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ABSTRACT OF THE DISSERTATION 

Investigating Abasic Sites in Mitochondrial DNA 

by 

Jin Tang 

Doctor of Philosophy, Graduate Program in Chemistry 
University of California, Riverside, June 2023 

Dr. Linlin Zhao, Chairperson 
 

Mitochondria are important subcellular compartments, crucial for energy 

production, metabolism, and cell signaling. Mitochondrial dysfunction is known to cause 

nearly 200 mitochondrial disorders and has been associated with aging and a variety of 

human diseases. Mitochondrial DNA (mtDNA) encodes 37 genes, including 13 proteins 

and a set of tRNA and rRNA. mtDNA is constantly threatened by chemical and physical 

assaults. Because mitochondria have limited DNA repair pathways, mtDNA damage 

accumulates and occurs at a higher level compared to nuclear DNA. Abasic (AP) sites are 

abundant DNA lesions that can be generated from various pathways, including base 

excision repair (BER). AP sites are highly reactive and can form secondary DNA adducts, 

DNA-interstrand cross-links (ICLs), and DNA-protein cross-links (DPCs). My dissertation 

project exploits the chemistry of AP sites and develops methods to explore biological 

processes pertinent to AP sites. First, I developed a mass spectrometry-based method to 

identify the cross-linked amino acid residues in DNA-protein cross-links. I designed DNA 

substrates with ribonucleotides (rNMPs), which provide chemical-labile sites for DNA 
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strand cleavage reactions and produce structurally defined DPCs. Also, I developed a 

program (AP_CrosslinkFinder) to accelerate data analysis. The method was applied to 

identify the cross-linking amino acid residues in DPCs derived from mitochondrial 

transcription factor A (TFAM). Second, I developed a method to prepare model ICLs using 

rNMP-containing DNA with a nucleotide analog 2-aminopurine. The alkaline lability of 

rNMP enables the generation of strand breaks at specific sites. AP sites react with 2-

aminopurine with high yield and high rate. This method provides a simple and 

straightforward tool for investigating the impact of ICLs during the repair process. Third, 

I investigated the DNA terminal structures generated in TFAM-catalyzed AP-DNA strand 

cleavage. Quantification of reaction rates in the presence of biological amines and thiols 

demonstrates that GSH competes with TFAM for AP site strand breaks, suggesting a 

possible strategy to limit the formation of DPC and control the strand break terminus in 

cells. Removal of DNA terminal modifications by relevant DNA repair enzymes was also 

evaluated. Together, results from my dissertation provide insights into the complexity of 

AP site chemistry with important biological implications. 
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Chapter 1.  Introduction 

DNA is an abundant macromolecule that stores genetic information of cells. Cells 

utilize the code from the DNA to transcript into RNA and then translate into proteins. 

Proteins have all types of functions, including catalyzing cellular reactions [1], 

constructing large functional complexes [2], and transporting nutrients throughout the 

cells [3]. Some of the proteins are building blocks of the cell and help forming cellular 

structures [4]. Some of the proteins are transported to the membrane and interact with 

the outer environment then transport the signals back to the cells as a way of giving 

feedback to DNA to control the expression of gene [5]. Therefore, the integrity of DNA is 

critical to cell survival. 

Figure 1.1 Scheme of DNA transcript into RNA and RNA translate into peptides. The 
information stored in DNA is passed down to synthesize the protein that have functions. 
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However, DNA is subjected to tons of environmental threats and produces 

thousands of lesions every day [6]. There are many types of DNA lesions, such as base 

modifications [7], base mismatches [8], single/double strand breaks [9], producing abasic 

(AP) sites[10], covalently cross-links with proteins [11], intrastrand and interstrand cross-

links [12]. These lesions don’t have the same biological significance. Modifications like 

DNA methylation and histone acetylation [13,14], are intentionally produced to control 

the expression of genes and they are reversible modifications, while most of the others 

are not reversible and generated without regulation. Exogenous factors, such as UV light, 

chemical exposure, chemotherapeutic drugs, and ionizing radiation, can cause DNA 

lesions. Also, endogenous factors, like errors in replications, exposure to reactive oxygen 

species, insufficient DNA repairs and cellular metabolism, can be the origin of DNA lesions 

[15]. 

The repair process is intricate in that cells need to treat different lesions with 

highly targeted repair mechanisms, and during this process, cells must remove the 

modifications, fill the gaps with newly synthesized nucleotides by DNA polymerases and 

link the gap with ligases to recover the correct strand [16]. Besides the repair, cells are 

tolerable to some extent of DNA lesions and can still maintain their proper functions [17]. 

Different types of DNA modifications might cause mutations without affecting the survival 

of the species, and therefore these mutations remain and might pass to their offspring, 

which is meaningful for the species to be prepared for the unpredicted sudden changes 

in the environment. But some types of DNA lesions are highly toxic; if cells can’t repair 
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them on time, these lesions make the cell couldn’t perform some vital tasks, showing 

abnormal metabolic processes, being oncogenic, or inducing cell cycle arrest and 

apoptosis [18]. 

With the increasing amount of environmental pollution, human, along with other 

species on Earth, are facing more exposure to the toxicants and potentially encounter 

more exposure that could cause DNA lesions, which requires more efficient repair 

processes, but the progress of evolution is slower than industrialization of human society. 

Therefore, more and more diseases that originated from exposing to chemical 

contaminants that caused DNA lesions are emerging [19], such as cancers, asbestosis, 

leukemia, developmental disorders for children, Parkinson’s disease and so on. The most 

recent public health reported from WHO shows that there are more than 2 million lives 

and 53 million disability-adjusted life-years were lost in 2019 [20]. This raises a huge 

public concern and calls for the studies about the mechanisms of chemical exposure to 

human diseases, especially for their impacts on producing DNA lesions.  

In this chapter, we will first give a general introduction about the abundant DNA 

lesion and abasic (AP) sites, along with the methods of detection and quantification. Then 

introduce a less common but highly toxic DNA lesion, DNA-protein cross-links (DPCs), and 

will discuss their unique characters and the methods for analyzing DPCs. The repair 

process of DNA interstrand cross-links and their biological impact will also be included, 

followed by the discussion of the importance of mitochondrial DNA repair. 
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1.1 Abasic sites 

Among all types of DNA lesions, AP sites are the most unique and abundant DNA 

lesions, accounting for 50% of total endogenous DNA lesions, with roughly 10,000 AP sites 

are produced per cell per day [21]. AP sites form when the base group on nucleotide is 

missing, there are many ways to  generate AP sites, including spontaneous deamination 

of base groups [21], enzymatic hydrolysis of the glycosidic bond during the repair 

processes [22] and radical reactions during UV and ionizing radiation [23]. Since most of 

the AP sites are produced during the base excision repair (BER) process, they are also 

viewed as a DNA repair intermediate, but if the downstream DNA repair enzymes are 

insufficient, the accumulation of AP sites might happen.  

 

Figure 1.2 AP site formation and products of AP sites with nucleophiles that cause 
deleterious consequences for genome stability. 

