
 

1.1. DNA Damage and Its Biological Influence 

Living cells store genetic information in the form of DNA. However, DNA is 

continuously damaged by various endogenous and exogenous agents. DNA damage can 

be caused by many exogenous agents, including ultraviolet light (UV)1, ionizing radiation 

(IR)2, reactive metabolites3–5, and anti-cancer drugs6, as well as many endogenous agents, 

such as aldehydes formed from lipid peroxidation5,7 and reactive oxygen species (ROS)8. 

When these agents react with DNA, it can induce multiple types of DNA damages such 

as nucleobase monoadducts, DNA-intra/inter Crosslinks, DNA-protein Crosslinks (DPC), 

and strand breaks9,10 (Figure 1.1.).  

DNA damage can lead to a loss of genetic integrity by inducing errors during 

DNA replication, resulting in mutagenesis, cancer, or apoptosis11. Thus, DNA adducts 

should be recognized and repaired by cellular pathways11–14. Because these different 

types of DNA lesions are generated in cells15–18, it is important to understand the 

biological consequences that can be caused by these lesions8.  
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Figure 1.1. Type of DNA Damage and the Known DNA Repair Pathways 
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1.2. DNA-Protein Crosslinks 

Irreversible (covalent) trapping of proteins on DNA generates unusually bulky DNA 

lesions called DNA-Protein Crosslinks (DPCs). DPCs can be created by many different 

mechanisms and involve hundreds of protein and many positions of DNA, leading to a 

wide range of structurally diverse lesions.  For example, DPCs can involve abasis sites in 

DNA. When protonation of the N7-positions of purines stimulates the cleavage of the 

glycosidic bond to yield a free base and an oxycarbenium ion, the latter undergoes 

hydrolysis to yield an abasic site (AP site)19–21 (Scheme 1.1.). More than 10,000 AP sites 

are generated in a cell per day via depurination19, and the AP sites engage in secondary 

reactions with nearby bases in the DNA or amino acids in the protein, resulting additional 

DNA damages. Abstraction of a proton adjacent to the aldehyde group leads to β-

elimination, inducing single strand breaks21,22. Alternatively, the open form of the abasic 

site reacts lysine residues of histones to form DPCs via Schiff base formation (Scheme 

1.1.).  

Due to their bulky nature, DPCs are known to block replication, transcription, and 

repair23–26. Nakano et al. demonstrated that DPCs with a size over 14.1 kDa completely 

block helicases, while smaller DPCs can be bypassed with low efficiency24. DPCs also 

interfere with key DNA-protein interactions required for replication and transcription27. 

Recent studies suggest that DPC formation may contribute to human diseases, such as 

cancer, heart disease, and aging problems28–30. Therefore, several methods, including 

mass spectrometry, were used to investigate DPC formation in cells, revealing that 

hundreds of proteins are capable of forming crosslinks with DNA31–33. However, because 

different cross-linking agents induce DPC through distinct mechanisms17, the structures 
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and biological effects of DPCs has not been fully elucidated. Moreover, there are 

controversial opinions on the DPC repair mechanisms34. An improved understanding of 

the mechanisms of DPCs formation and their repair pathways is needed to comprehend 

the biological consequences of DPCs. 
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Scheme 1.1. Depurination of N7-Alkylated Guanine and Subsequent Reactions of 

Abasic Sites Leading to DPC formation A) Protonation of a purine cleavages the 

glycosidic bond to yield a free base and an oxycarbenium ion (3), the resulting ion 

undergoes hydrolysis to yield an abasic site (4, AP site). (B) a lysine residue of histone 

(yellow circle) reacts with the aldehyde group (5) to form DPC (8) via Schiff base 

formation. 
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1.2.1. Types of DPC Formation in Cells. 

DPCs can be classified into two groups; enzymatic and non-enzymatic DPCs. Enzymatic 

DPCs are generated when intermediates of enzyme activities are trapped on their DNA 

substrate. Topoisomerases and DNA polymerases are the good examples of proteins that 

commonly form enzymatic DPCs 35,36. Non-enzymatic DPCs are formed when 

endogenous and exogenous agents induce non-specific crosslinking of any protein in the 

vicinity of DNA. For example, cisplatin, a common anticancer agent, induces non-

enzymatic DPCs37. 

 

1.2.2. DPC Formation in Cells. 

Formaldehyde (FA) induced DPCs are one of the most extensively studied DPC inducing 

agents (Figure 1.2.). Humans are exposed to FA in industrial and household 

environments due to consumer products38,39, and it is also produced in cells endogenously 

as a product of methylamine deamination40 and histone demethylation41,42. It has been 

shown that FA induces several types of DNA lesions resulting point mutations and gene 

deletions38. Interestingly, FA-mediated DPCs are formed between lysine, histidine, 

tryptophan, and cysteine residues of proteins and dG, dA, and dC nucleosides of 

DNA43,44,45. FA induced histone-DNA crosslinks may play a role FA in tumorigenesis 

and carcinogenesis30,46. 

 

DPCs can also be induced by exogenous bifunctional alkylating agents such as 

nitrogen mustards (NM). NM, a type of anticancer drugs, are used in chemotherapy 

regimens for lymphoma, leukemia, myeloma, breast and brain cancers47. NMs can form 

reactive aziridinium ions which alkylate nucleophilic positions on DNA and proteins to 
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form DPCs (Figure 1.2.).  A dose-dependent increase of DPCs has been detected in 

human HT1080 cells treated with 0 - 500 µM of phosphoramide mustard (PM)48. 

Interestingly, Hansson et al. showed that 60 – 70% of total cross-linked lesions were 

identified as DPCs via alkaline elution analyses49. Work in our laboratory has revealed 

that NM-induced DPCs can form between the N7 position of guanine and cysteine 

residues of proteins50–52, whereas mass spectrometry-based proteomic studies revealed 

that the crosslinked proteins play a role in chromatin organization, DNA repair, 

replication and transcription48. 

 

In summary, DPC lesions are structurally complex and may occur at multiple sites of 

proteins and DNA. Because of their unusually large size and their ability to block 

replication and transcription, cellular DPCs must be efficiently removed to avoid 

mutagenicity and cell death.  
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Figure 1.2. Mechanism of DPC formation by FA (A) and NM (B) 
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1.3. DPC-inducing Agents Studied in This Thesis 

1.3.1. Reactive Oxygen Species (ROS) 

Reactive oxygen species (ROS) are radical and non-radical oxygen species formed from 

the partial reduction of oxygen. Superoxide anion (O2•
−), hydroxyl radical (•OH), 

hydroperoxyl radial (HO2•), alkoxyl radicals (RO•), and peroxyl radicals (ROO•) are 

known as oxygen radicals, whereas singlet oxygen (1O2), hydrogen peroxide (H2O2), 

peroxynitrous acid (ONOOH), hypochlorous acid (HOCl), hypobromous acid (HOBr), 

hypothiocyanous acid (HOSCN) and organic peroxide (ROOH) are classified as non-

radical forms (Table 1.1.). Due to their intrinsic instability, ROS can react with DNA, 

affecting the integrity of DNA in the cell53. For example, all five carbon positions of the 

2’-deoxyribose sugar (dR) can undergo proton abstraction by •OH to induce direct strand 

scission and electrophilic moieties54–56 (Figure 1.3.). Moreover, hydroxyl radical can be 

added to the double bonds of DNA bases57. •OH addition to C8 of the guanine bases 

generates 8-hydroxy-7,8-dihydroguan-8-yl radicalswhich undergo further reactions to 

form 8-oxo-7,8-dihydroguanine (8-oxo-dG) and 2,6-diamino-4-hydroxy-5-

formamidopyrimidine (Fapy-Gua) (Scheme 1.2.). Similarly, •OH can be added to C5 and 

C6 of thymine, making C5-yl and C6-yl radicals, respectively58. O2 addition to the radical 

sites yields thymine hydroperoxides, which will undergo subsequent reactions to form the 

5,6-dihydroxy-5,6-dihydrothymine (Thy-Gly)59–61 (Scheme 1.2.).  
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Table 1.1. Reactive Oxygen Species 

 

Reactive Oxygen Species 

Oxygen Free radicals Organic Free Radicals 

1O2
  Singlet oxygen ROO• Peroxyl radical 

•O2– Superoxide anion RO• Alkoxy radical 

•OH Hydroxyl radical     

•HO2 Hydroperoxyl radical     

Non-radical Oxidant Others 

H2O2 Hydrogen peroxide HOCl Hypochlorous acid 

ONOOH Peroxynitrous acid  HOBr Hypobromous acid  

ROOH Peroxide HOSCN Hypothiocyanous acid  

        

  

 



11 
 

Figure 1.3. DNA Adducts Produced by Hydrogen Abstraction from 2’-Deoxyribose 

Sugar of DNA. Hydroxyl radical can abstraction hydrogen from the different position of 

2-deoxyribose sugar to yield different electrophilic lesions, inducing strand scission and 

crosslinks. 

 
 
 



12 
 

Scheme 1.2. Mechanism of ROS-induced Imidazole Ring Opening in Purine. A) 

Hydroxyl radical can attack the C8 position of guanine to produce 8-hydroxy-7,8-

dihydroguan-8-yl radicals, which give rise to 8-oxo-7,8-dihydroguanine (8-oxo-dG) via 

oxidation and 2,6-diamino-4-hydroxy-5-formamidopyrimidine (Fapy-Gua) via reduction. 

B) Hydroxyl radical can attack C5 and C6 of thymine to yield radicals, which can 

generate thymine hydroperoxides and thymine glycol (Thy-Gly). 
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1.3.1.1. Endogenous Formation of Reactive Oxygen Species  

Mitochondrial respiration is known as the major source of ROS in cells62,63. Mitochondria 

reduce oxygen to form water molecules through the Electron Transport Chain (ETC). The 

ETC consists of four complexes - Complex I (NADH ubiquinone oxidoreductase), 

Complex II (succinate dehydrogenase), Complex III (ubiquinol cytochrome c 

oxidoreductase) and Complex IV (cytochrome c oxidase), as well as additional proteins 

including coenzyme Q and cytochrome c. Complex I and II accept electrons from NADH 

and succinate respectively, and these electrons are transferred to Complex III via 

coenzyme Q. Later, Complex III transfers electron to Complex IV via cytochrome c to 

reduce oxygen and to produce water molecules.  

 

However, during the ETC cycle, some portion of oxygen can be partially reduced to 

superoxide (O2˙
-), leading to unexpected reactions. For example, when coenzyme Q 

receives electrons from Complex I and II, coenzyme Q is reduced into the QH2 form via 

the formation of an unstable intermediate semiquinone anion (˙Q-). This semiquinone 

anion transfers electrons to oxygens, and O2˙
- is released into both the mitochondrial 

matrix and the intermembrane space. The resulting superoxide anion is converted to 

hydrogen peroxide (H2O2) by the mitochondrial superoxide dismutase (SOD) and 

produces hydroxyl radicals which can damage DNA molecules and hinder normal 

functions of the cell 56,64.  

 

Peroxisome also has ability to transfer the electrons from various metabolite to the 

oxygen, whereas beta-oxidation of fatty acids is used as the source to produce H2O2 
65. 
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Several enzymes, including amino acid oxidase and xanthine oxidase, has been shown to 

produce different ROS66. Moreover, ROS can be produced during immune response and 

inflammation57,67,68. For example, macrophage activation increases O2 uptake, which can 

lead to a rise of various ROS69.  

 

1.3.1.2. Exogenously Induced Formation of Reactive Oxygen Species  

ROS can also be produced by exogenous agents, such as IR and UV irradiation. 

Gamma radiation can excite cellular water molecules, generating ROS70; the water 

molecules are sequentially converted to hydroxyl radicals, superoxide radicals, and 

finally hydrogen peroxide. Moreover, UV exposure can indirectly induce ROS generation 

through photosensitization. When photosensitizers (nucleic acids, aromatic amino acids, 

NADH, NADPH etc.) absorb energy from UV, the excited photosensitizer interacts with 

a target biomolecule, such as oxygen, to yield singlet oxygen and superoxide anions71. In 

addition, recent studies have shown that ROS regeneration can be initiated by cigarette 

smoke and urban air72,73, as well as during alcohol consumption74,75. 

 

1.3.1.3. ROS induced DNA-Protein Crosslinks 

When a nucleophilic site of a protein reacts with a ROS-induced DNA lesion, a DPC can 

be generated though secondary reactions76,77. For example, when a hydroxyl radical is 

added to the C8’ position of guanine, it forms 8-oxo-dG and Fapy-Gua60,61. The one-

electron oxidation of the radical creates 8-oxo-dG, while the reduction generates Fapy-

Gua by opening the imidazole ring18,78. Interestingly, the C1' position of 8-oxo-Gua can 

make a covalent bond with the N-terminal proline of E. coli formamidopyrimidine 
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glycosylase (FPG) during base excision repair79. Similarly, 8-oxo-guanine DNA 

glycosylase (Ogg) can be crosslinked to DNA through its lysine residues (Scheme 1.3.) 

80. Furthermore, when a free radical attacks the 5’-methyl group of thymidine to yield 5-

(uracilyl)methyl radical, the C3’ position of a neighboring tyrosine can react with the 

radical, generating thymidine-tyrosine (dT-Tyr) cross-links81,82. This structure was used 

to investigate the role of proteolysis in the repair of DPCs in mouse and human cells in 

Chapter 2. 
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Scheme 1.3. Mechanism of 8-oxo-dG mediated DPC Formation. 8-oxo-guanine DNA 

glycosylase (Ogg) displaces 8-oxo-dG and forms a reversible crosslink with DNA 

through its lysine residues. 
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1.3.2. Ionizing Radiation 

DNA can be damaged by IR via direct and indirect mechanisms. When DNA is exposed 

to IR, electrons can be directly removed from DNA bases to form radical cations, which 

undergo decomposition. Alternatively, water molecules can be excited to produce 

reactive oxygen species such as •OH, which attack DNA and generate DNA radials, 

followed by further reactions and decomposition. DNA lesions produced by IR are 

structurally identical to those formed by ROS58,83,84. Similar to DNA, radiation energy 

induces protein radicals, which decay by themselves. However, these DNA and protein 

radicals undergo secondary reactions alternatively with the proximal constituents of 

proteins and DNA, inducing DPC85. 

 

1.3.3. Methyl Methanesulfonate 

Methyl methanesulfonate (MMS), a model compound for methylating agents, is a 

powerful genotoxic agent which produces a wide spectrum of DNA methyl adducts. 

MMS methylates nitrogen atoms of  DNA to form a range of methylated lesions. For 

example, MMS modifies both guanine and adenine to produce N7-methylguanine (N7-

MeG, or MdG) and 3-methlyladenine (N3-MeA), comprising 82% and 11% of all DNA 

adducts, respectively (Figure 1.4.) 86,87. These lesions are known to cause base 

mispairing and replication blocks86. Cells use the base excision repair (BER) pathway to 

repair alkylating agent-induced DNA damage88. Specifically, N-methylpurine DNA 

glycosylase removes N7-MeG, N3-MeA, and N3-MeG 89, and apurinic endonuclease 1 

(APE1) removes abasic (AP) sites, leading to the formation of single strand breaks90,91. 

Moreover, the cytotoxicity of MMS-induced damage increases in cells where other DNA 



18 
 

repair pathways are compromised. Specifically, DNA double strand breaks (DSB) were 

increased in homologous recombination (HR) deficient cells92. Therefore, MMS was 

known as DNA double-strand break (DSB) agent for many years, including in some 

recent publications. However, it is now believed that MMS stalls replication forks, and 

HR is important for repair of MMS damaged replication forks93. Interestingly, Yang et al. 

showed that monofunctional agents also have abilities to induce DPC94. Therefore, MMS 

induced DPC formations in vivo have been investigated in the Chapter 4 of the thesis. 
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Figure 1.4. Mechanism of MdG Formation by MMS MMS attacks the N7 of guanine 

to produce a methyl adduct. 
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1.3.4. 5-Formylcytosine Epigenetic Marks 

DNA methylation occur at the C5’ position of cytosine in DNA. DNA methyltransferases 

(DNMT) methylate the C-5 position of cytosine residues that are adjacent to a guanine 

nucleotide (CG sites) to produce two methylated cytosine residues (5-methylcytosine, 

5mC) positioning diagonally on opposite DNA strands95,96. Furthermore, that it has been 

reported that different members of the DNMT family have distinct functions. For 

example, DNMT3a and DNMT3b are responsible for de novo methylation of DNA, 

whereas DNMT1 maintains DNA methylation during semiconservative replication97,98. 

DNA methylation has been shown to play an important role in gene expression by 

blocking transcription factors from binding to the promoter region of a gene and 

recruiting chromatin remodeling machinery. Suzuki et al. showed that higher level of 

methylation in a promotor region causes lower transcription99. However, the actual 

mechanism of how the methylation regulates gene expression is still unknown. Recent 

studies have demonstrated that 5mC can be converted to other epigenetic marks. Ten 

eleven translocation dioxygenases (TET1-3) mediate the iterative oxidation of 5mC to 

5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and 5-carboxylcytosine 

(5caC)100. Because the concentration of 5hmC is dramatically decreased in tumors 101,102, 

it has been suggested that oxidized forms of 5mC play an important role in gene 

expression. Among the oxidized forms, 5fC may have the ability to regulate gene 

expression due to the presence of an aldehyde group in its structure. This aldehyde group 

can react with cellular nucleophiles such as amino acids, polypeptides, and proteins. 