AP sites are highly reactive due to the reactive aldehyde group in the ring-opened 

form, which favors nucleophilic addition reactions and increases genomic instability.  

After being attacked by the nucleophilic molecules, AP sites turn into DNA adducts [24], 

strand breaks [25], and DNA interstrand and intrastrand cross-links [26], which further 

increase the complexity and requirements of the repair process. And for this reason, most 
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of the studies utilize the reactivity of AP sites to detect, quantify and do AP site sequencing 

based on aldehyde chemistry.  

AP sites don’t have any base groups to pair with, therefore, some DNA 

polymerases will stall at abasic sites [27], but some DNA polymerases, like translesion 

synthetase (TLS), could add a random nucleotide opposite to abasic site to bypass the 

lesion, introducing mutations [27]. A-rule was observed that DNA polymerases prefer 

adding deoxyadenosine (dA) opposite to abasic sites [28]. Therefore, AP sites can block 

replication and transcription and are mutagenic. 

1.2 Methods to detect abasic sites 

To better understand how AP sites are generated and how they interact with other 

cellular compartments, knowing the amount and locations of abasic sites is very 

important. Global level quantification of AP sites is quick and easy to perform and gives 

how the abundance of abasic sites related to experimental conditions, which is sufficient 

to analyze the cellular responses under drugs [29]. But in recent years, the needs for more 

detailed localized information have increased and benefited from the development of 

high-throughput next-generation sequencing (NGS) technique, which allows the accurate 

sequencing of abasic sites down to single nucleotide resolution [30]. This detailed 

information will be helpful for the biologist to analyze the biological impacts of the drugs, 

find highly targeted drugs, and advance the treatment of cancer and aging. 
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1.2.1 Chemical probe for the quantification of abasic sites 

Chemical probes used to detect abasic sites contain two groups: one to covalently 

bind the aldehyde group, usually a nucleophile, and the other to provide a means for 

detection or enrichment [29]. There are three important requirements for these probes: 

first, the aldehyde reactive group should be highly specific to abasic sites even in the 

presence of other aldehydes in the cellular environment; second, the reaction efficiency 

of the aldehyde reactive group should be high, and the reaction should be fast and can 

be performed in the proper pH range and in the aqueous solution, and third, the ability 

to detect/differentiate different forms of abasic sites.  

 

Figure 1.3 Structure of different AP sites. AP site is formed by removing the base group 
(AP). Upon oxidation by one-electron nucleotide, the AP lesion becomes 2’-
deoxyribonolactone (L) [31]. DNA polymerases usually incorporate deoxythymidine (dT) 
opposite to L [32]. C4-AP forms when treated DNA with antitumor drugs, like bleomycin, 
C4-AP resembles the AP lesion, which is highly reactive and blocks DNA replication [33]. 
UV light and ROS can produce 5′-(2-Phosphoryl-1,4-dioxobutane) (DOB), DOB reacts 
rapidly with primary amines and irreversibly inhibits the function of lyases through DPC 
formation [34]. 

The progress of aldehyde reactive probes (ARP) involves improving their reactivity 

under physiological pH by utilizing different aldehyde reactive groups, strengthening their 

interaction with DNA in an aqueous solution [35], and increasing the detection 

performance and signal-to-noise ratio by using more compatible and strong fluorophores. 
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Due to the availability of the probes, some of the probes are difficult to apply in a large 

number of samples.  

The most frequently used aldehyde reactive group is the aminooxy (-O-NH2) group, 

in which the probe forms a Schiff base with the AP site, then it is treated with avidin 

biotinylated horseradish peroxidase and any unbonded DNA is washed away, then 

quantify the abasic site based on the absorbance [10]. But ARP can also react with other 

reactive aldehydes in DNA, especially the formylated bases, such as 5-formylcytosine (5-

fC) and 5-formyluracil (5-fU) [36–38], and because they are more stable than AP site in 

the genome, they tend to be more readily detected [39,40]. Therefore, the ARP probe 

needs to improve the specificity of detection. Some other groups used the hydrazine 

group (-NH-NH2), which also lacks specificity. Liu et al. developed a probe that forms a 

stable bond with AP site through the hydrazino-iso-Pictet–Spengler (HIPS) reaction and 

utilized the alkaline lability of AP sites to map their locations, with improved specificity 

[30]. It could envision that a more specific detection method for AP sites should 

incorporate the structure of AP site instead of the aldehyde group alone. 
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Figure 1.4 The structure of AP probes. (A) Commercially available ARP probe. This probe 
contains an aminooxy group and biotin, aminooxy group enables the nucleophilic addition 
reaction while the biotin enables the enrichment with streptavidin. (B) AP probe structure 
developed by Kojima et al. Based on ARP probe, they added hydrophobic naphthalene 
which conjugates with AP sites to increase the affinity. And the hydrophilic residue to 
increase the solubility in aqueous solution [35]. (C) Alkoxyamine (AA3) reacts with AP sites 
with a better pH range and higher reactivity than ARP. Also, this probe contains the alkyne 
group to enable the click chemistry that could add tags on the AP sites [41]. (D) The probe 
developed by Liu et al could selectively detect AP sites in the presence of 5-fC and 5-fU, 
the probe forms covalent bond with AP sites through hydrazine-iso-Pictet-Spengler (HIPS) 
reaction. This probe also contains an alkyne group to enable the click chemistry [30]. 

The fluorophore-containing probes utilize the fluorescent signal to quantify the 

abundance of abasic sites, which could enhance the detection and lower the 

quantification limit. Directly conjugating the fluorophores to DNA lesion site is not 

common and in most cases the probes are designed with three portions (aldehyde 
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reactive site, linker and fluorophore or affinity tag) [35], a near-infrared fluorescent probe 

developed for imaging of abasic sites, which showed higher affinity than ARP [42], but the 

fluorophores are hydrophobic and is a drawback for cell penetration. Besides the probes 

that need to react with AP sites, some other probes can also display signals when they 

interact with AP sites, and because of their easy handling procedure, these noncovalent 

probes have even wider applications. A plant originated chemical, protoberberine 

alkaloid palmatine (PAL), was identified as a fluorophore-switch probe to selectively 

target the AP nanocavity. The activation of the fluorescence of PAL is the result of the 

bridged 𝜋 conjugation [43]. Wu et al utilized the 9-dicyanovinyljulolidine (DCVJ) to target 

AP sites and has a fluorescence turn-on response, this probe overcomes the previous 

limitation that the excited state of the fluorophore is deactivated by electron transfer 

with guanine [44]. 

 

Figure 1.5 Structure of the fluorescent AP probes. (A) The near infrared (NIR) fluorescent 
probe developed by Condie et al. The R in the structure is the -H, and it covalently tags AP 
sites with the aminooxy group [42]. (B) Structure of PAL. This type of noncovalent AP 
probes displays fluorescent on when AP sites exist [43]. (C) Structure of 9-
dicyanovinyljulolidine (DCVJ) [44]. 