Moreover, significantly greater numbers of nuclear proteins have higher affinity for 5fC 

than 5mC, 5hmC and 5caC103,104. Interestingly, the Tretyakova group found that histone 
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proteins, such as H2A and H4, can make a reversible conjugate with 5fC-containing 

DNA via Schiff base; proteins containing Lys and Arg residues can form crosslinks to the 

formyl group of 5fC (Scheme 1.4.). Therefore, reversible conjugation between regulatory 

proteins and 5fC in DNA may play a role in chromatin dynamics and epigenetic 

regulation. Conversely, DNA replication, transcription, and repair can be blocked due to 

5fC mediated DPCs9,105,106. 
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Scheme 1.4. Schematic of 5fC mediated DPC Formation Once 5mC is modified to 

5fC, it reacts with a nucleophilic residue of protein to make a DPC via Schiff base 

formation which can be stabilized after reduction. 
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1.4. DPC Repair Pathways 

1.4.1. Significance of DNA-Protein Crosslink Repair 

The study of DPC repair will improve the understanding of the role that endogenous 

DPCs play in human disease. An increased level of DPC lesions was detected in 

cancer107–109 and appears to contribute to aging problems, such as Alzheimer's and 

Parkinson's diseases.28,110. Furthermore, the Tretyakova group has identified an increase 

in the levels of DPCs in cardiomyocytes from a rat model of ischemia/reperfusion 

injury111. Therefore, it is possible that deficient DPC repair can play a role in these 

common human diseases. 

 

Most classical anticancer chemotherapeutics induce the formation of bulky DNA adducts, 

such as DNA-DNA and DNA-Protein crosslinks (DPC). These types of DNA damage are 

hypothesized to block major DNA-dependent cellular pathways, including transcription 

and replication9. In order to increase the therapeutic efficiency of antitumor drugs and to 

understand inter-individual differences in response to therapy, it is crucial to elucidate 

cellular mechanisms triggered in response to these bulky DNA lesions. 

 

1.4.2. DPC Repair by Canonical Repair Pathways 

There are three general tactics that can be applied in order to remove DPCs (Scheme 

1.5.): 1) breaking the DNA-protein covalent bond, 2) removing and replacing DNA 

regions containing DPCs and 3) degrading crosslinked proteins to peptide fragments that 

will allow bypass at the replication fork. Topoisomerase I and II (TOP1 and TOP2) and 

their Tyrosyl-DNA phosphodiesterases (TDP1 and TDP2) are clear examples of direct 



24 
 

crosslink hydrolysis activities; the recruitment of TDP1 and TDP2 hydrolyzes the 

phosphodiesterase bond between DNA and tyrosine residues of TOP1 and TOP2, 

respectively112. However, targeting the DNA-protein bond has limitations in the interface 

accessibility and the requirement of specialized repair enzymes to remove each specific 

type of DPC. Also, this mechanism appears to be limited to DPCs involving 

topoisomerase-DNA intermediates. To overcome these limitations, cell must utilize more 

general repair mechanisms to deal with other types of DPC lesions. 
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Scheme 1.5. Three strategies to Remove DPC A) if DNA crosslinked protein is 

topoisomerase, tyrosyl-DNA phosphodiesterase (TDP) can remove DPC by breaking 

covalent bond through hydrolysis. B) MRN complex cleave DPC by removing DNA 

sequence nearby through endonuclease activity. The resulting shorter DNA without DPC 

is repaired by HR or NHEJ. C) SPRTN function as protease to degrade crosslinked 

proteins into short peptides that bypass the replication fork. 
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Recent studies suggested that nucleotide excision repair (NER) and homologous 

recombination (HR) orchestrate to repair DPCs and maintain genomic integrity113. Work 

by De Graaf et al. demonstrated that NER can repair FA-induced DPCs114, while Stingele 

et al. showed that NER is dominant in DPC repair in yeast115. Moreover, several studies 

have demonstrated that mammalian NER can remove DPCs in vitro and in vivo116–119. 

Because NER only excises a region of damaged DNA strand containing a bulky lesion, 

DNA polymerases and ligases must be recruited to the complementary stand to repair the 

excised regions. However, NER is known to repair DPC sites with a protein size of 10 

kDa or less116, and is not available during replication. Therefore, proteases are required to 

degrade the crosslinked proteins into smaller fragments when the replication forks 

encounter a DPC site. Interestingly, another lesion tolerance mechanism called trans-

lesion synthesis (TLS), which recruits TLS polymerases that tolerate DNA lesions, is 

available in cells 120,121. This process permits replicative bypass of DNA lesion so that 

canonical DNA repair pathways can repair them at a later stage122. However, TLS 

polymerases cannot accommodate large DPCs in their active site and require DPC 

proteolysis.  

Double strand break (DSB) can be generated by DPCs, leaving the DPC at the end of a 

DSB strand. When a DPC is present at the 5’ end or 3’ end of dsDNA, the MRE11-

Rad50-NBS1(MRN) complex activates its intrinsic endonucleolytic incision mechanisms 

to remove the DPC by cleaving several base pairs at the end of dsDNA123,124. For 

example, the MRN complex cleaves 15-20bp downstream of TOP2 cleavage complex 

(TOP2cc)123,125. The resulting ‘shorter’ dsDNA without a DPC can be repaired by HR. 

However, undamaged complementary strands must be recruited to recover the lost 
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sequence information. Furthermore, the involvement of HR in DPC repair has not been 

fully elucidated. Although FA-induced damages were more cytotoxic in HR-deficient 

E.coli117, other pathways including Fanconi anemia can be activated to response to the 

various types of FA-induced DNA damage, not DPCs alone. Interestingly, Chesner et al. 

showed that HR is crucial to repair DPCs in mammalian cells through a quantitative 

PCR-based assay, by transfecting DPC containing plasmids126. Therefore, further studies 

are required to determine whether double-strand break repair pathways such as the 

Fanconi anemia pathway, non-homologous end-joining, and microhomology mediated 

end-joining are involved in DPC repair pathways. 

 

1.4.3. Endogenous DNA Damage by Attempted DNA repair 

The eleven DNA glycosylases in mammalian cells recognize DNA lesions and initiate 

BER127, leaving an AP site in the DNA128. The resulting AP sites are incised by an AP 

endonuclease129,130 to generate a normal 3′ OH that can be used as a primer by DNA 

polymerase, and a 5′ end bearing the abasic 2-deoxyribose-5-phosphate (5′-dRP). During 

Short Patch BER, Polβ is recruited to 5′-dRP131 and form a covalent linkage to the DNA 

during its lyase reaction. However, enzyme attack on some lesions form a stable covalent 

link to the DNA132. For example, oxidation at the C1’ position of the 2’-deoxyribose 

sugar can lead to the formation of deoxyribonolactone (dL), thus leading to DPC 

formation with endonuclease III (Endo III) and DNA polymerase β (Pol β)133,134 (Figure 

1.5.). Moreover, this has also been shown to obstruct BER steps132. Therefore, attempted 

DNA repair on some lesions often results in further damage135–137. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dna-glycosylase
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/mammalian-cell
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Figure 1.5. DNA Damage by Attempted DNA repair Hydroxyl radicals induce the 

formation of dL in DNA. DNA polymerase form a stable amide linkage to the lesion 

during its enzymatic activity. 
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1.4.4. Novel DPC-Proteolysis Repair  

1.4.4.1. Spartan DPC Protease in DPC Repair 

Recent studies suggest that Spartan (SPRTN) protease plays a critical role in DPC repair 

pathways. The novel proteolytic DPC repair pathway was found in yeast initially as Wss1 

replaced the role of TDP1 in formaldehyde-induced DPC repair in tdp1 deficient cells138. 

This finding provided a clue which helped identify the role of SPRTN-mediated 

proteolysis during DPC repair, since Wss1 and SPRTN show similarities in their 

structures139. Several studies demonstrated that SPRTN knockout is embryonic lethal and 

showed incomplete DNA replication, formation of micronuclei and chromatin bridges, 

leading to the cell death109,140. Moreover, it has been reported that SPRTN mutations 

cause Ruijs-Aalfs syndrome (RJALS)109,141, and patients with SPRTN mutation suffer 

hepatocellular carcinoma at young age due to the high level of DPCs in their 

liver108,109,140,142. Therefore, by elucidating the role of SPRTN, the role of DPC repair in 

common human diseases can be better understood.  

 

SPRTN contains several distinct motifs; the putative zinc metalloprotease domain (SprT), 

DNA binding domain (KKGK box), p97 interaction domain (SHP), PCNA interacting 

domain (PIP), and C terminal ubiquitin-interacting domain (UBZ)143 (Scheme 1.6.). 

SPRTN is known to regulate DNA damage response by assisting p97 to stalled 

replication forks144 and is recruited to damaged DNA by ubiquitinated PCNA and 

RAD18145. Interestingly, the N-terminal SprT domain of SPRTN, which contains a 

HexxH motif, negatively regulates TLS by changing the interaction of POLD3, a subunit 

of replicative polymerase with Rev1 and pol ζ146. This finding implies that SPRTN 
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interacts with replicative polymerase and that this regulation may affect mutagenesis. 

Moreover, since Rev1 interacts with Rev7 directly to regulate pol ζ147, it is suggested that 

SPRTN may play a critical role in the negative regulation of pol δ / pol ζ switching. The 

importance of SPRTN-TLS polymerase interactions has also been reported by showing 

that SPRTN can help pol η target DNA damage sites140,145,148–150. However, the 

connection between DNA binding and Ub-PCNA binding by SPRTN-involved-pathways, 

and the role of SPRTN during polymerase switching mechanisms are unclear and thus 

should be investigated further109,140,145. 
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Scheme 1.6. Domain Structure of Homosapien SPRTN SPRTN contain SprT, SHP, 

PIP, and UBZ domain144.  

 

 

 

Domain in SPRTN 

SprT  Zinc metalloprotease domain  

HE HExxH motif 

KKGK KKGK box for DNA binding   

SHP p97 interaction domain 

PIP PCNA binding domain 
UBZ  Ubiquitin binding domain 
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SPRTN has high binding affinity to DNA, with a Kd value of 100 nM151, and the KKGK 

box in SPRTN N-terminal regulates DNA-binding activity148. A mutation study on this 

site displayed a decrease in the amount of chromatin-bound SPRTN and an increase in 

the amount of non-chromatin-bound SPRTN, indicating its contribution to DNA 

anchoring. Stingele et al. and Vaz et al. showed that SPRTN removes DPCs as a protease 

and its proteolysis function is activated when DNA or DNA crosslinked proteins are 

present151,152. Furthermore, Haracska et al. showed that SPRTN has a DNA-dependent 

protease and self-degrading activities by comparing WT to a KKGK box mutant143. To be 

more specific, the study found that SPRTN cleaves several DNA binding proteins such as 

Fan1, HLTF, and yRad5, while RFC and RPA bind to single-stranded DNA to inhibit the 

protease activities of SPRTN; these results suggest that SPRTN-single-stranded DNA 

binding may function as a proteolytic DPC repair rate-limiting step. Moreover, several 

assays have been developed to measure the degree of DPC removal in replication in 

vivo143. In brief, BrdU comet assay demonstrated that SRPTN knock-down HEK293 cells 

have a deficiency in DPC repair and that the addition of exogenous SRPTN could rescue 

the DPC repair. These results highlight the importance of not only DNA-binding but also 

protease-domain of SPRTN against the DPCs. However, it is still unknown whether DPC 

proteolysis occurs only in ssDNA or in both ssDNA and dsDNA. 

 

1.4.4.2. Proteasome in DPC Repair 

The involvement of proteasome in DPC repair has been previously investigated. 

However, the exact role of proteasome in DPC pathway is unclear due to contradictory 

results in recent studies. For example, inhibition of ATP-dependent proteases showed no 

effect on the toxicity of FA-induced DPCs in bacteria117, while proteasome inhibition 
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increased the amount of DPCs39,153,154. Moreover, the repair of DPCs on plasmid 

decreased with MG132 proteasome inhibitor treatment; however, Ide et al. demonstrated 

no difference in the amount of ubiquitinated DPCs in presence or absence of proteasome 

inhibitor MG132119,155. Moreover, Nakano et al. showed that DPCs are not marked by 

polyubiquitination for proteasome recognition, while the crosslinked topoisomerase I 

were polyubiquitylated155,156. Taken together, further studies are required to elucidate the 

mechanism of DPC proteolysis activity. Recently, Larsen et al. showed that both SPRTN 

and proteasome can function as two replication-coupled DPC protease157. In brief, 

proteasome recognize ubiquitylated DPC, while SPRTN mediated DPC degradation 

occur with DPC ubiquitylation during replication.  

 

1.4.4.3.  Mechanism of Novel DPC Repair Pathway 

The following novel proteolytic DPC repair mechanism can be suggested (Discussed in 

chapter 2). When a replication fork is stalled due to a DPC, PCNA is ubiquitylated by 

Rad6-Rad18 complex, followed by the recruitment of SPRTN to that site. Here, the 

mono-ubiquitylation and exposed single stranded DNA attracts SPRTN through high 

affinities toward UBZ and PIP domains, and DNA-binding domain (KKGK box), 

respectively. Once SPRTN is recruited to the site, the conformational change activates 

DNA-dependent protease function to cleave the crosslinked protein to small peptide or 

nucleotide scale to bypass the lesion. Moreover, since SPRTN interacts with both pol δ 

and pol η and regulates the dissociation of pol η through p97, it is believed that the 

recruitment of TLS polymerase and the exchange of TLS and replicative polymerases are 

induced by SPRTN to continue replication after bypass. In addition, some subunits of 
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replicative polymerase may leave the complex with SPRTN so that remaining subunits 

can interact with newly recruited polymerase such as pol η. Moreover, more research is 

needed to identify the exact mechanisms which regulate SPRTN and how they prevent 

unspecific substrate cleavage. Recent findings have shown that DPCs are removed during 

the S phase of the cell cycle151, however the involvement of HR and NER during S phase 

is not fully understood, and thus this, too, should be further investigated. In addition, it 

would be interesting to explore the SPRTN - pol I, pol k or Rev1 interaction to 

understand the bypass and the DPC repair because SPRTN is interacting with pol η, a 

member of TLS polymerase.  
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II. Role of Proteolysis in Repair of Free Radical-induced DNA-

Protein Crosslinks in Mouse Cells and Tissues 

 

 

 

Adapted from:  
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2.1. Introduction 

Endogenous and exogenous agents induce various types of DNA damage, including 

oxidative damage, alkylation, bulky lesions, inter and intrastrand DNA crosslinks, and 

DNA-protein crosslinks. However, the characteristics and biological outcomes of DNA-

protein cross-links (DPCs) have not been fully investigated. DPCs, super-bulky DNA 

lesions which are formed by the covalent bond between chromosomal DNA and a 

protein, inhibit DNA replication23–26, transcription and gene expression158. Considering 

these interferences, it is important to elucidate the mechanisms of DPC recognition and 

repair. Several studies showed that tyrosyl-DNA phosphodiesterase-1 or -2 (TDP1 and 

TDP2) can repair DPCs first by proteolysis of the crosslinked topoisomerase to smaller 

polypeptide fragments and then hydrolysis of the phosphotyrosyl bond159,160. However, 

specialized repair enzymes were needed to repair these topoisomerase DPCs. Thus, a 

more general repair mechanism must be required to deal with varied types of DPC 

lesions. 

 

Canonical DNA repair pathways have been implicated in DPC repair. The MRN complex 

can cleave DNA on both sides of the DPC to complete nuclease dependent repair of 

DPCs123,161, and the resulting double-stranded break is repaired by either HR or NHEJ162–

164. Moreover, NER can cleave the DNA on both sides of the DPC to remove the 

damaged DNA strand, and the complimentary strand can then be used to repair the 

excised region165. Interestingly, recent studies showed that DNA-peptide crosslinks can 

be bypassed in error-prone manner by recruiting TLS polymerases during DNA 

replication121,166, suggesting that DPC repair is orchestrated by proteolysis performed by 
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SPRTN34. SPRTN degrades crosslinked protein, such as topoisomerases and histones, in 

the presence of ssDNA143,151,152, while bypass of a FA-induced DPC was inhibited in 

SPRTN deficient cells34. Due to these evidences, Stingele et al.139,152 and Vaz et al.34,151 

have suggested a replication-coupled DPC repair model. In this model, SPRTN is 

recruited once the replication complex is stalled and then degrades the crosslinked 

proteins so the resulting DNA-peptide crosslink can be bypassed by TLS 

polymerases34,143,167 and repaired by canonical repair pathways39,119,122. However, it has 

not been demonstrated whether ROS-induced DPCs can be repaired by SPRTN in a 

similar manner. So, the purpose of this study was to determine if SPRTN can cleave 

ROS-induced DPCs. 

 

When the 5-methyl group of thymidine obtains free radicals from hydroxyl radicals, it 

forms a stable methylene linkage by reacting with the 3-position of tyrosine168. Once 

hydrogen is released to make an aromatic ring in the compound, a stable DNA-protein 

cross-link is generated (Scheme 2.1.)81–83.   
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Scheme 2.1. Mechanism of Free-Radical Induced DPC Formation DPC can be 

formed between thymidine in DNA and tyrosine in protein. When hydroxyl radical 

abstract a hydrogen from the methyl group of thymidine, thymidine can be converted to a 

reactive thymidine radical. The resulting radicals are subjected to a one-electron addition 

to the 3-position of tyrosine to generate a stable methylene bond. The 3-position of 

tyrosine undergoes a hydrogen abstraction to re-aromatize the phenol ring to make the 

stable dT-Tyr crosslink structure. 
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By adapting this knowledge, our lab has developed a nanoLC-ESI+-MS/MS based 

absolute quantitation method which measures the amount of free radical-induced DPC 

formation by detecting 2-amino-3-(4-hydroxy-3-((1-((2R,4R,5R)-4-hydroxy-5-

(hydroxymethyl)tetrahydrofuran-2-yl)-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-

yl)methyl)phenyl)propanoic acid (dT-Tyr)82,83. Because hydroxyl radicals can also be 

induced by ionizing radiation, ROS-induced DPCs are identical to IR induced 

DPCs169,170. Therefore, in this chapter, ROS-induced DPCs were measured in IR-treated 

SPRTN WT and hypomorphic cells as well as mouse models to investigate the role of 

SPRTN. In addition, an SPE method has been developed to improve the nanoLC-ESI+-

MS/MS assay for dT-Tyr detection. 

 

Interestingly, DPC degradation can also be accomplished by the 

proteasome39,119,153,156,171. Top1ccs and Top2cc are degraded by the 26S 

proteasome153,156,171,172 prior to repair by TPD1 and TPD2173–175. Moreover, the 

involvement of the proteasome in repairing FA induced DPCs was also observed in a 

previous study39. In contrast, the cytotoxicity of hydrogen peroxide, 1,2,3,4-

diepoxybutane, cisplatin, phosphoramide mustard, and DEB induced DPCs was not 

affected by proteasome inhibition176.  However, to our knowledge, none of the previous 

studies examined whether ROS induced DPCs can be recognized by the 26S proteasome. 

Therefore, by examining the involvement of the proteasome and immunoproteasome in 

DPC repair in this chapter, we aimed to elucidate a novel DPC repair mechanism which 

is required to maintain DNA integrity. 
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2.2. Materials and Methods 

Materials 

Cell Lysis Solution, Protein Precipitation Solution, and RNase A were purchased from 

Qiagen (Hilden, Germany). UltraPure buffer-saturated phenol was obtained from 

Invitrogen (Carlsbad, CA). Pronase, alkaline phosphatase, PMSF, leupeptin, pepstatin, 

aprotinin, Nuclease P1 from Penicillium citrinum, crystal violet were purchased from 

Sigma (St. Louis, MO). DNase I, Phosphodiesterase I and phosphodiesterase II were 

obtained from Worthington Biochemical Corporation (Lakewood, NJ). Amicon 3K filters 

were purchased from Millipore (Darmstadt, Germany). Omega Nanosep 10K filters were 

obtained from PALL Life Science (Port Washington, NY). Oasis MCX were purchased 

from Waters Corporation (Milford, MA). 

 

Cell Culture 

Wild type Mouse embryonic fibroblast (MEF5, SPRTN +/+) and SPRTN-deficient 

(MEF7, SPRTN f/-) cells were obtained from Dr. Yuichi Machida’s laboratory (Mayo 

Clinic, MN)140. The cells were maintained as exponentially growing monolayer cultures 

in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine 

serum (FBS) and 1% penicillin streptomycin, in a humidified incubator at 37 °C with 5% 

CO2.  

 

Clonogenic Assay 

MEF5 and MEF7 cells (2.5 x 107) were seeded in 15 cm cell culture dishes and incubated 

until confluency of 50% or higher was obtained. The cells were aliquoted into 15 mL 
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tubes and treated with different doses of ionizing radiation (0, 2.5, 5, 7.5 and 10 Gy) on a 

RadSource RS-2000 biological irradiator (Buford, GA). The dose rate was 1.9 Gy/Min. 

After irradiation, cells were seeded in 6 well plates (1 x 103 cells per well, in triplicate), 

and incubated for 14 days to form colonies. The number of colonies were counted 

manually after crystal violet staining. 

 

MTT Cell Viability Test 

MEF5 and MEF7 cells were plated in 48 well plates (1.0 x 105, in triplicate) and 

incubated for 24 hours. The plates were irradiated with different doses of ionizing 

radiation (0, 2.5, 5, 7.5 and 10 Gy) on a RadSource RS-2000 biological irradiator 

(Buford, GA). and incubated for an additional 48 h at 37 °C. Cell viability was measured 

using an Alamar Blue assay177 and a Synergy HI Microplate reader (BioTek, Winooski, 

VT). 

 

Cell Treatment with IR and Isolation of DNA-Protein Crosslinks 

MEF5 and MEF7 cells (2.5 x 107, in triplicate) were seeded in 15cm cell culture dishes 

and incubated until a confluency of 80% or higher was obtained. The cells were then 

treated with an increasing dose of ionizing radiation (0, 2.5, 5, 7.5, 10, 20 and 40 Gy) on 

a RadSource RS-2000 biological irradiator (Buford, GA). To quantify DPCs, MEF5 and 

MEF7 cells were incubated for an additional 3 h at 37C before harvested for DPC repair. 

The cells were lysed in Qiagen cell lysis solution (2 mL for 10 million cells) and 

incubated with 10 µL of RNase A, followed by proteinase K (8U) incubation at 37 °C 

overnight. 750 µL of Qiagen protein precipitation solution was added to sample, and 
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100% ethanol (approximately 2.5mL) was added to the supernatant to collect DPC 

containing DNA pellets. The resulting pellets were washed with 70% ethanol, dried for 

10 min, and reconstituted in 10mM Tris-HCl pH 7.5 (100 – 500 µL). The amount of 

DNA was measured using UV spectrophotometry (A260) and subsequently determined 

by quantitation of dG in enzymatic hydrolysates. 

 

DNA Quantitation by dG Analysis 

To quantify the amount of DPC-containing DNA extracted from cells and to check for 

potential RNA contamination in the extracts, 5 μg aliquots of DNA were digested with 

phosphodiesterase I (210 mU), phosphodiesterase II (105 mU), DNase I (35 U) and 

alkaline phosphatase (22 U) in 20 μL of 10 mM Tris-HCl/15 mM ZnCl2 (pH 7.0) 

overnight at 37 °C. The digested samples were analyzed by HPLC-UV on an Agilent 

Technologies 1100 HPLC system equipped with a diode array UV detector and an 

autosampler to measure the amount of dG by calculating the corresponding peak area. 

Atlantis T3 C18 column (2.1 × 150 mm, 5 μm, from Waters Corporation, Milford, MA) 

and 5 mM ammonium formate, pH 4.0 (Solvent A) and methanol (Solvent B) were used 

for the system. Solvent composition was changed linearly from 3 to 30% B over 15 min, 

increased further to 80% B over 3 min, held at 80% B for 1 min, and returned to 3% B 

over 2 min, where it was kept for the final 8 min of the HPLC run. UV absorbance was 

monitored at 260 nm. dG was eluted at 12.7 min. UV absorbance was monitored at 260 

nm. dG amounts were determined by comparing HPLC peak areas to a calibration curve 

constructed by injecting known dG amounts. 
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Quantitation of dT-Tyr Conjugates Using nanoLC-ESI+-MS/MS 

Once DPC-containing DNA (50 - 100 μg) was isolated from cells as described above, the 

samples were reconstituted in 100 μL of 10 mM Tris pH 7.5 and digested with 4 Units 

proteinase K and 50 μg of pronase (Sigma, St. Louis, MO) overnight at 37 °C. Next, 

samples were subjected to Nuclease P1 (2.5U) incubation overnight at 37 °C in 15 mM 

Tris pH 5.5 with 5 mM ZnCl2. Following this, the sample buffer was adjusted to pH 7 by 

adding 1M ammonium bicarbonate for PDEI incubation. PDEI (210mU) was spiked in 

each sample with 10 mM MgCl2 for incubation overnight at 37 °C. Finally, this was 

followed by an alkaline phosphatase (22U) incubation overnight at 37 °C. 200 fmol of 

15N1,
13C9 isotope labeled-dT-Tyr was spiked in each sample, and the enzymes were 

removed by Nanosep 10K filters at 5,000 x g for 10 minutes. The filtrates were dried 

completely and re-suspended in 200 μL of 0.1% formic acid in H2O for SPE purification. 

The dT-Tyr internal standard and analyte were captured on a MCX column and eluted by 

ammonium hydroxide in 30% methanol. The dT-Tyr internal standard and analyte were 

concentrated to dryness again, re-suspended in 100 μL 0.1% acetic acid in water, and 

enriched by offline HPLC purification. HPLC purification was done using an Agilent 

Technologies 1100 HPLC system; Supelcosil LC-18DB (4.6 × 250 mm, 5 μm, from 

Thermo Scientific, Waltham, MA) and of 0.1% acetic acid in water (Solvent A) and 0.1% 

acetic acid in acetonitrile (Solvent B) were used for the system. Solvent was held at 2% B 

for 5 min, increased to 30% B over 7 min, increased to 75% B over 1 min, held at 75% B 

for 2 min, decreased to 2% B over 1 min and re-equilibrated for the next run. Fractions 

containing dT-Tyr (around 14.4 min) were collected, dried and reconstituted in 0.1% 

formic acid (16 μL) for nanoHPLC-ESI+-MS/MS analysis. The samples were analyzed 
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using a Quantiva mass spectrometer (Thermo Scientific, Waltham, MA) equipped with 

Dionex UltiMate 3000 RSLC nanoHPLC system (Thermo Scientific, Waltham, MA), and 

Synergi 4 μm Hydro RP 80A resin (Phenomenex, Torrence, Ca). The neutral loss of dR 

and the loss of dR and CO2 from protonated molecules of the analyte (m/z 422.2 [M + 

H]+ → 306.1 [M + H − dR]+, m/z 422.2 [M + H]+ → 260.1) and the 15N14,
13C9- labeled 

internal standard (m/z 432.1 [M + H]+ → 316.1 [M + H − dR]+, m/z 432.2 [M + H]+ → 

269.1) were detected to confirm and quantify the dT-Tyr, and the amounts were 

calculated using the Xcaliber software program. 

 

nanoLC-ESI+-MS/MS Method Validation 

To check The HPLC-ESI+-MS/MS limit of detection, various amounts of dT-Tyr analyte 

(0.1 - 50 fmol) and 200 fmol of internal standard was diluted in Solvent A(20ul) and 

injected for the scan. dT-Tyr were quantified by nanoHPLC-ESI+-MS/MS analysis as 

described above, to observe the analyte/internal standard ratio. To confirm the limit of 

quantification, 50 μg of calf thymus DNA (in triplicate) or 50 μg of MEF7 cell DNA was 

enzymatically digested as described above. The digests were spiked with various amounts 

of dT-Tyr analyte (10 - 500 fmol) and 200 fmol of internal standard, followed by cation 

exchange and offline HPLC purification as described above. dT-Tyr were quantified by 

nanoHPLC-ESI+-MS/MS analysis as described above, to observe the analyte/internal 

standard ratio. 

 

  



45 
 

Quantitation of dT-Tyr in Wild Type and SPRTN Deficient Mouse Tissues 

To investigate the role of SPRTN, tissues from 10-month old wild type (SPRTN+/+) and 

Spartan hypomorphic mice (SPRTN H/H) were provided by Machida’s lab as described 

previously140. 200 mg of tissue (liver, spleen, kidney, heart, thymus, and brain, 3 per 

group) were extracted, diced into small pieces and homogenized in 250 mM sucrose/ 20 

mM sodium phosphate buffer (pH 7.5). DPC-containing DNA was extracted and digested 

for dT-Tyr conjugates quantitation as described above. dT-Tyr conjugate quantitation 

was performed as described above. 

 

Quantitation of dT-Tyr in IR-treated Mouse Tissues 

To investigate IR-induced DPC formation, C57BL/6 wild type mice were irradiated in a 

137Cs Mark I-68 irradiator (JL Shepherd & Associates, San Francisco, CA) to yield 

doses of 0, 8 and 12 Gy (3 mice per group). After irradiation, the animals were 

euthanized and the liver, spleen, kidney, heart, thymus, and brain were excised for DPC-

containing DNA extraction. DPC-containing DNA extraction and dT-Tyr Conjugate 

quantitation were performed as described above. 

 

Quantitation of dT-Tyr in Immunoproteasome Knockout Mouse Tissues 

To investigate the role of the immunoproteasome in DPC repair, 10-month old wild type 

and LMP7/MECL-1 double knockout mice (3 per group) were prepared by the Ferrington 

group as described in their previous studies178. 200 mg of tissues (liver, spleen, kidney, 

heart, thymus, and brain, 3 per group) were homogenized and used for DPC-containing 
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DNA extraction as described above. dT-Tyr Conjugate quantitation was performed as 

described above. 

 

 

2.3. Results 

2.3.1. Cytotoxicity and Quantification of DPCs in the IR treated WT and SPRTN 

Deficient Cells   

Our lab has developed an isotope dilution tandem mass spectrometry assay for dT-Tyr 

conjugates111 to quantify IR-induced DPCs in cells. In brief, DPCs were extracted from 

IR treated cells, and the resulting DPCs were subjected to enzymatic digestion to generate 

dT-Tyr, which can be analyzed by isotope dilution HPLC-ESI+-MS/MS. dT-

[15N1,
13C9]Tyr was synthesized as in previous studies179, and a known amount of internal 

standard was spiked in enzymatically digested DPC extracts to allow for quantification 

the analyte. The simultaneous loss of dR and CO2 from protonated molecules of the 

analyte and internal standard were scanned to measure the amount of IR-induced DPCs 

(Figure 2.1). 

In a recent study, the Tretyakova group demonstrated that radical-induced DPCs were 

increased in an IR-dose dependent manner176. Therefore, SPRTN proficient and deficient 

mouse embryonic fibroblasts (MEF5 and MEF7) were used to investigate if the amount 

of radical-induced DPC could be affected by the presence or absence of this DPC repair 

pathway. Once MEF cells were treated with 40 Gy of ionizing radiation, the amounts of 

dT-Tyr in MEF7 were slightly increased than that in MEF5 cells (Figure 2.2.). In 

addition, the cytotoxicity of radical-induced DPCs was examined by clonogenic assay 

(Figure 2.3.) (Table 2.1.). The assay demonstrated that MEF7 cells are more sensitive to 
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IR exposure. In brief, MEF7 cell were 1.591-fold more sensitive (IC50 =4.613) to IR 

compared to MEF5 cells (IC50 =2.899). These findings support our hypothesis that 

SPRTN plays important role in ROS-induced DPC repair. 
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Figure 2.1 Representative Trace of dT-Tyr Detection  
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Figure 2.2.  The amounts of dT-Tyr in IR treated SPRTN proficient and deficient 

MEF cells. The levels of dT-Tyr were increased IR dose dependently in MEF cells. 

When MEF cells were exposed to high dose of IR (40Gy), the adduct levels were higher 

in SPRTN deficient cells than that in proficient cells.  
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Figure 2.3. Cytotoxicity of IR Induced DPC in Spartan Proficient (MEF5) and 

Deficient Cells (MEF7) Calculated IC50 values of MEF5 and MEF7 cells treated with 0 

– 10 Gy IR were 4.613 and 2.899, respectively. 
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Table 2.1. Clonogenic Assay: Surviving Fraction of Irradiated cells. The surviving 

fraction of IR treated MEF5 and MEF7 cells was calculated through clonogenic assay. 

The average and SD were calculated based on three experimental results. 

 

 

IR Dose (Gy) MEF5 MEF7 

 Average (%) S.D. Average (%) S.D. 

0 100.00 10.04 100.00 10.65 

2.5 85.14 10.89 72.66 8.72 

5 29.71 7.14 10.79 7.78 

7.5 6.86 1.71 4.32 2.16 

10 0.00 0.00 0.00 0.00 
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2.3.2. Quantitation of DPCs in Wild Type and SPRTN Deficient Mouse Tissues 

To examine the role of SPRTN in radical-induced DPC repair, DPCs were extracted from liver 

and brain tissues of wild type and SPRTNH/H (hypomorphic) mice140 and were quantified through 

the isotope dilution tandem mass spectrometry assay (Table 2.2.). Interestingly, this analysis 

demonstrated that SPRTNH/H mice had higher levels of dT-Tyr (41.6 ± 2.64 adducts per 108 

nucleotides, Liver) compared to that of the wild type (22.05 ± 3.05 adducts per 108 nucleotides, 

Liver) (Figure 2.4.). Moreover, the amount of dT-Tyr was higher in the liver compared to the 

brain. However, the difference was less than 2-fold. Therefore, these results suggests that another 

protease other than Spartan must be involved in DPC removal. 
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Figure 2.4. dT-Tyr Quantitation in Wild Type and SPRTN Deficient Mouse Tissues 

dT-Tyr conjugates from liver and brain of 10-month old wild type and SPRTN H/H mice 

were quantified via isotope dilution tandem mass spectrometry assay. nanoLC-ESI-

MS/MS detected significant amounts of dT-Tyr analyte (10 - 50 per 108 nucleotides) in 

the liver and brain. 
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Table 2.2. dT-Tyr Quantitation in Wild Type and SPRTN Deficient Mouse Tissues 

nanoLC-ESI-MS/MS detected significant amounts of dT-Tyr (10 - 50 per 108 

nucleotides) in the liver and brain of 10-month old wild type and SPRTN H/H mice.  The 

average and SD were calculated based on three experimental results. 

 

 

Sample dT-Tyr per 10^8 Nucleotide 

 Average S.D. 