 



10 
 

To enable the sequencing for low abundance DNA lesions, it always requires an 

enrichment step of that lesion from the sample matrix. Therefore affinity tags are 

commonly seen, but it’s not required for quantification. The most common affinity tag is 

a small molecule tag——biotin, it is enabled in the synthesis step of the probe, and it has 

strong and specific interaction with streptavidin, which can be immobilized into beads 

and the overall workflow of enrichment is very efficient. Researchers introduce 

biorthogonal chemistry, such as the click chemistry, to increase the specificity of 

enrichment [41]. 

1.2.2 Enzymatic methods for AP site detection 

AP endonuclease 1 (APE1) is a major AP endonuclease and an important BER 

enzyme that cleaves the DNA sugar-phosphate backbone at 5’ position of the AP site, 

producing a 3’-hydroxyl (3’-OH) group  and a 5’-deoxyribose phosphate (5’-dRp) group, 

these 3’-OH ends can be recognized by DNA polymerases to initiate strand extension, 

while the 5’-dRp end can be removed by the subsequent enzymes in BER pathway. APE1 

has a rigid, pre-formed DNA-binding face that specifically targets AP sites located in 

double-strand DNA. APE1 bends the dsDNA to about 35° and interacts with the AP-DNA 

strand to enable the interaction with the flipped-out AP site with the catalytic core [45]. 

Therefore, APE1 has a pre-determined selection for the substrate DNA. The substrate 

preference for APE1 is double-strand DNA > flap DNA > single-strand DNA [46]. Cai et al. 

applied the cleavage activity of APE1 at the AP site to sequence the 3’ strand break site 

for sequencing the AP sites [47]. However, previous research has demonstrated there are 
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multiple factors that can affect the APE1 cleavage efficiency, such as nearby DNA lesions, 

DNA sequence context [48], DNA tertiary structure [49,50], the surrounding protein 

factors [51], etc. Also, APE1 harbors exonuclease activity, which increases the ambiguity 

of the strand break site.  

Another enzyme has been used for sequencing the AP site is the Endonuclease IV 

(Endo IV) [52], which has the same cleavage products as the APE1, but for Endo IV, it can 

also cleave other types of 3’-terminus into 3’-OH, such as 3’-phosphate and 3’-α,β-

unsaturated aldehyde. 

1.3 DNA-protein cross-links 

DNA is not fully exposed in the cell, instead, a majority of the DNA is packed by 

DNA-binding proteins. These proteins, such as histones, can bend the DNA, causing it to 

fold and form compact chromosomes. The release of DNA from histone enables their 

binding with proteins in the replication folk [53] and read the genetic information, making 

DNA-protein interactions crucial for cellular maintenance. Also, to understand the 

regulation of transcription, it is important to conduct the genome-wide mapping of DNA 

protein interactions and study the modifications that occur on these proteins and DNA. 

Chromatin immunoprecipitation followed by sequencing (ChIP-seq) is widely used to map 

the DNA protein interactions at the single nucleotide level and study the modifications on 

proteins. This method, which used formaldehyde to cross-link DNA and proteins within 

cells, enables us to study the chromatin structure, probe the specific genes, and uncover 
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the proteins that specifically interact with them [54]. Alternatively, a photo-crosslinking 

chemistry method are applied in living cells, which utilizing high-intensity UV laser to 

induce radical formation in proteins and DNA, causing the formation of covalent bonds 

between them [55]. Researchers can then immunoprecipitate the protein of interest to 

study its DNA footprinting. It is worth noting that both formaldehyde cross-linking and 

UV-crosslinking methods are non-targeted and have an inherent preference for forming 

the cross-links with more reactive groups [56]. 

1.3.1 Formation of DNA-protein cross-links 

DPCs are highly toxic DNA lesions that can arise from both endogenous sources 

(ROS or cell metabolism) and exogeneous sources (chemotherapeutics drugs, UV light or 

ionizing radiation). The formation of DPCs occurs when DNA is subjected to chemical or 

physical assault leading to the generation of covalent bonds between DNA and proteins 

[57]. The proteins on the DNA makes DPCs extremely bulky and pose significant 

challenges for the DNA polymerases during replication, as a result, DPCs have strong 

replication blocking effects [58]. This mechanism is also applied in certain anti-cancer 

drugs, like cis-platinum and nitrogen mustard, which play as the linker between DNA and 

protein. The crosslinked products formed by these drugs are difficult to remove, impede 

replication, block transcription, affect the activity of cancer cells, and finally cause  

apoptosis [59,60]. 
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The repair process of DPCs is more complex compared to repairing the damaged 

DNA or protein, as both DNA and proteins have well-defined repair pathways. The current 

understanding of DPC repair involves the participation of at least three enzymes: DNase 

for DNA incision, protease for protein digestion, and cleavage of the linker bonds [61]. 

Since the cross-linking process are quite diverse, the structure of linker varies, making the 

repair of DPC a case-specific repair rather than a universally applicable repair pathway. 

The challenges in the repair makes DPCs accumulate in the cells along with aging and 

neurodegenerative diseases. 

Recently, researchers have revealed that the formation of DPCs is not completely 

damage prone, instead, some of them are formed during a protective process. For 

instance, HMCES can form covalent cross-linking bond with the AP sites through its N-

terminal cysteine [62,63]. This allows HMCES to cap the AP sites, preventing their 

interaction with other cellular components. HMCES also form DPCs during the repair of 

interstrand cross-links (ICLs)[64]. The formation of AP sites with DNA binding and 

packaging protein histone has profound meaning for genomic maintenance[65]. In this 

reaction , lysine residues on histone form cross-link bond with AP sites through Schiff base 

chemistry, producing the DPC intermediate. Then, DPC undergoes the strand break 

reaction through the β-elimination reaction, and flowing the strand break reaction, DPC 

dissociate through hydrolysis, releasing the strand break AP site with 3’-α,β-unsaturated 

aldehyde and histone [65]. The formation of DPC is viewed as a catalyzing process that 

accelerates strand break formation from AP sites, potentially inducing the instability of 
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genome. Previous research from our lab found that an important mitochondria binding 

and packaging protein, transcription factor A (TFAM), forms cross-links with AP sites via 

Schiff base chemistry, leading to the formation of DPC intermediates and accelerated the 

formation of strand breaks [66]. Different cross-linked amino acids produced distinct 

cross-linked products and these DPCs exhibit variations in stability. 

 

Figure 1.6 DPC formation and repair. (A) Structure of nitrogen mustard (left) and cis-platin 
(right). (B) The repair process of DPCs proposed by Stingele et al [61]. In this process, 
protein will be digested by protease and DNA digested by nucleases and along with the 
hydrolysis of the cross-linked bonds. (C) Formation of covalent bond between N-terminal 
cysteine of HMCES and AP site [62,63]. (D) Formation of a covalent bond between protein 
lysine side chain and AP site [65]. 

1.3.2 Importance of the cross-linking sites 

To clarify the role of the DPCs in the repair process, it’s vital to develop analytical 

methods that can accurately detect the structure of these lesions and elucidate the 
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chemistry of the cross-links. In addition to identification, quantitative analysis is also 

required and it’s a powerful tool for understanding cellular responses to cross-linking 

factors. 

 Identification of the interactive amino acid residues is crucial for understanding 

the chemistry of DNA-protein interactions. Structural biology approaches, such as the X-

ray crystallography and cryo-electron microscopy (cryo-EM) can be applied to interpret 

the cross-linked structure. However, these technique present challenges, as they require 

a large number of samples but provide limited information about the thermodynamic 

processes, therefore, a time-resolve method is needed. 

1.3.3 Detection and quantification of DPCs 

Global detection and quantification methods for DPCs have developed over time 

and involve multiple assays and they are continually developing and improving over time. 

One of the early methods used to detect DPCs is the comet assay. In this assay, the cross-

linked protein retards the migration of DNA, resulting in a comet-like tailing effect,  by 

comparing the extent of tailing, researchers can estimate the relative abundance of DPCs 

[67]. However, this method is limited in terms of accuracy and specificity, because comet 

assay can also apply to other types of DNA damage, and it could not isolate DPCs to 

confirm its discovery. 

Another method for DPC detection is the filter-based method, which utilizes 

stationary phases such as nitrocellulose membranes and polyvinyl filters. These stationary 
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phases can retain either DNA or proteins, and a subsequent wash step is performed to 

remove any unbonded molecules [68].  The interaction with the stationary phase is 

usually based on the charge-charge interactions, as DNA carries negative charged, while 

proteins can be positively or negatively charged depending on the solution pH. Therefore, 

by adjusting the pH of the washing solutions, it can selectively elute out the unbonded 

DNA or protein. But since DPCs have diverse chemical/physical properties, this step will 

result in the loss of several DPCs and the retention of unbound DNA or proteins, 

introducing errors in the following identification and quantification. Another issue with 

this method is the recovery of the DPCs from the filter is difficult, therefore, it is hard to 

reproduce the results. Due to these limitations, the filter-based methods might to limited 

in applications. 

Another method for DPC detection is a precipitation-based method developed by 

Zhitkovich and Costa. They precipitated DPC using dodecyl sulfate/potassium (SDS/K+). 

The cross-linked cell mixture was treated with SDS and heated to dissociate the unbonded 

proteins, all proteins are negatively charged by the SDS. Followed by adding the K+ 

containing salt (KCl), the DPCs become neutral and form precipitates. The DNA in the 

precipitates can then be visualized with DNA staining dyes [69], but this method will 

inevitably result in the precipitation of some unbonded proteins due to the solubility 

change and cause confusion in the identification of bonded proteins.  
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A common extraction-based method, phenol-chloroform extraction, is also 

applied into the isolation of DPCs. This method utilizes the hydrophilicity of DNA, 

hydrophobicity of lipids and the amphipathic property of proteins to separate these 

components in the nuclear lysate. After centrifugation, lipids and hydrophobic proteins 

(usually unbounded proteins) are in the bottom organic layer, the top aqueous layer 

contains the chromosomal DNA, and the interface contains DPCs and other proteins. DPC 

can then be precipitated using cold ethanol. This method is usually used to purify the DNA 

from cell lysates, and due to the diverse property of DPCs, the upper layer might contain 

DPCs, and the interface might contain free proteins and it is hard to eliminate the issue 

because DPC contains both DNA and protein. 

Barker et al. had applied a commercialized chaotropic reagent (DNAzol) to lyse the 

cells and also dissociate the noncovalently bonded protein from DNA, then they used 

silica, which has strong affinity with DNA under alkaline conditions. In this way, they 

isolated all the DNA with DPCs from the sample matrix [70]. This method is used in a 

relatively challenging environment (incubation with 8 mM NaOH at 37°C overnight) for 

DPCs and might cause DNA lesions or DPC hydrolysis during the sample preparations. 

1.3.4 Mass spectrometry analysis of the cross-links 

Only in recent years, researchers began to utilize mass spectrometry to resolve 

the cross-links, termed cross-linking mass spectrometry (XL-MS). Cross-linkers and UV 

light have widely applied to induce the cross-links between biomacromolecules, and by 
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mapping the cross-linked sites, researchers can detect the residues that are close to each 

other in protein complexes to study the protein-protein interactions. The homologous 

protein-protein cross-links are compatible with the well-developed protein analysis 

methods and sample preparation techniques for mass spectrometry. The data analysis 

has been streamlined with various bioinformatic tools and MSn-based XL-MS has been 

developed to target the cross-links more precisely [71].  

Comparing homologous protein-protein cross-links to heterogeneous DPCs, it is 

obvious that protein-protein cross-links are more readily detect by mass spectrometry 

and are compatible with the methods for analyzing proteins. Analyzing DPCs is more 

challenging since the methods of analyzing DNA and protein by mass spectrometry are 

quite contrary to each other. First, DNA prefers negative ion mode, but protein/peptides 

prefer positive ion mode. And DNA is a hydrophilic molecule, but protein/peptides are 

hydrophobic. Besides their intrinsic opposite chemical/physical profile, to enable mass 

spectrometry analysis of the complex, these large complexes need to be efficiently 

digested into small MS analyzable molecules, but the cross-linked sites possess high steric 

hindrance for both DNase and protease, producing incomplete digestion products, 

therefore, they will yield wide spectrum of products, increase the complexity of analytes, 

and reduce the signal to noise ratio. The MS2 fragment ions generated from DPCs contain 

the fragments from breaking the DNA bonds and protein/peptide bonds, therefore, the 

data analysis is more complicated than analyzing DNA or protein individually. 
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Besides the difficulty in analyzing the MS data, the sample preparation is also 

challenging, as has been explained previously that the contamination from free DNA and 

protein is hard to evade. The lack of a stringent method for DPC isolation is the key that 

prevents solving the DPCs related questions and assessing the biological relevance of 

different types of DPCs. 

In the following chapter, I will show the method for isolating DNA-peptide cross-

links that was developed by our lab. This method enabled the mass spectrometry 

identification of the cross-linked amino acid residues on protein, we also developed a 

software tool to streamline the data analysis step and to accelerate the discovery of cross-

linking sites [72]. 

1.4 DNA interstrand crosslinks 

DNA interstrand cross-links (ICLs) are one of the most deleterious DNA lesions 

which alter the DNA structure, prevent strand separation, and inhibit the enzyme from 

reading the genetic code. The repair process of ICLs is highly mutagenic prone since most 

of the ICLs can be bypassed by the translesion polymerases [73]. The ICLs in the cells could 

finally initiate apoptosis, causing cell death even with one ICL lesion in bacterial or yeast 

cells [74]. 

Generally, there are two repair pathways for ICLs, replication coupled and 

replication independent pathways [75]. They all go through an unhooking step, where the 

endonucleases incise both sides of the cross-linked site, producing two nicks [75]. The 
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resulting unhooked ICLs are smaller than pre-incised ICLs, and they can be bypassed by 

TLS DNA polymerases. After filling up the gaps with homologous recombination (HR), the 

newly synthesized strand will replace the damaged strand, and the replication will 

continue [76]. 