Liver WT 22.05 3.05 

Liver SPRTN 41.6 2.43 

Brain WT 18.54 11.79 

Brain SPRTN 38.42 4.36 

Thymus WT 0 0 

Thymus SPRTN 0 0 

Spleen WT 0 0 

Spleen SPRTN 0 0 
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2.3.3. Method Development for Isotope Dilution Tandem Mass Spectrometry Assay 

MS-based absolute quantification for dT-Tyr requires multiple preparation steps 

including enzyme digestion, enzyme removal, and multiple offline HPLC purification 

steps to enrich the analyte and its internal standard prior to MS injection. However, 

offline HPLC purification steps are laborious and contaminations in the samples are 

removed by selecting smaller fractions through sequential HPLC purification. Since 

repeating same offline HPLC purification steps is not an efficient way to eliminate 

contamination, a single offline HPLC purification step can be replaced with a solid phase 

ion-exchange column to improve the existing protocol and to purify the analyte and its 

internal standard faster and more efficiently. Since dT-Tyr becomes a cation in low pH 

(Scheme 2.2.), the dT-Tyr ion can be captured by a cation ion exchange column. 

Therefore, 200 fmol of internal standard and various amounts (10 - 500 fmol) of analyte 

were spiked into 50μg of DNA from MEF7 cells and used to validate the dT-Tyr 

enrichment protocol. The limit of quantification was 10 fmol on column (Figure 2.5.), 

while the HPLC-ESI+-MS/MS limit of detection was calculated to be 500 amol of dT-

Tyr. This indicates that the cation exchange column could help to enrich the analyte and 

its internal standard. Therefore, the cation exchange and the single offline HPLC 

purification can be performed instead of multiple offline HPLC purification steps. 
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Scheme 2.2. Structure of dT-Tyr Cation dT-Tyr becomes a cation in low pH (pH 2.2) 

value 
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Figure 2.5. Representative Trace of dT-Tyr Detection in MEF7 cells  
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2.3.4. Quantitation of DPCs in IR treated Mouse Brain and Liver samples 

Since our nanoLC-ESI+-MS/MS assay was improved by adapting the cation exchange 

method described above, the improved assay was utilized to detect IR-induced DPC 

formation in mouse models. C57BL/6 wild type mice were irradiated with 0, 8 and 12 Gy 

of gamma-ray, and the liver and brain of the IR-treated mouse were collected for DPC 

analysis. We found a linear increase of dT-Tyr conjugate in IR-treated mice (Figure 

2.6.). 9.712 ± 13.22 and 38.709 ± 12.53 adducts per 108 nucleotides were observed in 

mouse liver treated with 8 and 12 Gy IR, respectively, while the brain samples showed 

11.952 ± 14.190 and 19.898 ± 13.05 adducts per 108 nucleotides with 8 and 12 Gy. 

Interestingly, as we observed in wild type and SPRTN H/H mice tissues (Figure 2.4.), the 

amount of dT-Tyr was slightly higher in the liver compared to the brain. In short, we 

were successful in detecting dT-Tyr in both the liver and brain, and confirmed that our 

MS-based absolute quantification method could be used to determine IR-induced DPC 

formation in vivo. 
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Figure 2.6. dT-Tyr Quantitation in IR-treated mouse tissues The amounts of dT-Tyr 

were increased in brain and liver tissues after IR treatment. The data are the average ± SD 

of three experiments. 
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2.3.5. Quantitation of DPCs In Tissue of Immunoproteasome Knockout Mouse 

Because a significant difference in dT-Tyr amounts was not observed between the WT 

and SPRTNH/H group (Figure 2.4.), the ability of the proteasome to repair DPCs was 

examined with radical-induced DPCs to elucidate an alternative pathway for DPC 

degradation. Briefly, our lab has tested the cytotoxicity of IR-induced DPCs in MEF cells 

with lactacystin to inhibit the 20S subunit of the proteasome. An increased level of dT-

Tyr was expected when MEF7 cells were treated with lactacystin, whereas MEF5 cells 

were expected to show a slight increase of dT-Tyr. Unfortunately, proteasome inhibition 

had no effect on dT-Tyr levels (data not shown). Interestingly, the absence of dT-Tyr in 

mouse spleen and thymus tissues suggest the involvement of immunoproteasome in DPC 

repairs176. Therefore, dT-Tyr was also quantified in WT mice and immunoproteasome 

subunit knockouts mice (LMP7 and MECL genes) to examine the role of the 

immunoproteasome in DPC repair (Figure 2.7.). Interestingly, dT-Tyr levels in liver 

tissues were reduced to one-fifth when comparing the KO group to control group. This 

suggest that proteases, such as SPRTN, can be recruited to ubiquitinylated crosslinked 

proteins when immunoproteasome could not participate in ROS-induced DPCs repair. 

This also support that immunoproteasome may not be the major mechanism in DPC 

repair. 
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Figure 2.7. dT-Tyr Quantitation in Wild Type and Immunoproteasome Knockout 

Mouse dT-Tyr conjugates from liver of 10-month old wild type and immunoproteasome 

knockout (LMP7 and MECL KO) mice were quantified via isotope dilution tandem mass 

spectrometry assay. nanoLC-ESI-MS/MS detected significant amounts of dT-Tyr analyte 

(4 - 60 per 108 nucleotides) in the liver tissues. The data are the average ± SD of three 

experiments. 
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2.4. Discussion 

As described in (Scheme 2.1.), DPC can be formed between the methyl group of 

thymidine and tyrosine residue upon IR exposure82,83. Since hydroxyl radicals can 

abstract hydrogen atoms from Thy16,57,180, the same thymidine-tyrosine crosslinks can be 

generated endogenously in cells not exposed to IR81,83. Due to the structural complexity 

of DPC lesions and the difficulty of generating relevant DPC structures, quantitation of 

radical induced DPCs was difficult to be conducted. However, the Tretyakova group 

recently succeeded in quantifying free radical-induced DPCs via a sensitive nanoLC-

ESI+-MS/MS assay which accurately measure the amount of dT-Tyr in cells. Using this 

assay, our lab was able to demonstrate an increased level of ROS-induced DPCs in the 

cardiomyocytes of rats that underwent LAD ligation/reperfusion111. Quantitative 

proteomic analysis of the same samples showed that 80 proteins were increased by at 

least 1.2-fold after LAD ligation/reperfusion.  

 

Although our nanoLC-ESI+-MS/MS assay is sensitive enough to detect the dT-Tyr 

conjugate, the assay requires extensive enzyme incubation and purification steps to be 

analyzed by the mass spectrometer. To make the method faster and more accurate, 

multiple HPLC offline purifications were modified to ion-exchange and reverse phase 

HPLC offline purification combined protocols. Several SPE columns, including a reverse 

phase column, cation exchange column, and anion exchange column, were tested to 

purify dT-Tyr conjugates (data not shown). However, only the cation exchange column 

(Oasis MCX) was able to purify dT-Tyr efficiently. By using newly developed method, 

more efficient dT-Tyr enrichment was accomplished, leading to a successful 
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quantification of radical-induced DPCs from the tissues of IR-exposed C57BL/6 mice 

(Figure 2.6.) and from the tissue of hypomorphic (SPRTNH/H) mice (Figure 2.4.).  

 

By showing a linear increase of dT-Tyr in HeLa cells treated with 0, 8, and 16 Gy of IR 

through our preliminary experiments176, nanoLC-ESI+-MS/MS assay was confirmed as 

an accurate method to quantify IR-induced DPC. In this chapter, we applied the improved 

assay to elucidate the roles of SPRTN in the repair of radical-induced DPCs. After 

treating MEF5 and MEF7 cells with 40Gy dose of ionizing radiation, we showed that the 

amount of dT-Tyr conjugate was increased in MEF7 than that in MEF5 (Figure 2.2.), 

indicating the involvement of SPRTN in DPC repair as Vaz et al. suggested in their 

earlier studies34. In addition, a clonogenic assay revealed that SPRTN deficient cells were 

more sensitive to IR (Figure 2.3.), highlighting the importance of SPRTN protease. 

Unfortunately, it was difficult to confirm the role of SPRTN with low dose of IR (0 – 10 

Gy) due to similar amounts of dT-Tyr in MEF5 and MEF7 cells. 

 

nanoLC-ESI+-MS/MS assay is sensitive enough to detect dT-Tyr conjugates in vivo as 

well. Our lab has demonstrated that hypomorphic (SPRTNH/H) mice showed higher dT-

Tyr levels than wild type mice, suggesting that SPRTN plays a role in ROS-induced DPC 

repair (Figure 2.4.). The amount of dT-Tyr was increased by 1.5 - 2 fold in SPRTN 

deficient mice, and similar results were obtained when comparing endogenous DPC 

levels in wildtype and Spartan-depleted HeLa cells through a SDS/K+ precipitation 

assay151. Although SPRTNH/H mice express only 10% of Spartan compared to wild type, 



64 
 

no dramatic difference in the amount of dT-Tyr was observed between two groups. 

Therefore, we suggested that other proteases may repair endogenous DPCs 

when SPRTN is not available. Interestingly, recent studies have found that other 

proteases which play a similar role as SPRTN, supporting our hypothesis (Machida’s 

unpublished data). Taken together, IR-induced and ROS-induced DPCs can be 

examined to investigate novel DPC repairs through our nanoLC-ESI+-MS/MS assay. 

 

Previously, the repair pathway involving proteasomal DPC degradation was tested in 

MEF5 and MEF7 cells. DPCs in MEF cells were induced by several different DPC 

inducing agents, such as hydrogen peroxide, 1,2,3,4-diepoxybutane, cisplatin, 

phosphoramide mustard, and DEB, but pharmacological proteasome inhibition by MG-

132 or lactacystin had no effects on cell viability176. Therefore, it was suggested that the 

immunoproteasome may play a role in DPC repair due to the low amount of dT-Tyr in 

mouse spleen and thymus tissues where lymphatic immunoproteasomes are present. 

Because immunoproteasomes contain a replacement for the three subunit, including low-

molecular-weight proteins (LMP2 and LMP7) and the multicatalytic endopeptidase 

complex subunit 1 (MECL-1), compared to 20S proteasome core, some unique peptides 

are produced through its distinct proteolysis activity181,182. Moreover, immunoproteasome 

knockout (LMP2 KO) mice have been shown to have more oxidative damaged proteins 

in their tissues183. Therefore, we quantified dT-Tyr in tissues of the wild type and double 

knockout (LMP7 and MECL-1 KO) mice to investigate whether the immunoproteasome 

can repair endogenous ROS-induced DPCs. However, our nanoLC-ESI+-MS/MS assay 

showed the level of dT-Tyr was decreased in KO group (Figure 2.7.), supporting our 
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hypothesis that DPC proteases, including SPRTN, might compete with proteasome to 

target ubiquitinated DPCs and play major roles in ROS-induce DPC repair. Interestingly, 

recent experiments in our lab studying DPC ubiquitylation showed similar patterns184. 

Briefly, plasmid containing hOGG1 protein conjugated to an abasic site of DNA were 

subjected to transfection, enzyme digestion, pulldown against ubiquitin, and qPCR to 

check DPC ubiquitylation. PCR products from the region where the DPC was located 

were enriched, while those from the control region showed no change. This indicates that 

crosslinked proteins can be ubiquitinylated to be recognized by SPRTN or other proteases 

with high affinities, but immunoproteasome may not be the major mechanism in DPC 

repair.  

 

To accomplish replication coupled DPC repair, DPCs should be degraded into smaller 

peptides on both the leading and lagging DNA strand167 and SPRTN prevents these DPCs 

from causing replication fork stalling as a part of the replisome143,151. As demonstrated in 

(Figure 2.8.), when the replisome/CMG helicase is blocked by a DPC23,24,108,119,138,152,167, 

SPRTN will be recruited to ssDNA to initiate its proteolysis activity. The resulting 

peptide conjugates can be bypassed by TLS polymerases152,167 and repaired by NER39,122. 

In addition, the activation of SPRTN in presence of ssDNA 135,144,145 also supports this 

suggested pathway. In conclusion, multiple proteases and proteasomes may be required 

to repair endogenously and exogenously formed DPCs and their functions in novel DPC 

repair pathway should be further investigated. 
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Figure 2.8. Replication Coupled DPC Repair When helicase reaches a DPC site, 

replication fork is stalled and Rad6-Rad18 activates monoubiquitylation. 

Monoubiquitylation and ssDNA attract SPRTN to the site, resulting DPC degradation. 

Upon degradation, SPRTN dissociates and TLS polymerase bypass the lesion site. After 

bypass, TLS polymerase is replaced by replicative polymerase and the remaining peptide 

chain will be excised via NER.  
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III. Effects of 5-Formylcytosine Mediated DNA-Peptide Cross-

links on Transcription in Human Cells 
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3.1 Introduction 

5-Methylcytosine (5mC) is an important DNA epigenetic mark that plays a central role in 

regulating the levels of gene expression185.  5mC residues are primarily found at CpG 

dinucleotides, and their formation from cytosine is catalyzed by DNA methyltransferases 

(DNMTs) including DNMT1, DNMT3A, DNMT3B and DNMT3C186,187. DNA 

methylation can regulate the transcriptional machinery by inducing chromatin remodeling 

and modifying the access of transcription factors to promoter regions of genes. DNA 

methylation patterns are affected in many human diseases including asthma, autism, and 

cancer101. Furthermore, changes in DNA methylation patterns are observed across the 

genome in aging process, giving rise to the concept of ‘epigenetic clock’188,189.  

 

Ten-eleven translocation (TET) family of proteins oxidizes 5mC in DNA to 5-

hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and 5-carboxycytosine 

(5caC)98,100. Although these oxidized forms of 5mC may have the ability to regulate gene 

expression, their biological functions are incompletely understood, especially given their 

relatively low abundance in cells. The abundances of 5fC, 5caC, and 5hmC are 0.002% ~ 

0.2%, 0.002% ~ 0.2%, and 0.02 ~ 0.1% of all cytosines, respectively, while mC 

constitutes 4-6% of all cytosines98,190,191. Among the oxidized forms of 5mC, 5fC is 

unique due to the presence of inherently reactive aldehyde group in its structure. The 

Tretyakova group recently reported that 5fC generates reversible DNA-protein crosslinks 

by forming Schiff base conjugates with lysine and arginine side chains of histone 

proteins106. Furthermore, a recent study suggested that 5fC-mediated covalent DNA-



69 
 

histone interactions is important in the regulation of gene expression by controlling 

nucleosome position and establishing distinct regulatory regions192.  

 

Because of their size, 5fC-mediated DNA–protein conjugates may interfere with DNA 

replication, transcription, and repair9,105,106. Recent work conducted in our laboratory 

revealed that full size 5fC-histone conjugates can block DNA replication105,106, while the 

corresponding DNA-peptide lesions can be bypassed by TLS polymerases26,193. It has 

been reported that DNA-protein crosslinks are subject to proteolysis via SPRTN 

proteases34,108,151,167 and/or the proteasome39,153,154, which degrades DPCs into smaller 

DNA-peptide conjugates (DpCs) which can be removed by NER 116,119. The effects of 

DPC on transcription are not completely understood. Lippard et al. first reported that 

cisplatin-induced DPCs block transcription194. Moreover, the mass spectrometry based 

proteomic study revealed that the proteins trapped on DNA in the presence of cisplatin 

are involved in DNA damage response and repair, transcriptional regulation, RNA 

processing, and cell cycle regulation195. Our group utilized an in vitro assay to examine 

T7 RNA polymerase bypass of 5fC-mediated DPC and DpC conjugates (Ji and 

Tretyakova, submitted). We found that DPCs present in the transcribed strand were a 

strong block to RNA polymerases, while DPCs present in noncoding strand were less 

blocking (Ji and Tretyakova, submitted). Smaller DpC lesions were bypassed by T7 

RNA polymerase is either error free or error-prone manner, depending on their structure. 

However, mammalian RNA polymerases are significantly more complex, multi-subunit 

proteins and may have different interactions with bulky DPC lesions. 

 



70 
 

In the present work, we examined the effects of 5fC-mediated conjugates on transcription 

in human cells. A plasmid substrate containing a structurally defined DpC lesion, such as 

5fC conjugated 11 mer peptide (RPKPQQFFGLM-CONH2) or a single Lys, was 

synthesized and transfected into cells, and their effects on transcription were studied 

using the competitive transcription and adduct bypass (CTAB) assay developed in the 

Wang group196. In this approach, RNA transcripts are reverse transcribed to cDNA, 

amplified by PCR, and sequenced by HPLC-ESI-MS/MS.  

 

3.2. Materials and Methods 

Materials  

Sodium cyanoborohydride, and sodium phosphate were purchased from Sigma (St. 

Louis, MO). T4 PNK, NcoI, SfaNI, and Nt.BstNBI were purchased from New England 

Biolabs (Beverly, MA). Phenol:chloroform:isoamyl alcohol solution (25:24:1), HiPure 

plasmid Mini-prep Kit and HiPure plasmid Maxi-prep Kit were purchased from 

Invitrogen (Carlsbad, CA). Sep-Pak C18 solid phase extraction column was obtained 

from Waters Corp. (Millford, MA). 100K Amicon filters were purchased from Millipore 

(Darmstadt, Germany). E.Z.N.A. Total RNA Kit I and E.Z.N.A. Cycle Pure kit were 

purchased from Omega Bio-Tek (Norcross, GA). Ambion DNA-free kit was purchased 

from Life Technologies (Carlsbad, CA). M-MLV reverse transcriptase was purchased 

from Promega (Madison, WI). 