 

Figure 1.7 Repair process of ICLs. ICL repair processes are changing in cell cycles. Cells 
utilize different enzymes to unhook the ICL and form unhooked ICLs, later, the unhooked 
ICLs are either bypassed by TLS or recovered through HR [12]. 

The bifunctional alkylating agent was found to be used in cancer therapy and the 

underlying cytotoxicity comes from its ability to cross-link macromolecules and inhibit cell 

division [77]. Later, people found that nitrogen mustards could cross-link guanines to 

form ICLs [78] and nowadays many types of bifunctional cross-linking agents are invented 

as potential drugs to treat cancer cells [79]. In particular, some ICLs cause dramatic DNA 

unwinding and bending, which impact their recognition by repair enzymes [80,81], and as 

a result, influence the selection of repair pathways. 
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ICLs are produced by endogenous factors, especially AP sites [82], which are 

abundant and highly active, it has shown that AP sites form ICLs with guanine or adenine 

residues that are located opposite to AP sites on the complementary strand [28,78,83,84]. 

The ICLs generate in nearly every sequence context when AP sites location is adjacent to 

adenine [82]. The repair of the AP-ICLs involves the specific function of DNA glycosylase 

NEIL3 instead of other BER enzymes and it only unhooks the AP-ICLs where the AP site is 

on the leading strand of the replication fork [85]. There are a lot of questions regarding 

the AP-ICL repair process, for example,  how the unhooking process of AP-ICL is performed 

in the cellular context, what effect the sequence has on the selection of repair pathways, 

and how the repair of AP-ICL differs from repairing other types of ICLs. Therefore, a 

flexible model of AP-ICL is required by the researchers to learn the repair processes. 

Many methods are about synthesizing the site-specifically modified 

oligonucleotide that contains a structurally defined ICL, but this is a challenging task. 

Utilization of cross-linking agents could generate large amounts of cross-linking bonds, 

but there is no restriction on the cross-linking sites, so they don’t have the site selectivity 

[86] and make the sample purification quite challenging. The solid-phase synthesis of the 

ICLs is likely to achieve site specific modification, but the chemistry of the reaction is more 

complicated than synthesizing the DNA single strand. Therefore, the product yield is much 

lower, and the process require synthetic expertise, so the applicability of this method is 

limited. 
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A more simplified and efficient method is to apply the nucleotide analogs to 

achieve both specific cross-linking and high synthesis efficiency. The Gates group 

developed many nucleotide analogs to form cross-links with various types of DNA lesions 

with high yields [87–90].  

In my second thesis project, I utilized the Gates group finding that the AP site could 

form a cross-linking bond with 2’-aminopurine (P) to prepare our model ICLs, more details 

about this project are in Chapter 3.  

1.5 Mitochondrial DNA repair 

Mitochondria is a vital cellular component that controls energy production, cell 

signaling, and protein synthesis [91]. Besides the nucleus, mitochondria are the only 

subcellular component in animals that contain DNA. Unlike nuclear DNA, mitochondrial 

DNA (mtDNA) is a circular DNA of 16,569 base pairs (bp), which is much smaller than 

nuclear DNA, but mtDNA has thousands of copies and heteroplasmy [92]. mtDNA 

molecules are packed by proteins to form nucleoids [93]. The packaging proteins are 

mostly mitochondrial transcription factor A (TFAM) and mitochondrial single-stranded 

DNA-binding protein (mtSSB). Besides them, other proteins interact with mtDNA to 

enable gene expression and control the status of mitochondria. 

Mitochondrial genomes contain genetic information for 13 proteins [94], which 

are the core components of the mitochondrial respiratory complexes, these protein 

complexes are majorly located in the inner membrane and create an electrochemical 
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gradient through the transfer of protons from the mitochondrial matrix across the 

membrane and oxidize the oxygen, and therefore mitochondria are negatively charged. 

The electrochemical potential of mitochondria is also a signal of mitochondrial status, 

which activates the repair or elimination of the damaged mitochondria [95]. mtDNA 

encodes 22 tRNAs and 2 rRNAs, making them have their protein synthesis system and to 

some extent independent from the nucleus [96]. 

 

Figure 1.8 Mitochondria DNA is packed into nucleoids. mtDNA is a circular DNA that 
encodes 37 genes. Among them, it encodes 13 proteins which are the subunit of the 
respiratory complexes, 22 tRNAs, and 2 rRNAs. mtDNA is packaged by mitochondrial 
proteins into nucleoids. mtDNA is located inside the mitochondrial matrix, 1 or 2 mtDNA 
in each nucleoid. 

mtDNA is constantly challenged by chemical and physical assaults, causing even 

higher levels of mtDNA damage than nuclear DNA (nDNA) because they are equipped 

with fewer repair mechanisms [97]. Due to their high copy number, mitochondria have 

some unique repair mechanisms, such as rapid mtDNA turnover, fission, and fusion [98], 

which are not possible to apply in the nuclear genome. mtDNA is more tolerant to DNA 
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damage than nDNA and can reduce the deleterious effect of DNA damage by fission and 

fusion. 

Nearly all types of DNA lesions found in nDNA are in mtDNA, and the lesions on 

mtDNA are usually higher than nuclear DNA regardless of where the lesion comes from 

[97] because mitochondria are not equipped with such efficient repair mechanisms as the 

nucleus [99]. DNA lesions are the key reason for mitochondrial dysfunction [100]. And it 

is known to relate to many diseases, such as aging, diabetes, neurodegeneration, and 

cancer. Currently, there is no FDA-approved drug for treating mitochondrial disease, and 

the current gene modification tools that could efficiently modify nDNA, but they are hard 

to apply on mtDNA. There are many knowledge gaps in the mtDNA damage response and 

how the mtDNA repair and degradation contribute to maintaining the mitochondrial 

dynamics. 

1.6 Scope of the dissertation 

DNA is the control center of cellular metabolism. Changes in DNA, such as 

modifications and DNA lesions could alter the function of the cell, lead to various diseases 

and have profound influence on human health. There are many tools to identify and 

quantify DNA lesions, including chemical probes and enzyme involved DNA sequencing 

techniques. And with the advancement of mass spectrometry instrumentation and 

methods, the analysis of DNA lesions can couple with mass spectrometry technique to 

further deepen the discovery and get more detailed information about the cross-linking 



25 
 

chemistry. This dissertation focus on developing methods and tools to study the AP cross-

linked products. 

In Chapter 2, we designed a cleavable DNA strand and an enrichment method for 

DNA-peptide cross-links and developed a software tool for analyzing the mass 

spectrometry data of DPCs. We successfully applied this system to discover the cross-

linking sites on TFAM that cross-linked with the AP site containing DNA. Our finding is 

consistent with the available X-ray crystallography data. Our result led to the discovery of 

14 cross-linked sites [72]. This research also promoted a few later research in our group 

and the discovery of GSH effects on AP sites in mitochondria. 

In Chapter 3, we utilized cleavable DNA and the nucleotide analog to simplify the 

synthesis of the unhooked ICL repair intermediate. The yield of the final product was high 

and applied to studying the AP-ICL repair process [101]. 

In Chapter 4, we investigated the strand break products during the DPC formation. 

We used high-resolution DNA sequencing PAGE to resolve different strand breaks to know 

how various conditions impact the distribution of strand breaks. And we also tried to learn 

how various strand breaks react with repair enzymes and the chronic steps for the repair, 

which are fundamental to understanding the mechanism of repairing AP sites. 

In Chapter 5,  we talk about the future of these studies and the directions to 

expand them into a more widely applicable research context.
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Chapter 2.  High-Resolution Mapping of Amino Acid Residues in 

DNA-Protein Cross-Links Enabled by Ribonucleotide-Containing 

DNA 

 

2.1 Abstract 

DNA−protein cross-links have broad applications in mapping DNA−protein 

interactions and provide structural insights into macromolecular structures. However, 

high-resolution mapping of DNA-interacting amino acid residues with tandem mass 

spectrometry remains challenging due to difficulties in sample preparation and data 

analysis. Herein, we developed a method for identifying cross-linking amino residues in 

DNA−protein cross-links at single amino acid resolution. We leveraged the alkaline lability 

of ribonucleotides and designed ribonucleotide-containing DNA to produce structurally 

defined nucleic acid−peptide crosslinks under our optimized ribonucleotide cleavage 

conditions. The structurally defined oligonucleotide−peptide heteroconjugates improved 

ionization, reduced the database search space, and facilitated the identification of cross-

linking residues in peptides. We applied the workflow to identifying abasic (AP) site-

interacting residues in human mitochondrial transcription factor A (TFAM)-DNA cross-

links. With sub-nmol sample input, we obtained high quality fragmentation spectra for 

nucleic acid−peptide cross-links and identified 14 cross-linked lysine residues with the 

home-built AP_CrosslinkFinder program. Semi-quantification based on integrated peak 

areas revealed that K186 of TFAM is the major cross-linking residue, consistent with K186 



38 
 

being the closest (to the AP modification) lysine residue in solved TFAM:DNA crystal 

structures. Additional cross-linking lysine residues (K69, K76, K136, K154) support the 

dynamic characteristics of TFAM:DNA complexes. Overall, our combined workflow using 

ribonucleotide as a chemically cleavable DNA modification together with optimized 

sample preparation and data analysis offers a simple yet powerful approach for mapping 

cross-linking sites in DNA−protein cross-links. The method is amendable to other chemical 

or photo-cross-linking systems and can be extended to complex biological samples. 

2.2 Introduction 

DNA-protein interactions are essential to all aspects of genetic information 

transfer in living organisms, such as replication, transcription, recombination, and repair 

[1]. Covalent DNA-protein cross-links (DPCs) mediated by chemical linkers serve as useful 

tools to map these interactions [2–4]. DPCs also form in biological contexts as 

intermediates during enzymatic processing of DNA or as products when genetic materials 

are under chemical/physical assault [1,5,6]. In particular, a class of DPCs has been shown 

to form between a prevalent DNA modification, abasic (AP) sites [7], and lysine residues 

on interacting proteins via Schiff base chemistry.[8] DPCs derived from AP or oxidized AP 

sites have been demonstrated with DNA repair proteins [9,10], nucleosome core particles 

[11,12], and a transcription factor in mitochondria [13]. If DPCs form excessively [14] or 

are not removed promptly [15], they can block many DNA transactions [16,17]. Therefore, 

DPCs play a critical role in genomic maintenance and human health. 



39 
 

Identifying DNA-interacting amino acid residues is of fundamental importance to 

understanding the basis of DNA-protein interactions. Structural biology approaches, such 

as X-ray crystallography [18] and cryo-EM [19], can generate high-resolution data; 

however, they often require large amounts of purified samples and offer limited 

information on the dynamics of macromolecules or complexes. Solution NMR is powerful 

in characterizing the structure and dynamics of biomolecules but is often limited to 

analytes with low molecular weights (<35 kDa) [20]. Over the past decade, cross-linking 

mass spectrometry (MS) has emerged as a powerful tool in structural biology and 

interactome research [21]. The method can deliver medium-resolution information to 

complement classical structural biology and computational approaches. Recently, 

methods to study DNA-protein interactions in reconstituted systems and at a proteome 

level have also been developed [22,23]. 

Despite the advancement in cross-linking methodologies and mass spectrometry 

instrumentation, analyzing nucleic acid-protein conjugates remains challenging. The 

challenge is confounded by several factors in sample preparation and data analysis. First, 

both the protein and the oligonucleotide need to be digested into short fragments in 

shotgun proteomics. The complete digestion of the oligonucleotide is not trivial due to 

the steric hindrance imposed by oligonucleotide-peptide cross-links [24]. Commonly used 

digestion methods involving nuclease cocktails tend to produce a mixture of mono-, di-, 

and oligonucleotides and consequently structural heterogeneity of oligonucleotide-

peptide conjugates [24]. Second, data analysis remains labor-intensive due to the low 
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signal intensity of cross-links and their structural heterogeneity. Consequently, 

uncertainty in peptide search and difficulties in identifying corresponding cross-links are 

unavoidable [25]. 

In this study, we developed a mass spectrometry-based approach to map DNA-

protein interacting residues at single amino acid resolution. Our approach exploits the 

reactivity of AP sites with lysine residues and the lability of ribonucleotides under alkaline 

conditions to generate structurally defined DNA-peptide cross-links. The ribonucleotides 

in DNA substrates facilitate the preparation of DNA-peptide cross-links with a predictable 

nucleic acid fragment via our optimized conditions, which we refer to as Cleave R reaction. 

Compared to nuclease digestion, our method avoids digestion bias and facilitates data 

analysis and interpretation. We combined the optimized sample preparation with data 

analysis using our developed AP_CrosslinkFinder program. The optimized workflow was 

applied to mapping interacting lysine residues of human mitochondrial transcription 

factor A (TFAM) with AP modification on DNA. We successfully identified 14 cross-linked 

lysine residues, which provide insights into the interacting (with AP sites) residues on 

TFAM and the dynamic characteristics of TFAM:DNA complexes.  

2.3 Experimental section 

2.3.1 Materials and methods 

Chemicals were from Sigma Aldrich or Fisher Scientific and were analytical grade 

or molecular biology grade. MS grade trypsin was purchased from Fisher Scientific. Uracil 
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DNA glycosylase (UDG) was purchased from New England Biolabs. ODNs were purchased 

from Integrated DNA Technologies. The AP-containing DNA oligomers was prepared 

following a reported procedure [13]. Briefly, a deoxyuridine-containing DNA oligomer was 

treated with UDG to convert deoxyuridine to an AP modification. The AP-containing DNA 

oligomer was purified via phenol/chloroform extraction followed by annealing with a 

complementary ODN with no base modifications. The recombinant human transcription 

factor A (TFAM 43-246) and human AP endonuclease 1 (APE1) were expressed and 

purified based on our previous protocol [13]. 