 

Methods 

Synthesis of DNA Oligodeoxynucleotides 
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5fC-containing oligodeoxynucleotides (5’-ATGGCGGGXTAT-3’, where X= 5-

formylcytosine) were synthesized using an ABI 394 DNA synthesizer from Applied 

Biosystems (Foster City, CA). 5-formyl dC nucleoside phosphoramidite was purchased 

from Glen Research (Sterling, VA). Solid phase synthesis was performed under standard 

coupling conditions on 1umole scale. Newly synthesized oligodeoxynucleotides were 

cleaved from the resin by incubation with 30% ammonium hydroxide at room 

temperature overnight and deprotected by incubation with 80% acetic acid at room 

temperature for 6 h. The resulting synthetic DNA strands were purified by Agilent 

Technologies 1100 HPLC system equipped with a diode array UV detector. A Jupiter 4u 

proteo 90 Å  (250 x 10.0mm, Phenomenex, Torrence, CA) was eluted with a gradient of 

100mM TEAA pH 7.0 (Solvent A) and ACN (Solvent B) were used for the system at 

flow rate of 2.5ml/min. Solvent composition was linearly changed from 3% solvent B to 

11% in 10min, further to 15% in 25min and to 60% in 3min, kept at 60% for 5 min, then 

brought back to 3% in 2min. The DNA oligodeoxynucleotides were eluted at 27min. 

HPLC purified oligodeoxynucleotides were desalted using Illustra NAP-10 columns (GE 

Healthcare, Pittsburgh, PA) and characterized by HPLC-ESI--MS on an Agilent ion trap 

mass spectrometer.  

 

Construction of Oligodeoxynucleotides Containing DNA-peptide and DNA-lysine 

Crosslinks  

DNA oligodeoxynucleotides (5’-ATGGCGGGXTAT-3’, where X =5fC) (300pmol) were 

incubated with 20 fold molar excess of 11-mer peptide (RPKPQQFFGLM-CONH2) in 16 

l of 4.5 mM sodium phosphate (pH 7.5) at 37 °C for 3 h and then incubated with 4 l of 
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100 mM NaCNBH4 overnight. The samples were heated at 90 °C for 15min and 

separated by 20% PAGE. Gel bands containing DNA-peptide conjugates were excised 

and eluted via classic freeze-thaw method using ethanol. The resulting DNA-peptide 

conjugates were desalted using Sep-Pak C18 solid phase extraction column from Waters 

Corporation (Milford, MA). Crosslink formation was confirmed by MALDI-TOF-MS 

under 3-HPA matrix (50:50 acetonitrile: H2O containing 50 mg/mL 3-HPA and 10 

mg/mL diammonium hydrogen citrate). The analyses were performed at of 800-15,000 

m/z on an AB-Sciex 5800 MALDI-TOF/TOF-MS (AB SCIEX, Foster City, CA) 

operated in the positive ion and 2,000 laser shots accumulation. 

 

DNA oligodeoxynucleotides (5’-ATGGCGGGXTAT-3’, where X =5fC) (300pmol) were 

incubated 25 mM lysine in 16 l of 4.5 mM sodium phosphate (pH 7.5) at 37 °C for 3 h 

and then incubated with 4 l of 100 mM NaCNBH4 overnight. The DNA-lysine 

conjugates reaction mixtures were injected to HPLC using an Agilent Technologies 1100 

HPLC system for purification. An Xbridge BEH C18 column (4.6mm × 150 mm, 2.5 μm, 

from Waters Corporation, Milford, MA) was eluted with a gradient of 100 mM TEAA 

(Solvent A) and ACN (Solvent B) with flow rate of  0.9ml/min. Solvent composition was 

linearly changed from 6% solvent B to 15% in 40 min, further to 40% in 20min and to 

75% in 1min, kept at 75% for 2 min, then brought back to 6% in 2 min. The DNA 

oligodeoxynucleotides were eluted at 15.4 min. The purified samples were examined by 

HPLC-ESI-MS on an Agilent ion trap mass spectrometer in ESI positive mode with the 

mass range m/z 300-1800. Zorbex 300 SB-c18(150 × 0.5 mm, 5μm, from Agilent 

Technologies, Santa Clara, CA) was eluted with a gradient of 100 mM TEAA (Solvent 
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A) and ACN (Solvent B) were used at flow rate of 15ul/min. Solvent composition was 

linearly changed from 2% solvent B to 75% in 35min, then brought back to 2% in 6min. 

The oligodeoxynucleotides containing DNA-lysine crosslinks oligodeoxynucleotides 

were eluted at 11min. 

 

Construction of Plasmid Substrates Containing Site Specific DNA-peptide and 

DNA-Lys crosslinks 

Two plasmids, control and competitor pTGFP-H7 Hha10 plasmids, were obtained from 

Dr. Yinsheng Wang’s Lab at University of California at Riverside. The two plasmids 

were introduced into TOP10 competent cells to be amplified through transformation. 

When the colonies are formed on LB plates with kanamycin, a single colony was 

amplified in 4ml of LB broth with kanamycin (50ug/mL) for 16 h. The LB broth are 

aliquoted to be purified with Mini-prep Kit from Invitrogen (Carlsbad, CA) for Sanger 

sequencing and to be stored at -80 °C for later use. Once the sequence had been 

confirmed, the plasmid (1ml of LB broth) was amplified in one-liter LB broth and 

resulting pellet was purified using a Maxi-prep Kit from Invitrogen (Carlsbad, CA). The 

purified control plasmids used to produce plasmids containing site specific DNA-peptide 

conjugate as previously described196. In brief, approximately 300 g of control plasmid 

were incubated with Nt.BstNBI from New England Biolabs (Beverly, MA) to introduce 

nicks. An excessive amount(5nmol) of 25-mer oligonucleotides (5’-CATCGACTC 

CCGAATAGCCCGCCAT-3’) complementary to the nicked area were introduced to 

detach the resulting oligonucleotides. The 25 mer dsDNA and the gapped plasmid was 

separated using an 100k Amicon filter from Millipore (Darmstadt, Germany). The 
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purified gapped plasmids were ligated with 5fC-containing oligodeoxynucleotides (5’-

ATGGCGGGXTAT-3’) and 13mer oligodeoxynucleotides (5’-pTCGGGAGTCGATG-

3’). Lesion bearing supercoiled plasmids were then subjected to agarose gel purification, 

followed by restriction enzyme treatments. 40 ng of plasmids (control and lesion bearing 

plasmid) were incubated with NcoI (2 U) and alkaline phosphatase. The 5’ end of the 

DNA was labeled with γ-32P ATP and T4 PNK (5 U), and treated with SfaNI (2 U) to 

produce the radiolabeled 13-mer oligonucleotides containing DNA-peptide crosslink. The 

samples were loaded into 20% denaturing PAGE gel, and DNA fragments were 

visualized by phosphorimaging.  

 

Cell Culture  

Human Xeroderma Pigmentosum Complementation Group A (XPA, XPA deficient) cells 

were obtained from NIGMS Human Genetic Cell Repository (Camden, NJ). Human 

embryonic kidney cells (HEK293T) were obtained from Dr. Basu’s Lab (University of 

Connecticut, CT). CSB cell were obtained from the Coriell Institute for Medical Research 

(Camden, NJ). Cells were maintained as exponentially growing monolayer cultures in 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine 

serum (FBS) and 1% penicillin streptomycin, in a humidified incubator at 37 °C with 5% 

CO2.  

 

Competitive Transcription and Adduct Bypass (CTAB) Assay  

Competitive transcription and adduct bypass assays were performed as described in a 

previous study196 to examine the effect of DNA lesions on transcription. In brief, lesion 
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bearing or lesion free control plasmids were mixed with non-lesion competitor vector at a 

3:1 ratio. The mixed plasmids (50 ng) were then transfected into XPA-deficient cells 

(NER deficient), XPA-complemented cells (NER proficient) or HEK293T cells in 24 

well plates (1.25 × 105 cell per well) using Lipofectamine 2000. Following 24 h 

incubation, cells were subjected to RNA extraction using the E.Z.N.A. Total RNA Kit I 

from Omega Bio-Tek (Norcross, GA), DNA removal using Ambion DNA-free kit from 

Life Technologies (Carlsbad, CA), and cDNA synthesis. M-MLV reverse transcriptase 

and a primer (5’- TCGGTGTTGCTGTGAT-3’) were used for cDNA synthesis. The 

resulting cDNA was amplified using PCR and the following two primers, 5’-

CTAGCGGATGCATCGACTC-3’ and 5’-TGCTGCGGATGATCTTGTCG-3’. The 

PCR product was purified using E.Z.N.A. Cycle Pure kit from Omega Bio-Tek 

(Norcross, GA) and digested with SfaNI and NcoI to generate 13mer or 16mer fragments, 

which were purified via phenol/chloroform extraction. Specifically, an equal volume of 

phenol:chloroform:isoamyl alcohol solution (25:24:1) was added to each sample, and the 

DNA fragments were collected from the aqueous layer. 

 

Time-course Competitive Transcription and Adduct Bypass (CTAB) Assay  

To examine time dependence for competitive transcription and adduct bypass assays 

were performed as described above, but cells were allowed to grow for different amounts 

of time prior to RNA extraction. After transfection of the DNA-peptide crosslink 

containing plasmid, cells were grown for 24, 48, or 72 h and then harvested for RNA 

extraction. RNA was extracted using Ambion DNA-free kit and immediately converted 

into cDNA on the same day to minimize RNA degradation. The amplified cDNA 
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underwent PCR purification, restriction enzyme digestion, and phenol/chloroform 

extraction prior to HPLC-ESI-MS/MS analysis as described below. 

 

Mass Spectrometry based Transcriptional Product Analysis 

DNA samples were reconstituted in 0.1% formic acid in water(8ul) and analyzed using an 

LTQ Orbitrap Velos mass spectrometer (Thermo Scientific) interfaced with a Dionex 

Ultimate 3000 RS autosampler and Dionex UltiMate 3000 RSLCnano system. Solvent 

system consisted of 15 mM ammonium acetate in water (Solvent A) and 0.1% formic 

acid in acetonitrile (Solvent B). A Zorbax 300SB-C18 column (150 × 0.5 mm, 5 μm from 

Agilent Technologies, Santa Clara, CA) was eluted at a 15ul/min flow rate using the 

following gradient. Solvent composition was linearly changed from 2% solvent B to 20% 

in 23min, further to 90% in 7min, kept at 90% for 2 min, then brought back to 2% in 

3min. cDNA fragments from the control or lesion-bearing site (5’-CCGAATAXCCCGC-

3’, where X=A, T, C or G) and that from competitor plasmids (5’-

CACAATAGCATATCGC-3’) were observed by mass spectrometry. The sequences and 

their relative amounts were compared by MS/MS analysis and calculating the intensities 

of the corresponding peaks. Mass spectrometry analyses were performed at a resolution 

of 60,000 and a scan range of m/z 300-2000. 974.6650 m/z , 970.6670 m/z, 986.4140 

m/z, 964.6640 m/z, 892.4020 m/z, and 1207.4450 m/z were scanned to detect monitor 13-

mer oligonucleotides containing different transcription products from the control or 

lesion-bearing plasmids and 16-mer oligonucleotides from competitor plasmids. 

 

 

3.3. Results 

3.3.1. Generation of DPC containing Plasmid Substrate  
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Competitive transcription and adduct bypass (CTAB) assay is a powerful approach that 

makes it possible to examine the effects of DNA lesions on the efficiency and fidelity of 

transcription in cells196. To account for transfection efficiency, known amounts of 

competitor plasmids are transfected with lesion bearing plasmids. Because this 

competitor plasmids have three additional base pairs near the lesion position, RNA 

transcripts from two different plasmid can be distinguished with LC-MS/MS analysis. 

Following transfection of lesion bearing plasmids in cells, RNA transcripts are isolated 

and amplified through RT-PCR, and their sequences and amounts are examined by 

HPLC-ESI-MS/MS (Scheme 3.1.). The assay requires a plasmid substrate where a lesion 

is incorporated at a specified site within the coding sequence of gene. The sequence of 

gapped region is located 56 nucleotides downstream of the CMV protomer region in our 

plasmid. 

 

We employed a gapped plasmid approach to generate plasmids containing DNA-peptide 

and DNA-Lys conjugates conjugated to the C5 position of cytosine106. As described in 

our earlier publications, oligonucleotide substrates containing C5-dC DpCs 

(RPKPQQFFGLM-CONH2) were generated by reductive amination (Scheme 1.4.). To 

incorporate DpCs, pTGFP-H7 Hha10 plasmids were digested with Nt.BstNBI enzyme to 

generate a gapped plasmid (Scheme 3.2.). The sequence of the gapped region is 

complementary to our synthesized DpC – containing 12-mers. Therefore, the DNA-

peptide/lysine crosslink can be inserted via removal of the cleaved fragment, annealing 

the engineered 12-mer, and ligation.  
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The resulting lesion containing plasmids were purified with 100k Amicon filter, and the 

presence of DpC in the specified region of the plasmid was confirmed by gel shift. In 

brief, gel purified plasmids were subjected to NcoI and SfaNI restriction enzyme 

digestion, radiolabeling, and denaturing PAGE. The presence of DpC was confirmed by a 

characteristic gel shift (slower mobility) due to the presence of a DpC lesion (Figure 

3.1.). Because the competitor plasmid has three additional base pairs as compared to 

control plasmids between two restriction enzyme sites, lesion free control plasmid and 

competitor plasmid produced 13-mer and 16-mer oligonucleotides, respectively (Figure 

3.1.). 
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Scheme 3.1. Schematic of CTAB Assay System to Investigate the Effect of DNA-

peptide Crosslink on Transcription The CTAB assay, adapted from You et al.196, 

quantifies RNA transcripts from the plasmid to measure how a site-specific DNA lesion 

effect the efficiency and the fidelity of transcription in mammalian cell197. DNA lesion is 

marked as ‘X’ in the figure. A DNA lesion locate at the coding sequence of TurboGFP, 

which is the 56 nucleotides downstream of CMV promotor, to be transcribed.  
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Scheme 3.2. Construction of Lesion Bearing Plasmid . DNA lesion-containing 

plasmids were constructed by using gapped strategy. pTGFP-T7-Hha10T pTGFP-H7 

Hha10 plasmids were digested with Nt.BstNBI enzyme to incorporate DpCs into the 

gapped region of plasmid. Nt.BstNBI enzyme digestion site is highlighted with bold. 

DpCs (5fC-11mer peptide conjugate, and 5fC-lys conjugate) were marked as ‘X’ in the 

figure. The DpC bearing strands were ligated to the plasmid by using T4 DNA ligase. 
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Figure 3.1. PAGE Analysis to Measure the Effect of DpC on Transcription RNA 

transcripts from A) lesion containing plasmids and B) competitor plasmids are reverse 

transcribed to cDNA, amplified by PCR. The resulting PCR products were subjected to 

enzyme digestion using NcoI and SfaNI, and p-32 labeling. The enzyme digestion sites 

are highlighted with bold and the 32P-labeled phosphate group is marked as P*. C) The 

samples were loaded into 20% denaturing PAGE gel, and visualized by phosphoimaging. 

The 13mer-oligo with peptide conjugate showed slower mobility.  
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3.3.2. Influence of DNA-peptide and DNA-Lys cross-links on transcription in human 

cells  

Lesion-bearing or lesion-free control plasmids were co-transfected into HEK293T cells 

along with the competitor plasmids, which are used to normalize for transfection 

efficiency. Because our control and competitor plasmids do not contain a replication 

origin, they only produce RNA transcripts with a different sequence with the same 

efficiency in transcription, allowing us to distinguish between RNA transcripts 

originating from the two plasmids. In order to compare transcription efficiency, RNA 

transcripts were isolated, amplified through RT-PCR, and subjected to restriction enzyme 

digestion to generate 13-mer and 16-mer oligodeoxynucleotides, respectively (Figure 

3.2.). These oligonucleotides were sequenced and quantified by using HPLC-ESI-MS/MS 

methodology (Scheme 3.1).  

 

We found that the presence of DNA-peptide/lysine crosslink had no influence on fidelity 

of transcription (Figure 3.3.). No deletions or mis-insertions were detected on the 

position opposite to the DpC conjugate site. Only error-free products (5’-

CCGAATAGCCCGC-3’) (974.6650 m/z, (Table 3.1.)) were detected by HPLC-ESI-

MS/MS. Similar results were observed for DNA-Lys conjugates. However, the presence 

of DNA-peptide/lysine crosslinks greatly reduced the amount of RNA transcripts (Figure 

3.3.). The bypass efficiency was decreased approximately 10-fold when the DNA-peptide 

crosslink was present in the plasmid. In addition, the DNA-lysine crosslink decreased 

bypass efficiency by 60%. Overall, this data suggests that RNA polymerase bypass rate is 
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affected by the DNA lesions and supports the importance of a DPC crosslink repair 

pathway.  
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Figure 3.2. Enzyme Digestion of Amplified PCR Product to Produce DNA Fragment 

for LC/MS-MS cDNA is amplified with a pair of primers to produce 527 bp size PCR 

product. The PCR products are enzymatically digested with NcoI and SfaNI to produce 

13mer strand and 16mer strand from DNA-lesion bearing and competitor, respectively. 

The enzyme digestion was confirmed by detecting expected bands on 1% agarose gel 

(234bp, 147bp, and 66bp). 
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Figure 3.3. Influence of DNA-peptide and DNA-Lys Cross-links on Transcription in 

HET293T A) DpC bearing plasmid (5fC-11mer or 5fc-lys) and competitor plasmid are 

transfected to HET293T cells to produce cDNA from RNA transcripts. cDNA fragments 

from the control or lesion-bearing site (5’-CCGAATAXCCCGC-3’, where X=A, T, C or 

G) and that from competitor plasmids (5’-CACAATAGCATATCGC-3’) were observed 

to measure the bypass efficiency and the mutations. B) The size of conjugate is crucial 

for the bypass tolerance during transcription. The bypass efficiencies were dropped to 

~39% and ~12% by 5fC-lys and 5fC-11mer peptide conjugates, respectively. The data 

are the average ± SD of three experiments. 
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Table 3.1. Nucleobase Sequence and Mass Spectrometry Characterization of Strand 

from cDNA Fragment 

 

Sequence of Strand Mutation Observed Mass [m/z] 

5’-CCGAATAGCCCGC-3’ None [M-4H]4-=974.665 

5’-CCGAATAACCCGC-3’ C to T [M-4H]4-=970.667 

5’-CCGAATATCCCGC-3’ C to A [M-4H]4-=968.414 

5’-CCGAATACCCCGC-3’ C to G [M-4H]4-=964.664 

5’-CCGAATACCCGC-3’ Deletion [M-4H]4-=892.402 

5’-CACAATAGCATATCGC-3’ Competitor [M-4H]4-=1206.957 
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3.3.3. Influence of NER on Transcription of DpCs  

In previous studies, it has been suggested that nucleotide excision repair can remove DpC 

lesions in cells. Nakano et al. later showed that DPC smaller than 10kDa can be excised 

by NER in mammalian cells, while baker et al. showed a 38kDa size DPC on plasmid can 

be repaired by NER directly119,155. Interestingly, Chesner et al. recently revealed that a 

DNA-crosslinked 39 amino acid polypeptide is repaired more efficiently than a 345 

amino acid protein crosslink126. Therefore, CTAB assays was performed in XPA (NER-

deficient) and XPA corrected (NER-proficient) cells to investigate the roles of nucleotide 

excision repair in the removal of these DNA lesions. Although XPA-corrected cells 

showed slightly higher bypass efficiency than that of XPA cells, the difference was not 

statistically significant (Figure 3.4.). The presence of 5fC-lys and 5fC-11mer conjugates 

dropped the bypass efficiency to ~49% and ~12% respectively in XPA, decreased to 

~64% and ~18% respectively in XPA corrected cells. However, no transcriptional 

mutations were observed. 
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Figure 3.4. Influence of NER on Transcription The effects on DpC formation are 

examined in NER deficient and proficient condition via CTAB assay. The amount of 

RNA transcripts in XPA were compared to that in XPA corrected. The data are the 

average ± SD of three experiments.  
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3.3.4. Transcriptional Mutagenesis at Longer Time Points. 

Because previous studies have shown that nucleotide excision repair can remove small 

DPCs, we hypothesized that DNA-peptide/lysine conjugates can be recognized by DNA 

damage repair pathways, including NER, to recover the RNA polymerase bypass 

efficiency. Since DNA-peptide/lysine conjugates decrease the bypass, the repair of the 

crosslink can be examined by the amount of transcripts observed. Therefore, we 

performed CTAB assay and RNA transcripts from lesion-bearing plasmid were collected 

at different time points to evaluate the repair. Because cells have a greater opportunity to 

repair conjugate sites with a longer incubation time, a higher bypass efficiency was 

observed at 48-hour timepoint compared to 24-hour points as we expected (Figure 3.5.). 

Unexpectedly, the amount of RNA transcript decreased again at 72-hour point. We 

hypothesize that the decrease is caused by RNA degradation. In addition, no significant 

difference in bypass efficiency was detected at any timepoints between XPA and XPA-

corrected cell groups. This data indicates that DNA-peptide/lysine conjugate could be 

repaired by nucleotide excision repair, but 5fC mediated conjugates were not active NER 

substrates. Therefore, there should be another pathway which can remove crosslinking 

damages when this repair pathway is not possible. 
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Figure 3.5. Time course CTAB assay in XPA and XPA Corrected Cells Cells have a 

greater opportunity to repair conjugate sites with a longer incubation time. After 

transfection of the DNA-peptide crosslink containing plasmid, cells were grown for 24, 

48, or 72 h and subjected to RNA product collection to examine DpC repair via NER 

pathway. 
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3.4. Discussion  

Recent papers have revealed that 5fC-histone DPCs form in living cells106. However, 

DPCs lesions are likely to block DNA replication, transcription, and repair9. Therefore, it 

is important to know how the presence of DPCs affect the efficiency and accuracy of 

DNA dependent pathways, and how cells recognize and repair the crosslinks to overcome 

the blockage or mutagenesis. To investigate this research question, our group has 

previously conducted primer extension assays and kinetic measurements with TLS 

polymerase and a DNA substrate containing 5fC site conjugates in vitro; the conjugate 

reduced the bypass efficiency during replication, and the bypass rate was decreased as the 

length of peptide conjugate increased105. However, it was still unknown whether 5fC 

mediated conjugates could affect the efficiency of transcription. Through the experiments 

in this chapter, such as the CTAB assay, it was shown that DNA-peptide/lysine 

conjugates can decrease the bypass of RNA polymerase during transcription. The 5fC-

mediated peptide cross-link conjugate significantly reduced the RNA transcripts which 

indicates that the size of conjugate is a critical factor which determines the bypass 

tolerance.  

 

Our results revealed that DpC lesions did not induce transcriptional errors. This in 

contrast to our in vitro primer extension assays that demonstrated that 5fC site conjugates 

can induce C to T transition mutations or deletions during replication105. Moreover, it was 

reported that RNA polymerase could bypass drug-induced DPCs or 5fC-peptide 

conjugates in an error-prone manner and induce mutations and deletions184. However, our 

CTAB assay data showed that the presence of 5fC site conjugates have no effect on the 
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sequence of RNA transcripts (Figure 3.3.). I hypothesize that the structure of DNA 

lesions and conjugates has a strong impact on DNA and RNA polymerase bypass 

activity. Because an 11mer peptide that is crosslinked to a 5fC site is similar to 5fC-

lysine crosslink formed in histones105,106 and formed endogenously in the cell, cells may 

have an ability to tolerate this crosslink. Therefore, several different DNA-peptide 

crosslink structures should be investigated to elucidate the effect of DNA lesions on 

transcription. 

 

Previous research has suggested that NER and HR orchestrate repair of DPCs and NER 

plays a role in removing DpCs (< 16kD) 34,116,119. Our earlier in vitro NER assays show 

that DNA-peptide/lysine can be repaired by NER. In brief, DNA substrates containing 

5fC site conjugates (11mer-peptide or lysine crosslink) were incubated with cell extract, 

and the resulting 24 – 30 mer oligonucleotide NER products were examined to detect the 

repair activities. These assays demonstrated that the regions containing DNA damage 

were excised by NER enzymes and that the 5fC-site conjugates can be repaired by NER, 

although the repair was not significant184. Our CTAB assay results also revealed that 

DNA-peptide/lysine conjugate could be repaired by nucleotide excision repair, but 5fC 

mediated conjugates were not active NER substrates (Figure 3.4.). Therefore, the repair 

of 5fC site conjugates by a global NER pathway or transcription-coupled NER should be 

examined to elucidate the repair pathways. Interestingly, transcription-coupled NER (TC-

NER) removes DNA lesion faster from the transcribed strand of gene than from the non-

transcribed stand198,199, while cell removes the RNAP-blocking DNA lesions by TC-

NER to overcome prolonged blockage of transcription200. Moreover, CSB is recruited 
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to DNA lesion faster than XPC, whereas OGG1 binding appeared to precede CSB201. 

This suggest that TC-NER can repair DPCs and CTAB assay should be performed at 

different timepoints. Therefore, I hypothesize that this is the reason why 5fC site 

conjugates induced C to T transition mutation during replication, but not during 

transcription. 
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IV.  Quantification of DNA-Protein Crosslinks induced by 

Monofunctional Alkylating Agents in vivo 

 

 

 

 

Adapted from published article:  

Yang, K., Park, D., Tretyakova, N. Y., and Greenberg, M. M. (2018) Histone tails 

decrease N7-methyl-2′-deoxyguanosine depurination and yield DNA–protein cross-links 

in nucleosome core particles and cells. Proc. Natl. Acad. Sci. 115, E11212–E11220. 

 

 

 

 

This work was performed in collaboration with Dr. Mark Greenberg and Dr. Kun Yang. 

Kun Yang measured hydrolysis rate of MdG induced DPC in vitro, and Daeyoon Park 

performed MMS-induced-DPC quantification and identification in vivo. 
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4.1. Introduction 

In general, DPCs are produced by bifunctional alkylating agents; bifunctional alkylating 

agents target nucleophilic sites within proteins and DNA and after sequential alkylation, 

result in DPCs (Figure 1.2.). Monofunctional alkylating agents can induce alkylated 

DNA structures which can undergo secondary reactions to target a site within proteins, 

thus also producing DPCs. However monofunctional agent induced DPC formations have 

not been fully investigated.  

 

DNA alkylation has been investigated in many previous studies due to its important 

biological effects. For example, various endogenous and exogenous agents such as S-

adenosylmethionine and methyl methanesulfonate (MMS) have been reported to induce 

various genotoxic methylation products, with N7-methyl-2′-deoxyguanosine (MdG) 

comprising 60 - 80% of the total methylated lesions11,202–204. The positive charge from the 

N7 position of MdG weakens the glycosidic bond and induces an abasic site through 

depurination. The resulting abasic site can then cause G to T transversion mutations 

through replication205. Moreover, MMS induced MdG cause base mispairing or block 

replication86. Although the steric effects of N7-methylation in the major groove only 

minimally perturb the duplex structure so that MdG can retain the positioning of dG, it 

has been shown that MdG encourages blockage of DNA polymerase during replication 

through tautomerization206. However, there is no clear evidence that tautomerization 

leads to a decrease in fidelity during bypass by a DNA polymerase. Therefore, its 

cytotoxicity has been ascribed to DPC formation because DPCs are known to block DNA 

replication and transcription.  
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N7-Alkylation encourages abasic sites via hydrolysis of the glycosidic bond207. Although 

the hydrolysis rate is slow with MdG, many studies have shown that DPCs can be 

generated by abasic sites (DPCAP). Therefore, abasic sites are suggested as the main 

source of cytotoxicity from MdG lesions as shown in Scheme 4.1.. Although human 

cellular DNA is organized in chromatin and other DNA lesions interact closely with 

histone octameric nucleosome core particles (NCPs), most studies on MdG have been 

performed in free DNA condition208–212. Interestingly, Yang et al. suggested that the DPC 

can be formed by nucleophilic attack at the C8 position of MdG as shown in Scheme 

4.2.94. Therefore, this study has demonstrated the possibility that MdG production is more 

than a source of abasic sites, but can also induce a secondary lesion including DPCs. 
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Scheme 4.1. Mechanism of MdG Hydrolysis The protonated base is detached from 

MdG and form an oxocarbenium ion (marked as X) via a unimolecular (SN1) mechanism, 

resulting an AP site. 
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Scheme 4.2. MdG Mediated DPC DPC can be formed in two different ways at MdG. 

MdG can induced AP site, resulting DPC (DPCAP), whereas the nucleophilic site of a 

protein, such as lysine, react with the C8 position of MdG site to form DPC on MdG 

(DPCMdG). NaBH4 reduces the Schiff-base within DPCAP and stabilizes the structure, 

while DPCMdG are not affected by the treatment. Therefore, DPCMdG are released after 

heating due to their reversibility of the process. 
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MdG reactivity in nucleosome core particles (NCPs) is significantly different from that in 

free DNA94. By constructing synthetic 145-nt-long oligonucleotides with a specific MdG 

site, they demonstrated that hydrolysis is significantly retarded in NCPs due to the 

proximity and magnitude of positive charge from the lysine or arginine rich histone tail. 

In brief, MdG123 position, where the lesion was most proximal to the histone tail of H2A 

and H2B, showed the highest decrease in the hydrolysis rate. Moreover, hydrolysis rate 

was changed when the sequence of histone tail was mutated from lysine to alanine. This 

suggests that the octameric core of histone proteins play an important role in stabilizing 

the DNA structures against hydrolysis. Importantly, this study has shown that MdG 

directly reacts with histone proteins in nucleosome core particles (NCPs) to form DNA–

protein cross-links (DPCs), which was not known to be induced by simple 

monoalkylation adducts. Unfortunately, monofunctional agent induced DPC formations 

have only been examined in vitro. Therefore, the experiments described below have been 

done to gain evidence of monoalkylation agent induced DPC formation in vivo. 

 

4.2. Materials and Methods 

Materials  

Ammonium bicarbonate, ammonium acetate, phenylmethanesulfonyl fluoride (PMSF), 

leupeptin, pepstatin, aprotinin, methoxyamine, dithiothreitol (DTT), iodoacetamide, 

chloroform, ribonuclease A, deoxyribonuclease I, alkaline phosphatase, 

methanesulfonate, and sodium borohydride were purchased from Sigma (St. Louis, MO). 

Methyl UltraPure buffer-saturated phenol was obtained from Invitrogen (Carlsbad, CA). 

Mass spectrometry grade trypsin was purchased from Promega (Madison, WI). Pierce 
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C18 column and TMT 6-plex reagents were purchased from Thermo Fischer Scientific 

(Waltham, MA).  

 

Methods 

Cell Culture 

Chinese hamster lung fibroblast cell lines V79 (GM16136) were obtained from the 

Coriell Institute for Medical Research (Camden, NJ) and cultured in Ham’s F-12 

modified essential Eagle’s media supplemented with 10% fetal bovine serum and 1% 

penicillin streptomycin. Human fibrosarcoma (HT1080) cells were obtained from the 

American Type Culture Collection (Camden, NJ) and maintained as exponentially 

growing monolayer cultures in Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS) and 1% penicillin streptomycin, in a 

humidified incubator at 37 °C with 5% CO2.  

 

Cell Treatment with MMS and Isolation of DNA-Protein Crosslinks 

HT1080 cells (~1 x 107, in triplicate) and V79 cells (~2 x 107) in culture were treated 

with increasing concentrations of MMS (0, 10mM, and 25mM) for 3 h at 37 °C. The cells 

were washed and resuspended with phosphate-buffered saline (PBS) and DPC-containing 

DNA was extracted by a modified phenol-chloroform procedure as described 

previously50,213. In brief, the cells were lysed by adding an equal volume of 2X cell lysis 

buffer (20 mM Tris-HCl/10 mM MgCl2/2% Triton-X100/0.65 M Sucrose), incubated on 

ice for 5 min, and centrifuged at 2000 g for 10 min at 4 °C. The resulting pellets were re-

suspended in saline-EDTA solution (2ml, 75 mM NaCl/24 mM EDTA/1% sodium 
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dodecyl sulfate) with RNase A (10 μg/mL) and a protease inhibitor cocktail (1 mM 

PMSF; 1 μg/mL pepstatin; 0.5 μg/mL leupeptin; 1.5 μg/mL aprotinin) for 2hr incubation 

at 37°C. After the incubation, an equal amount of tris-saturated phenol was added, and 

the solutions were mixed for 5 minutes. Following centrifugation at 4000 RPM for 10 

minutes, the aqueous layer containing DNA and the DPC-containing white interface layer 

were collected. Two additional phenol/chloroform extractions were performed, and the 

DPC containing DNA was precipitated with cold ethanol at -20 °C. The samples are 

dissolved in 400ul of 10mM HEPES, pH 7.5. The amount of DNA was measured using 

UV spectrophotometry (A260) and subsequently determined by dG analysis.  

 

NaBH4 Treatment to Distinguish Between Types of DPC in HT1080 

To distinguish AP site DPCs (DPCAP) from MdG site DPCs (DPCMdG), a reduction step 

was performed with NaBH4. After DPC extraction from MMS treated or untreated cells, 

20μg of DNA (18ul, 10mM HEPES pH 7.5) was mixed with fresh ice-cold 1M NaBH4 

(2μl), and incubated for 1hr at 4 °C. The samples were quenched with 1M acetic acid 

(1.5μl) and a pH of 7 - 7.5 was confirmed with pH paper. Samples were heated to 70 °C 

for 1 hr and resolved by NuPAGE Novex 4 - 12% Bis-Tris gels (Invitrogen, Carlsbad, 

CA), and visualized by staining with SimplyBlue SafeStain (Invitrogen, Carlsbad, CA). 

 

Gel Based DPC Detection in MMS-treated HT1080 cells 

HT1080 cells (~1 x 107, in triplicate) were treated with MMS (0, 10mM, 25 mM) for 3 h 

at 37 °C. DNA was extracted and quantified in a manner to preserve DPCs, as described 

above. 20 ug of DNA was resolved by NuPAGE Novex 4 - 12% Bis-Tris gels 
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(Invitrogen, Carlsbad, CA), and visualized by staining with SimplyBlue SafeStain 

(Invitrogen, Carlsbad, CA). 