2.3.2 Electrophoretic mobility shift assay 

The non-denaturing gels were composed of 6% polyacrylamide (acrylamide/bis-

acrylamide, 64/1) in 0.35X TBE (Tris-Borate-EDTA) buffer and pre-run for 30 min at 4°C. 

The TFAM:DNA complex was assembled on ice, equilibrated at room temperature for 1 h 

and separated in the native gel at 4°C at 100 V. Gel was imaged with a Typhoon imager 

(GE Healthcare) and quantified using ImageQuant software. The data fitting was 

performed with GraphPad Prism v8.0. 

2.3.3 Preparation of TFAM-DNA cross-links 

A dsDNA substrate containing an AP lesion was incubated with recombinant 

human TFAM for 12 h at 37°C. Reactions contained 4 μM AP-DNA, 8 μM TFAM, 20 mM 

HEPES (pH 7.4), 90 mM NaCl, and 20 mM EDTA, with 25 mM NaBH3CN. The reaction was 

quenched by adding 100 mM NaBH4 followed by incubation on ice for 30 min. The yield 
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of DPC was analyzed using an 8 X 10-cm SDS-urea (7M)-PAGE (12%) gel. The DPC reaction 

mixtures were stored in -20°C for further use. 

2.3.4 Enrichment of DNA-peptide cross-links 

The DPC reaction mixture was digested by trypsin in 100 mM Tris-HCl pH 8.0 and 

20 mM CaCl2 at 37°C overnight. The trypsin/TFAM ratio was 1:5 (wt/wt). The digestion 

mixture was concentrated with a 3 kDa molecular weight cut-off filter (Millipore) and 

washed with 10 mM Tris-HCl pH 8.0 at 4°C. 

2.3.5 Cleavage reaction of ribonucleotides by Cleave R 

The Cleave R reaction was performed with the trypsin digested DNA-peptide 

cross-links by incubating it with 50 mM glycine-NaOH pH 10.0, 15 mM MgCl2 at 55°C 

overnight. The efficiency of the cleavage reaction was checked with DNA-sequencing 

PAGE. The reaction mixture was neutralized with the acetic acid to pH 8.0 before LC-

MS/MS analysis. 

2.3.6 Data analysis with MaxQuant 

Proteomic analysis and the enrichment efficiency of the workflow were evaluated 

with MaxQuant [26] through searching with TFAM sequence and the MaxQuant default 

contaminant sequences. The methionine oxidation and tryptophan oxidation were set as 

the variable modifications, the default settings for orbitrap were applied and allowed 

three missed cleavages. 
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2.3.7 LC-MS/MS analysis 

Liquid chromatography was performed on a Thermo nLC1200 in single-pump 

trapping mode with a Thermo PepMap RSLC C18 EASY-spray column (2 μm, 100 Å, 75 μm 

x 25 cm) and a Pepmap C18 trap column (3 μm, 100 Å, 75 μm x 20 mm). Solvents used 

were A: water with 0.1% formic acid and B: 80% acetonitrile with 0.1% formic acid. 

Samples were separated at 300 nL/min with a 130-minute gradient starting at 3% B (held 

for 1 minute), then increasing to 50% B in 110 minutes, then to 100% B in 10 minutes, and 

held at 100% B for 9 minutes. 

Mass spectrometry data were acquired on a Thermo Orbitrap Fusion in data-

dependent mode. A full scan was conducted using 60k resolution in the Orbitrap in 

positive mode with a mass range of 375-1500 m/z and AGC 4.0e5. Precursors for MS2 

were filtered by monoisotopic peak determination for peptides, intensity threshold 1.0 

e4, charge state 2-7, and 5 second dynamic exclusion after 1 analysis with a mass 

tolerance of 10 ppm. MS2 were collected in the ion trap with an isolation window of 1.6 

Da, AGC target of 3.0 e4, and a 300 ms maximum injection time. For each precursor, MS2 

scans were collected using both collision-induced dissociation (CID) and higher-energy 

collision-induced dissociation (HCD), with CID having scan priority 1 and HCD scan priority 

2. Both methods used 35% collision energy. 



44 
 

2.3.8 Data analysis with AP_CrosslinkFinder 

Raw MS data were first converted into the MGF files by MSConvert GUI from 

Proteowizard. These MGF files were loaded to the custom MATLAB-based program 

AP_CrosslinkFinder. The custom scripts were developed based on Find_XL [27] by the 

Kalisman laboratory for the identification of peptide-peptide cross-links, a number of 

changes were made to adapt it to the analysis of DNA-peptide crosslinks. The DNA 

sequence was entered as required. The in silico digestion of TFAM allows three missed 

cleavages with oxidative modifications on methionine (+16 Da) and tryptophan (+4, 16, 

20, 32 Da). The precursor mass tolerance was 10 ppm, and the fragment mass tolerance 

was 30 ppm. The peptide fragments were searched with b and y ions, while the DNA 

fragments were searched with a, a-b, c, y, and w ions. The length of the DNA is set to be 

the AP residue alone or AP and a neighboring AMP, with or without the 5'-phosphate 

group. The output structure ms1 displayed the identified cross-links and a score for each 

cross-link based on the number of fragment ions found in MS2. MS2 spectra were 

annotated manually. 

2.4 Results 

2.4.1 Optimizing the Cleave R Reaction 

To create DNA-peptide cross-links with a predictable DNA fragment, we exploited 

the alkaline-labile characteristics of ribonucleotides (Figure 2.1 a)[28] and designed DNA 

substrates (sequence shown in Table 1) with ribonucleotides adjacent to the cross-linking 
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deoxyribonucleotide residue (Figure 2.1 b). All DNA substrates are double-stranded (ds) 

with the ribonucleotide-containing strand harboring a 5'-fluorescein label to facilitate 

product analysis via polyacrylamide gel electrophoresis (PAGE). The sequences of these 

substrates are based on the light-strand promoter sequence of human mitochondrial DNA, 

which has well-characterized binding properties with TFAM [29,30]. To obtain the optimal 

condition to cleave two ribonucleotides on a model substrate (D4), we tested RNase HII 

[31] and 0.3 M NaOH [32], which have been commonly used to cut ribonucleotide-

containing DNA [33]. RNase HII failed to completely cleave two ribonucleotides up to 21-

h reactions (Figure 2.2 a). The cleavage condition with 0.3 M NaOH at 55°C was complete 

within 2 hours (Figure 2.2 b); however, this reaction hydrolyzed TFAM (Figure 2.2 c), 

destroying the amino acid signatures of the cross-linked peptides.  
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Table 2.1 Sequences of the DNA substrates used in this study. For simplicity, substrates 
D1-D5 denote dsDNA annealed to a complementary strand. X indicates the AP site, and 
U is deoxyuridine. The underlined nucleotides denote ribonucleotides. 