 

Mass Spectrometric Identification of Cross-Linked Proteins 

Gel lanes (0 - 30kDa area) were excised and further diced into 1 mm pieces. The standard 

in-gel tryptic digestion method was performed with the gel pieces. In brief, gel pieces 

were washed with 1:1 100 mM ammonium bicarbonate:acetonitrile, and rehydrated with 

10 mM DTT in 50 mM ammonium bicarbonate (1hr, 56°C). After removing DTT 

through centrifugation, the samples were alkylated with saturated iodoacetamide. Gel 

pieces were dehydrated with digestion buffer (50 mM NH4HCO3, 5 mM CaCl2, 5 ng/μl 

trypsin) and incubated on ice for 15 min. The supernatant was removed and replaced with 

50 mM NH4HCO3, 5 mM CaCl2. for an overnight incubation at 37 °C.  The resulting 

tryptic peptides were extracted with 60% acetonitrile containing 0.3% aqueous formic 

acid, evaporated to dryness, and desalted using Pierce C18 column. Samples were 

reconstituted in 0.1% formic acid in water (10μl) for HPLC−ESI+−MS/MS analysis and 

analyzed using an LTQ Orbitrap Fusion mass spectrometer (Thermo Scientific) 

interfaced to a Dionex Ultimate 3000 RS autosampler and Dionex UltiMate 3000 

RSLCnano system. 0.1% formic acid in water (Solvent A) and 0.1% formic acid in 

acetonitrile (Solvent B) with flow rate of 0.3 μL/min were used for the system and the 

samples were loaded onto 5 μm Luna-C18 resin (Phenomenex, Torrence, CA). Solvent 

composition was held at 5% solvent B for 6min, followed by an increase to 7% over 2 

min, 25% over 57 min, 60% over 12 min, and finally to 95% over 1 min. The solvent 

composition was held at 95% for 4 min, and returned to 5% over 0.5 minute and re-
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equilibration for 7 min. The mass spectrometer was operated in a data dependent mode 

with dynamic exclusion enabled (repeat count: 1, exclusion duration: 15 sec). Every scan 

cycle, one full MS scan (m/z 320 to 2000) was collected at a resolution of 120,000 at an 

AGC target value of 2x105, followed by MS2 scans of as many dependent scans as 

possible within a cycle time of 3 seconds with HCD (normalized collision energy = 38%, 

isolation width = 0.7 m/z, resolution = 30,000) at an AGC target value of 1x105. Ions with 

a charge state of +1 were excluded from the analysis. 

 

Mass Spectrometric Identification and Quantification of DPC Formation in Chinese 

Hamster Lung Cells. 

DPCs were extracted from MMS (0 or 25mM) treated V79 cells as described above. 

Based on dG analysis, aliquots containing 30μg of DNA were prepared in 200μl of 100 

mM HEPES buffer (pH 7.5). To distinguish between cross-links involving MdG and AP, 

30μg of DNA was incubated with 22μl of 1M NaBH4 (1h, 4 °C) to stabilize the DPCs 

involving AP and quenched with an appropriate amount of 1M acetic acid until the 

sample reach pH 7.5. DPC-containing DNA was subjected to neutral thermal hydrolysis 

(1 h, 70 °C), incubated with 3 volume equivalents of cold ethanol (1h, -20 °C), and 

centrifuged at 14,000g for 30 min. The supernatants were dried under vacuum and 

dissolved in 100mM HEPES (pH 8.0) and subsequently washed to remove salts using 

Amicon 3K filters (14,000g, 10 min). The HEPES buffer was exchanged with ammonium 

bicarbonate buffer (25 mM, pH 8.0) using Amicon 3K filters and concentrated to ~200 

μL. After resuspension in 200μl of 25mM ammonium bicarbonate, each sample was 

incubated with 1μg trypsin (overnight, 37 °C). The resulting tryptic peptides were 
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recovered by centrifugation (14,000g, 15 min) and concentrated to dryness in glass MS 

vials. The dried samples were re-suspended in 35μl of 100mM HEPES, followed by 

incubation with 5μl of ACN and 10μl of TMT 6-plex reagent (19.5μg/μL) for 2 hours at 

RT. The reactions were quenched with 4μl of 5% hydroxylamine (15min, RT). The 

peptides from each condition (control, NaBH4, MMS, MMS + NaBH4) were combined 

and dried, and then underwent desalting through a Pierce C-18 column prior to nanoLC-

MS analysis (Thermo Orbitrap Fusion). TMT-labeled peptides were reconstituted in 8μL 

0.1% formic acid and loaded onto a pulled-tip fused silica column with a 100 μm inner 

diameter packed in-house 5μm Luna-C18 resin (Phenomenex, Torrence, Ca). Same 

setting is used for LTQ Orbitrap Fusion mass spectrometer as described above. The raw 

data was searched against UniProt Chinese Hamster database with Thermo Scientific 

Proteome Discoverer 2.1 software. The database searches were carried out using the 

following settings in the Sequest HT algorithm: precursor ion mass tolerance, 10 ppm; 

Fragment mass tolerance 0.02 Da; variable modification, TMT6plex, Methylation, 

Dimethylation, Trimethylation, and Acetylation; allowed number of mis-cleavages, 3. 

To elucidate the crosslinked histone family, a smaller UniProt database which 

contained all proteins that were detected in analyzed samples was established. 

 

4.3. Results 

4.3.1. Concentration-dependent Formation of DPCs in MMS-treated Human Cells  

DNA was extracted under conditions that preserve the DNA-protein conjugate from 

human fibrosarcoma cells (HT1080) that were treated with increasing concentrations of 

MMS (0, 10, and 25 mM) for 3 h. The samples were hydrolyzed by heat to release 
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proteins conjugates so that they could be resolved by gel electrophoresis. Small amounts 

of endogenous DPCs were present in untreated cells, whereas the amounts of cross-linked 

proteins increased in a concentration dependent manner with MMS treatment (Figure 

4.1.). However, compared to the dose of anticancer drugs, such as cisplatin, used in 

previous studies195, a relatively higher concentration of MMS was required to detect the 

DPCs. This suggests that MMS can induce DPCs, but it has a lesser ability to induce 

DPCs than cisplatin. 
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Figure 4.1. DPC Band Intensities from MMS treated HT1080 The DPCs from MMS 

treated HT1080 cells were resolved by SDS-PAGE gel (NuPAGE Novex 4 -12% Bis-

Tris). The intensities of bands were digitized by ImageJ program. The data are the 

average ± SD of three experiments. 
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4.3.2. Identification of MMS Induced Cross-linked Proteins in HT1080 cells  

To identify MMS induced DPCs in HT1080 cells, cells were treated with 25 mM MMS 

for 3 h and the resulting DPCs were compared to that from untreated cells. In addition, 

HT1080 cells were treated with both MMS and NaBH4 to identify the AP site DPCs 

(DPCAP) and MdG site DPCs (DPCMdG). DPC containing DNA was extracted as 

described above, and the samples were loaded onto a SDS-PAGE gel (4 - 12%, NuPage) 

for gel electrophoresis. Because a lysine residue of NCP histone can be covalently linked 

to DNA via AP site (DPCAP) or the C8 position of MdG (DPCMdG) (Scheme 4.2.), a 

molecular weight range of 0 - 30kDa region was excised from the gel lanes. The gel 

pieces from each lane were subjected to in-gel tryptic digestion to obtain peptides, and 

the resulting peptides were extracted, desalted, and analyzed with HPLC-ESI+-MS/MS 

methodology for protein identification. The amino acid sequence of tryptic peptides from 

cross-linked proteins were characterized by performing b and y series ions test, and at 

least two unique peptides were used to identify the crosslinked proteins. A total of 30 

proteins were identified (Table 4.1.). Interestingly, Histone H4, H2B, and H2A were 

detected from this region. A large portion of the cross-linked proteins were known to 

participating in translation, transcription and chromatin organization. Moreover, the 

amounts of crosslinked Histone H4, H2B, and H2A were increased dramatically in MMS 

treated groups, whereas MMS and NaBH4 treated groups showed only a slight increase 

(Figure 4.2.). Unfortunately, Histone H3 didn’t show a similar pattern as the other 

histone groups. Because the amount of crosslinked histone was estimated based on the 

MS peak area from the raw data through MaxQuant program, the accuracy can be 

increased by performing other measurement. Therefore, another method, such as TMT-
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tag, should be performed to determine the accurate amount of histone in each 

experimental group. 
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Table 4.1. Proteins Forming Covalent Crosslink to DNA in MMS treated HT1080 
 

Gene 
Name 

Accession 
Identified 
Proteins 

% 
Cover
age  

# 
Peptides 

No. of  
Unique 

Peptides 

Primary 
biological 
Function 

MW 
[kDa] 

HMGA1 P17096 
High mobility 
group protein 

HMG-I/HMG-Y 
48.6 5 2 transcription 11.669 

HMGA1 P17096-2 

Isoform HMG-Y 
of High mobility 
group protein 

HMG-I/HMG-Y 

42.7 4 1   10.673 

HMGA2 F5H2A4 
High mobility 
group protein 

HMGI-C 
38.1 3 3   12.707 

HMGA1 P17096-3 

Isoform HMG-R 
of High mobility 
group protein 

HMG-I/HMG-Y 

14.0 2 2   19.682 

RPS25 P62851 
40S ribosomal 

protein S25 
20.8 3 3 translation 13.734 

RPL22 P35268 
60S ribosomal 

protein L22 
18.8 2 2   14.778 

RPL22L
1 

H0Y8C2 
60S ribosomal 

protein L22-like 1 
(Fragment) 

8.5 1 1   16.89 

RPS20 P60866-2 
Isoform 2 of 40S 
ribosomal protein 

S20 
7.7 1 1   15.995 

RPS9 P46781 
40S ribosomal 

protein S9 
8.8 2 2   22.578 

RPS16 Q6IPX4 
40S ribosomal 

protein S16 
13.8 2 2   17.096 

RPL28 H0YKD8 
60S ribosomal 

protein L28 
6.5 1 1   19.06 

RPL19 P84098 
60S ribosomal 

protein L19 
4.6 1 1   23.451 

RPS15
A 

P62244 
40S ribosomal 
protein S15a 

20.0 3 3   14.83 

HIST1H
4A 

P62805 Histone H4 50.5 5 5 
chromatin 

organization 
11.36 

HIST1H
2BN 

U3KQK0 Histone H2B 17.5 3 3   18.792 

HMGN1 P05114 
Non-histone 

chromosomal 
protein HMG-14 

34.0 3 3   10.653 

HIST1H
3D 

A0A0U1RR
H7 

Histone H2A 9.4 2 2   18.541 

H3F3B K7ES00 
Histone H3.3 
(Fragment) 

8.6 2 2   16.611 

HIST1H
2BJ 

P06899 
Histone H2B type 

1-J 
28.6 1 1   13.896 

LYZ P61626 Lysozyme C 43.9 8 8 
immune 
system 

16.526 

DCD P81605-2 
Isoform 2 of 
Dermcidin 

34.7 4 4   12.406 

S100A8 P05109 Protein S100-A8 39.8 4 4   10.828 
S100A9 P06702 Protein S100-A9 31.6 3 3   13.234 

DEFA1 P59665 
Neutrophil 
defensin 1 

19.1 2 2   10.194 
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FABP5 Q01469 
Fatty acid-

binding protein, 
epidermal 

13.3 2 2   15.155 

S100A7 P31151 Protein S100-A7 21.8 2 2   11.464 

IGLC2 
A0A075B6

K9 

Ig lambda-2 
chain C regions 

(Fragment) 
9.4 1 1   11.34 

PIP P12273 
Prolactin-

inducible protein 
13.7 2 2   16.562 

PRDX1 Q06830 Peroxiredoxin-1 27.6 6 5 
oxidative 

stress 
regulation 

22.096 

PRDX2 P32119 Peroxiredoxin-2 13.6 3 2   21.878 
TXN P10599 Thioredoxin 21.0 2 2   11.73 

HBA1 P69905 
Hemoglobin 

subunit alpha 
16.9 2 2 

oxygen 
transport 

15.248 

RPS27
A 

P62979 
Ubiquitin-40S 

ribosomal protein 
S27a 

30.1 4 4 
cellular 

regulation 
17.953 

LCN1 P31025 Lipocalin-1 17.0 3 3   19.238 
CALML

5 
Q9NZT1 

Calmodulin-like 
protein 5 

5.5 1 1   15.883 

LGALS7 P47929 Galectin-7 19.1 2 2   15.066 
CSTA P01040 Cystatin-A 15.3 2 2   11 

PPIA P62937 
Peptidyl-prolyl 

cis-trans 
isomerase A 

9.1 2 2 
protein 
folding 

18.001 
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Figure 4.2. MMS and NaBH4 Treatment to Distinguish the Types of DPC The MMS 

treatment induced the histone crosslink to chromosomal DNA in HT1080. Additional 

NaBH4 treatment, which reduces the Schiff-base within DPCAP, were used to estimate the 

amount of DPCAP and DPCMdG. The intensities of histone peaks were measured by 

HPLC−ESI+−MS/MS. The data are the average ± SD of three experiments. 
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4.3.3. Quantification of MMS Induced Cross-linked Proteins in V79 cells  

DPC formation between histone proteins and MdG was also observed in MMS-treated 

V79 Chinese hamster lung cells. In this experiment, V79 cells were used instead of 

HT1080 cells, because DPC repair is less efficient in this cell line compared to that in 

human cells214. To quantify the MMS induced DPCs and to distinguish between AP site 

DPCs (DPCAP) and MdG site DPCs (DPCMdG), V79 cells were incubated either with or 

without MMS, and the DNA extracted from the two groups was incubated either with or 

without NaBH4. All four samples (control, NaBH4, MMS treated, MMS + NaBH4 

treated) were subjected to tryptic digestion, desalting, and quantitative proteomics 

analysis incorporating TMT isotope tags as described above. This experiment clearly 

demonstrated the formation of DPCs with several proteins in MMS treated cells (Table 

4.2). A total of 17 proteins, including H2B, and H2A, were identified. Interestingly, a 

large portion of the cross-linked proteins were known to participating in translation, 

transcription and chromatin organization. Moreover, mass spectrometry-based TMT 

proteomics showed that the amounts of crosslinked Histone were increased dramatically 

in MMS treated groups, whereas MMS and NaBH4 treated groups showed only a slight 

increase. Specifically, crosslinked histones H2A and H2B levels were increased 23-fold 

and 28-fold respectively when comparing the MMS treated group to control group 

(Figure 4.3.). DPCMdG and DPCAP were distinguished by their different thermal stabilities 

(Scheme 4.2.). Yang et al. showed that after NaBH4 treatment (0.1 M, 4 °C, 1 h) and 

heating (70 °C, 1 h), no decomposition was observed in DPCAP123 while DPCMdG123 was 

completely decomposed in vitro94. Similar to in vitro data, we found that following 

NaBH4 treatment, ~75% of H2A and ~90% of H2B DPCs were thermally released. This 
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indicates that the majority of the DPCs in MMS treated cells were from MdG, with the 

remaining conjugates forming at AP sites. Therefore, we conclude that a monofunctional 

alkylating agent, such as MMS, can induce DPCs by forming the DNA lesions which will 

undergo secondary reactions. 
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Table 4.2. Heat map analysis of the TMT abundance data for MMS-induced DPCs 

in V79 cells All four samples (control, NaBH4, MMS treated, MMS + NaBH4 treated) 

were TMT tagged to quantify the MMS induced DPCMdG and DPCAP. The amounts of 

crosslinked protein were increased dramatically in MMS treated groups, while NaBH4 

treatment had no effect on DPC formation. 

 

 

  

Control MMS NaBH4 MMS+NaBH4

High mobility group protein HMG-I/HMG-Y 0.17 1.986 0.034 1.411

Nucleolin 0.09 2.157 0.048 1.251

High mobility group protein HMGI-C 0.129 1.874 0.1 1.247

Vimentin 0.138 1.706 0.082 1.782

Nucleophosmin 0.101 1.293 0.11 2.183

PC4 and SFRS1-interacting protein-like isoform 2 0.048 1.765 0.072 1.55

Histone H2B 0.028 1.968 0.027 1.922

Histone H2A type 1 0.069 2.119 0.06 1.254

Sp110 nuclear body protein 0.169 1.074 0.061 2.998

Heterogeneous nuclear ribonucleoprotein A/B 0.059 2.145 0.061 1.291

Chloride intracellular channel protein 0.01 0.553 0.113 3.287

Clathrin light chain 0.11 1.8 0.142 2.324

Heat shock cognate protein 0.928 2.067 0.153 2.449

ATP-binding cassette sub-family F member 1-like protein 0.024 1.435 0.021 2.355

Ribosome-binding protein 1 0.01 2.003 0.01 1.395

Actin, cytoplasmic 1 0.08 0.99 0.102 1.769

Nucleolar and coiled-body phosphoprotein 1-like isoform 1 0.095 1.667 0.049 2.13

Abundance Ratio
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Figure 4.3. Histone DPC Formation in MMS-treated V79 cells The normalized 

abundance of thermally released A) H2A and B) H2B within MMS induced DPCs from 

V79 cells. The DPC abundance under each condition was normalized to that without 

MMS and NaBH4 treatment. C) The percentage of the thermally released histone 

proteins after NaBH4 treatment were compared with those released without NaBH4 

treatment were used to calculate the ratio of DPCMdG in MMS-treated V79 cell. ~75% of 

H2A and ~90% of H2B DPCs were thermally released. The data are the average ± SD of 

three experiments. 
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4.4. Discussion 

MdG is known as a non-toxic and non-mutagenic DNA lesion although it comprises 60 - 

80% of the total methylated lesions11,215. However, the hydrolysis of MdG induces abasic 

site216, resulting DPC, while a nucleophilic site of histone proteins makes a crosslink 

directly at the C8 position of MdG (Scheme 4.2.). Yang et al. compared the rate 

constants for hydrolysis in NCPs to those in free DNA for the first time94. The hydrolysis 

rate was decreased one-half when NCPs are present, suggesting that the histone proteins 

stabilized the DNA against abasic site formation. Moreover, MdG positions close to 

positively charged histone tails showed greater decrease in hydrolysis rate than those 

further from the tails. As shown in Scheme 4.1., MdG hydrolysis can occur via the SN1 

mechanism. Therefore, the presence of a positive histone tail stabilizes the ground state 

and decreases the amount of transition state MdG, and thus abasic site formation is 

suppressed in a cellular environment where cellular DNA interacts closely with NCPs. 

 

DPCs induced by monofunctional alkylating agents have not been well documented. 

Interestingly, this study showed for the first time that DPCs are also formed in cells 

treated with a monofunctional alkylating agent. The relatively long half-life of MdG 

( ~200 hour) allows histone proteins to be crosslinked before depurination occurs. Our 

LC-MS/MS analysis of MMS-treated cells also demonstrated that more than 75% of 

histone crosslinks are produced at the C8’ position of MdG whereas abasic sites induce 

the remaining less than 25% of DPCAP. These findings suggest that an alkylating agent 

can induce DPCs not only via abasic site formation, but also via DNA alkylation which 

can undergo secondary reactions. Because DPCs, which block DNA dependent pathways 
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such as replication and transcription, are extremely toxic, the cytotoxicity of 

monofunctional alkylating agent should be examined more carefully.  

 

MMS showed higher cytotoxicity in a NER deficient cells217,218. However, the repair of 

MMS induced DPCs has not been investigated because the possibility of DPC formation 

by a monofunctional agent had been dismissed. In short, the possible lesions produced by 

monofunctional alkylating agents should be studied further and their repair pathways, 

biological effects and consequences should be investigated in future studies. Moreover, 

this also raises the question of whether chemists could increase DPC yields in cellular 

DNA and/or exploit their formation to improve the efficacy of drugs such as 

temozolomide. 
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V. Summary and Conclusion 

In Chapter 2 of this thesis, we quantified free radical induced DPC in vivo with sensitive 

nanoLC-ESI+-MS/MS methodologies. Since DPCs produced by IR exposure are identical 

to those formed by ROS, MEF cells are treated with IR to examine whether IR can 

generate radical induced DPCs. By using an isotope dilution tandem mass spectrometry 

assay for dT-Tyr conjugates, the correlation between IR exposure and DPC formation has 

been demonstrated (Figure 2.2.). Furthermore, dT-Tyr quantification in IR treated 

C57BL/6 wild type mouse showed that ROS-induced-DPC can be generated by IR in 

mouse models as well (Figure 2.6.). Therefore, it has been shown that nanoLC-ESI+-

MS/MS assay can be applied to analyze DPC and to observe direct evidence of DPC 

formations both in cells and mouse models. Moreover, the sensitivity of nanoLC-ESI+-

MS/MS assay can be improved further by adapting several methods, such as SPE (Figure 

2.5.). We also utilized our nanoLC-ESI+-MS/MS assay to examine DPC repair pathways. 

For example, the role of SPRTN in DPC repair was revealed by comparing the amount of 

dT-Tyr in SPRTN proficient and deficient cells (Figure 2.2.). The increased amount of 

dT-Tyr in SPRTN deficient cell lines is direct evidence for the role of SPRTN as a 

protease functioning in the repair of DPCs. In addition, a clonogenic assay successfully 

showed not only the cytotoxicity of radical induced DPCs but also the importance of 

SPRTN in DPC repair; SPRTN deficient cells were more sensitive to IR exposure than 

SPRTN proficient cells (Figure 2.5.). Furthermore, the amounts of endogenously formed 

ROS induced DPCs were increased by 1.5~2 fold in 10-month old wild type (SPRTN+/+) 

compared to that in Spartan hypomorphic mouse (SPRTNH/H) (Figure 2.6.). Therefore, 

the role of other proteases which can play similar role as SPRTN should be examined in 
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future studies. The role of immunoproteasome in DPC repair was tested in chapter 2 

because the amount of dT-Tyr was lower in tissue where lymphatic immunoproteasomes 

are present. To our knowledge, this is the first report investigating the contribution of the 

immunoproteasome to DPC repair. DPCs were extracted from the tissues from the 

wildtype and immunoproteasome knockout mice and the amount of dT-Tyr was 

quantified in each group (Figure 2.7.). The amount of dT-Tyr was higher in the wildtype, 

indicating that immunoproteasome mediated proteolysis is not a major pathway for DPC 

repair. This supports our previous hypothesis that when SPRTN repair of DPCs is not 

possible, other proteases recognize ubiquitinated crosslinked proteins to degrade them or 

other canonical pathways will remove crosslinking damages. 

 

Because 5fC epigenetic mark is hypothesized to regulate gene expression and to form 

DPC using its aldehyde group which block DNA replication, transcription, and 

repair9,105,106, the effect of 5fC-DpC on transcription has been examined in vivo through 

CTAB assay. Control and competitor pTGFP-H7 Hha10 plasmids were enzymatically 

digested to produce a gapped plasmid, and synthesized 5fC-mediated peptide/lysine 

conjugates were introduced to the gapped region to establish a specific DNA damage 

containing plasmids (Scheme 3.3.). We confirmed the establishment of 5fC site 

conjugates with gel electrophoresis by observing slower mobility phase on a PAGE gel 

(Figure 3.1.). Interestingly, the RNA transcripts from the transfected plasmids showed 

that RNA polymerase bypass efficiency is decreased by the DNA lesions and highlighted 

the importance of a DPC crosslink repair pathway. Compared to the control, 5fC-lys and 

5fC-peptide conjugate decreased the amounts of RNA transcripts by ~61% and ~88%, 
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respectively (Figure 3.3.). This revealed that the size of conjugate is a critical factor 

which determines the bypass tolerance.  

 

Our CTAB assay showed that DNA-peptide/lysine conjugate could be repaired by NER 

pathway. Although the difference was not significant, the bypass efficiency was slightly 

higher (18% or 6%) in XPA corrected cells compared to that in XPA (Figure 3.4.). This 

data indicate that DNA-peptide/lysine conjugate could be repaired by nucleotide excision 

repair, but 5fC mediated conjugates were not active NER substrates. Therefore, several 

different DNA-peptide crosslink structures should be investigated with CTAB assay to 

elucidate the effect of DNA lesions on transcription. Moreover, no significant difference 

in bypass efficiency was detected at any timepoints between XPA and XPA-corrected 

cell groups (Figure 3.5.), while the presence of 5fC site conjugates was not mutagenic 

for the sequence of RNA transcripts. Because RNA transcripts were produced during 

CTAB assay, it is possible that 5fC-site conjugates are repaired by TC-NER rather than 

global NER. Since 5fC site conjugate was mutagenic during the replication105 and the 

transcription in vitro (Ji and Tretyakova, submitted), the involvement TC-NER in 

repairing 5fC-site conjugates should be examined. In conclusion, several different DNA-

peptide crosslink structures and different repair pathways should be investigated with 

CTAB assay to elucidate the effect of DNA lesions on transcription, and to elucidate the 

mechanism of DPC repair pathways.  

 

In Chapter 4 of this thesis, we investigated monofunctional alkylating agent induced DPC 

formation in vivo. Typically, DPCs are produced by bifunctional alkylating agents. 
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However, monofunctional alkylating agents also generate DPCs. When DNA is treated 

with MMS, MdG is produced as a major methylation product. This DNA lesion can 

induce DPCs directly through nucleophilic attack at the C8 position and AP sites via 

hydrolysis of the glycosidic bond generating DPCs through secondary reactions (Scheme 

4.2.). Therefore, we examined whether monofunctional alkylating agents can induce 

DPCs and their cytotoxicity is ascribed to DPC formation for the first time. Yang et al. 

showed that MdG directly reacts with lysine residue of histone nucleosome core particles 

(NCPs) to form DPCs in vitro94. Therefore, DPC-containing DNA was extracted from 

MMS treated cells and their untreated controls to quantify MMS induced DPCs in vivo 

via gel electrophoresis, and the dose dependent increase of DPCs upon treatment with 

MMS has been reported (Figure 4.1.). In addition, proteomic studies were utilized to 

investigate the biological properties and cytotoxicity of MMS induced DPCs (Table 

4.1.). The proteomic result showed that the crosslinked proteins participate in translation, 

transcription, and chromatin organization. Interestingly, the amounts of crosslinked 

histones are increased significantly in MMS treated cells (Figure 4.2.), indicating MMS 

induced DPC formation in vivo. Therefore, MMS induced DPCs in V79 cells were TMT-

tagged to determine the rate of DPCAP and DPCMdG through mass spectrometry 

quantification (Table 4.2.). Our LC-MS/MS analysis of MMS-treated cells demonstrated 

that more than 75% of DPCs are produced by MdG site DPCs (Figure 4.3.). To our 

knowledge, this is the first report which provides evidence of monofunctional alkylating 

agent induced DPC formation in vivo. In short, monofunctional alkylating agents induced 

DPCs should be considered carefully to understand the DPC toxicity and to elucidate 

their repair pathways in future studies. 
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In summary, mass spectrometry based analytical methodologies can be utilized to detect 

the direct evidence of DPC formation in vitro and in vivo, to examine novel mechanism 

of DPC formation, and to investigate novel DPC repair pathways. 
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VI. Future Direction 

6.1.Absolute Quantification and Proteomic Analysis of Radical Induced 

Chromosomal DPCs and Mitochondrial DPCs 

We quantified IR-induced DPC in cells and mouse models using nanoLC-ESI+-MS/MS 

assay as described in Chapter 2. Because ROS react with guanine, cytosine, or thymine of 

DNA and lysine or tyrosine residues in proteins to generate crosslinks through free 

radical or electrophilic lesion17,219, mitochondrial DNA may have a higher frequency of 

DPCs than chromosomal DNA220,221. However, in our experiments, DPCs were analyzed 

without consideration of their cellular location. We lysed both the nuclei and the 

mitochondrial membranes to extract DPCs from the cultured cells or mouse tissue 

samples. Because DPCs can inhibit replication and transcription23–26 and mitochondrial 

apoptosis can be regulated by ROS generation222, it is important to distinguish 

chromosomal and mitochondrial DPCs and their toxicities. Therefore, cells can be treated 

with a mild cell lysis solution that only breaks the cell membrane to separate nuclei and 

mitochondria via ultracentrifugation48,50,223,224. The resulting nuclei and mitochondria can 

be subjected to separate DPC extraction as described in Chapter 2. The radical induced 

DPCs in nuclei and mitochondria can be quantified using nanoLC-ESI+-MS/MS assay. In 

addition, mass spectrometry-based quantification and identification of cross-linked 

proteins can be performed to characterize the cross-linked proteins in each organelle. 

 

6.2.Derivatization of dT-Tyr to Improve Sensitivity of nanoLC-ESI+-MS/MS assay 

As described in chapter 2, we have developed and optimized a nanoLC-ESI+-MS/MS 

assay to detect dT-Tyr in vivo and in vitro. With this method, we revealed direct evidence 
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that ROS-induced DPC can be repaired by SPRTN, while the importance of other 

proteases and proteasomes which play similar role to SPRTN has been suggested. The 

limit of quantification of this assay was around 10 fmol. The sensitivity of the nanoLC-

ESI+-MS/MS assay should be improved further to detect ROS-induced DPC more 

accurately. For example, AccQ-tag from Waters Corp. can be utilized to derivatize the 

amine group of an amino acid (Scheme 6.1.). Since the derivatized dT-Tyr is less polar 

than dT-Tyr, SPE columns, such as Sep-Pak C18 or Discovery C18, can be investigated 

for sample purification rather than the currently used cation ion exchange column. 

Furthermore, this derivatization will confirm the effectiveness of the enzymatic DPC 

digestion for the assay as well. Once the derivatization reaction is completed, nanoLC-

ESI+-MS/MS can be performed to quantify dT-Tyr derivates and new isotopically 

labeled internal standard derivates in mammalian tissues. 
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Scheme 6.1. Schematic of dT-Tyr derivatization with AccQ-Tag AccQ-tag from 

Waters Corp. derivatize the amine group of dT-Tyr.  
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6.3. Role of Transcription Coupled NER in DNA-peptide Cross-link Repair 

As described in Chapter 3, we have investigated the effect of 5fC mediated conjugates on 

transcription in various cell lines to elucidate the mechanism of DNA-peptide crosslink 

repair. 5fC conjugates containing plasmids were transfected into XPA deficient cells and 

XPA corrected cells to determine the importance of NER pathways in DNA-peptide 

crosslink repair. We showed that XPA-corrected cells have slightly higher bypass 

efficiency than that of XPA cells, but the difference was not significant (Figure 3.4.). 

Interestingly, recent studies have demonstrated that cells can remove RNAP-blocking 

DNA lesions by transcription-coupled repair (TC-NER) to overcome prolonged 

blockage of transcription200. Specifically, CSB play important role during TC-NER by 

recruiting NER proteins, chromatin remodelers and CSA- E3-ubiquitin ligase complex 

to the stalled RNAP. Therefore, CTAB assay can be performed with CSB deficient 

cells and the wild-type to elucidate the role of TC-NER in DNA-peptide crosslink 

repair. We anticipate observing 5fC site conjugates induced transition mutations or 

deletions, and lower RNA polymerase bypass efficiency in CSB deficient cells. 

 

6.4. Effects of 5-formylcytosine Mediated DNA-Peptide Cross-link on Replication 

As described in Chapter 3, we have investigated the effect of 5fC mediated conjugates on 

transcription using CTAB assay. CTAB assay successfully demonstrated that DpC 

conjugates decrease the bypass of RNA polymerase during transcription and their sizes 

are critical for the bypass tolerance. Although it is known that DPCs block replication 

fork105,106, the effect of 5fC mediated conjugates on replication has not been revealed in 

vivo yet. Therefore, MS-based assay for replication studies in cells225, which is similar to 



127 
 

CTAB, can be performed to examine the impact of 5fC mediated conjugate on 

replication. Briefly, when 5fC mediated 12mer peptide/lysine crosslink is introduced into 

a plasmid with replication origin, the resulting lesion bearing and lesion free plasmids can 

be transfected and replicated in host mammalian cells. Therefore, the progeny plasmids 

can be isolated from the host cells and the region where the crosslink was initially located 

can be PCR amplified with a pair of primers. The PCR products can be treated with 

restriction enzymes to generate short oligo-deoxyribonucleotides fragment for LC-

MS/MS analysis as described in Chapter 3. We anticipate that the size of conjugate 

would be a critical factor for bypass tolerance during replication as transcription. 

 

6.5. Impact of Crosslink Site Neighboring Sequence on DNA-peptide Cross-link 

Repair 

As described in chapter 3, 12mer-5fC-containing oligodeoxynucleotides (5’-

ATGGCGGGXTAT-3’) were crosslinked to 11mer peptide (RPKPQQFFGLM-CONH2) 

and this structure was used to determine the RNA polymerase bypass rate using CTAB 

assay in the thesis. However, it is still unknown whether neighboring sequence could 

affect the bypass rate during transcription and replication. Therefore, DNA substrates 

with different sequence can be synthesized to perform primer extension assays and 

kinetic analysis as described in a previous study105. For example, 5’-ATGGCGGGXTAT-

3’ can be modified to 5’-ATGGCGGNXNAT-3’ to reveal the sequence induced 

difference in TLS polymerase bypass rate and their mutagenic effect during replication in 

vitro. Furthermore, the sequence of crosslinked peptide or the sequence of DNA of lesion 

bearing plasmid can be modified to any sequence (ex. RPPQQKFFGLM-CONH2 or 5’-
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ATGGCGGNXNAT-3’) to demonstrate the sequence effects on transcription through 

CTAB assay in vivo.  

 

6.6. DPC Repair Pathways in Mitochondria 

Mitochondrial DNA is constantly damaged by endogenous and exogenous agents, 

inducing damage, hydrolytic damage, DNA adducts, mismatched bases, strand breaks, 

and oxidative damage5,226–229. Therefore, a higher frequency of mtDNA lesion generation 

may disrupt the function of mitochondria. Although the intrinsic base excision 

repair(BER) pathways is known to remove oxidative damage in mitochondrial 

DNA222,230,231, attempted DNA repair on some lesions often results in further damage135–

137. For example, Demple et al. demonstrated that mitochondrial pol γ is crosslinked to 

mtDNA during repair132,232. Recent studies have shown that DPC proteolysis repair 

involving SPRTN protease activity helps to maintain chromosomal DNA integrity151. 

Moreover, Chesner et al. showed that both NER and HR play role in DPC repair using a 

quantitative PCR-based assay126. Despite a large number of studies on DPCs, the 

influence of mitochondrial DPC and their repair pathways have not been elucidated yet. 

Specifically, it is still unknown whether DPCs undergo proteolytic processing in the 

mitochondria as in the nucleus and if the resulting smaller DNA-peptide crosslink can be 

bypassed through TLS machinery. To elucidate this, DPC containing plasmid can be 

introduced into purified mitochondria to examine the repair. In addition, any proteases 

can be knocked-down with siRNA to investigate their role in mitochondrial DPC repair. 

Although the recruitment of bypass DNA polymerases to overcome replisome stalling on 

oxidative DNA lesions or DPC sites has been investigated, it is still unknown how the 
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mitochondrial replisome complex bypasses mtDNA lesions. Interestingly, Wisnovsky et 

al. employed an siRNA screen, demonstrating the recruitment of polymerases, such as 

pol θ or REV3, to mitochondria upon oxidative DNA damage233. This indicates that 

several polymerases may play a role in TLS to maintain DNA replication timing in 

mitochondria. Therefore, the development of a DNA substrate containing a site-specific 

DPC lesion will help to examine mitochondrial TLS mechanisms in vitro and to 

demonstrate the influence of mtDPCs on replication efficiency and accuracy through 

primer extension assay. Moreover, a novel affinity capture methodology can be used to 

identify the necessary proteins for TLS and mtDPC recognition. Because SPRTN is 

known to degrade nuclear DNA-crosslinked proteins into peptide chains, I hypothesize 

that a mitochondrial analog could degrade mtDPCs prior to canonical mtDNA repair 

pathways.  
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