Name Sequence (5’-3’) 

D1 FAM - TAA CAG TCA CCC CCC XAC TAA C 

D2 FAM - TAA CAG TCA CCC CCrC XrAC TAA C 

D3 FAM - TAA CAG TCA CCC CCrC UrAC TAA C 

D4 FAM - TAA CAG TCA CCC CrCC UArC TAA C 

D5 FAM - TAA CAG TCA CCC CrCC XArC TAA C 

Complementary strand GTT AGT TGG GGG GTG ACT GTT A 

 

Next, we designed alternative cleavage conditions inspired by a study by Breaker 

et al [34]. The authors demonstrated that the rate of the alkali-promoted 

transesterification reaction increases with the increase of pH, [Mg]2+, and temperature 

[34]. We tested a variety of reaction conditions with D4 (Figure 2.2 d, Table 2) and found 

that a reaction condition in the presence of glycine-NaOH (pH=10) and 20 mM MgCl2 at 

55°C for 38 h provides the best cleavage yield (>85%), as shown in Figure 2.1 c.  In addition, 

we examined the stability of DNA-peptide cross-links under this condition. No apparent 

degradation of the cross-links was observed after 20 h incubation (Figure 2.5). Therefore, 
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we chose this optimized condition (referred to as Cleave R reaction) in the subsequent 

ribonucleotide cleavage reactions). 

 

Figure 2.1 Generation of DNA fragments via Cleave R reaction. (a) Mechanism of alkaline 
transesterification reaction to generate the strand break at the 3'-side of the 
ribonucleotide. Under basic conditions, the cyclic phosphate product can be converted to 
a mixture of 3'-phosphate and 2'-phosphate [28]. (b) Schematic illustration of the 
ribonucleotide containing DNA. Deoxyribonucleotides are in blue; ribonucleotides are in 
yellow; the cross-linking nucleotide residue is in red. (c) Polyacrylamide gel analysis of 
products from the ribonucleotide cleavage reaction. Lane 1 is D4. Lane 2 is D4 incubated 
with 0.3 M NaOH for 10 min.  Lanes 3 and 4 are D4 subjected to Cleave R reactions for 19 
and 38 hours. 
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Figure 2.2 Optimization of ribonucleotide cleavage conditions. (a) D4 cleavage reaction 
with RNase HII. The reaction was performed in 50 mM Tris pH 8.0, 50 mM NaCl, 1 mM 
DTT, 0.1 mg/mL BSA, 5% glycerol, and 10 mM MgCl2. And 1 uM double-strand D4 was 
incubated with 0.1 uM RNase HII. The incubation time point of 1, 3 and 21 hours were 
taken (lanes 2, 3, and 4, respectively). Lane 1 is the strand break marker cleaved at two 
ribonucleosides. The sample was prepared by incubating D4 with 0.3 M NaOH at 55°C for 
10 min. (b) D4 cleavage reaction with 0.3 M NaOH at 55°C. Lane 1 is D4; lane 2 is the 
strand break of D4 at the AP site; lane 3 is the strand break at two ribonucleoside sites 
maker by incubating D4 at 0.3 M NaOH, 55°C for 10 min.  Lane 4 is the product of D4 
incubated at 0.3 M NaOH for 2 hours. (c) Incubation of TFAM at 55°C with either 0.3 M 
NaCl or 0.3 M NaOH, two replicates. (d) The reaction conditions to cleave the 
ribonucleotides on D4. Reaction conditions are listed in Table S2. Lane 20 is D4. Lane 1 
and Lane 21 are the strand break standards made by incubating D4 with 0.3 M NaOH for 
10 min. 
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Establishing a Workflow for Analyzing Cross-linking Residues in DPC. We designed 

two DNA substrates (D1 and D2, sequence shown in Table 1) for cross-linking reactions. 

D1 is a double-strand (ds) DNA with an AP modification located on one strand (Figure 2.3 

b). The AP-containing oligodeoxyribonucleotides (ODNs) were prepared using precursor 

ODNs containing a deoxyuridine at the lesion position, followed by removal of uracil using 

a DNA repair enzyme, uracil-DNA glycosylase (UDG) [35]. The dsDNA substrates were 

prepared by annealing AP-ODN with a complementary strand. D2 contains two 

neighboring (of the AP lesion) deoxynucleotides substituted with ribonucleotides. 

Compared to D1, the ribonucleotide-containing substrate D2 showed similar DNA-binding 

stoichiometry, as demonstrated by the electromobility shift assay (EMSA) (Figure 2.3 c). 

We selected a molar ratio of 1:2 (D2:TFAM) to generate the highest yield of TFAM:DNA 

complexes containing one TFAM and one DNA molecule for subsequent reactions. The 

complex, presumably conforming to the TFAM:DNA crystal structures [29,30], serves as a 

good model to probe specific interactions between DNA and TFAM.   
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Table 2.2 Cleavage reaction conditions in Figure 2.2 d 

Incubation condition 
Length of 
incubation (h) 

Lane 
number 

pH=10, [K+]=0.03 M, [Mg2+]=5 mM, T=55°C 

1 2 

2 3 

18 4 

pH=10, [K+]=0.01 M, [Mg2+]=5 mM, T=55°C 

1 5 

2 6 

18 7 

pH=10, [K+]=0.03 M, [Mg2+]=5 mM, T=37°C 

1 8 

2 9 

18 10 

pH=10, [K+]=0.01 M, [Mg2+]=5 mM, T=37°C 

1 11 

2 12 

18 13 

pH=10, [K+]=0.03 M, T=55°C 

1 14 

2 15 

18 16 

pH=10, [K+]=0.01 M, T=55°C 

1 17 

2 18 

18 19 

pH=13.4, [K+]=0.001 M,  T= room temperature 

2 22 

8 23 

24 24 

pH=12, [K+]=0.001M, [Mg2+]=15 mM, T=37°C 2 25 
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8 26 

24 27 

pH=10, glycine-NaOH buffer, [K+]=0.001 M, 
[Mg2+]=15 mM, T=55°C 

8 28 

24 29 

pH=10, glycine-NaOH buffer, [Mg2+]=15 mM, 
T=55°C 

8 30 

24 31 

pH=10, NaOH solution, [K+]=0.02 M, [Mg2+]=5 
mM, T=55°C 

8 32 

24 33 

pH=10, NaOH solution, [K+]=0.02 M, T=55°C 
8 34 

24 35 
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Figure 2.3 DPC formation with ribonucleotide-containing DNA and the workflow of 
identifying cross-linking amino acid residues. (a) Reaction mechanism of the formation of 
DPC via Schiff base chemistry. Reductive amination with NaBH3CN to stabilize the reaction 
intermediates for mass spectrometry analysis. (b) DNA substrates used in this study. D1 
is a double-stranded oligodeoxyribonucleotide with an AP modification located on the top 
strand. D2 contains two neighboring (of the AP lesion) deoxynucleotides substituted with 
ribonucleotides. (c) DNA-TFAM binding stoichiometry determined by electrophoretic 
mobility shift assay (EMSA). Lanes 1 and 2 are with substrate D1 and contain 
DNA(D):TFAM(T) complexes formed at molecular ratios of 1:1 and 1:2 (DNA:TFAM), 
respectively Lane 3 contains substrate D2. Lanes 4-6 contain D2:TFAM complexes formed 
at molecular ratios of 1:1, 1:1.5, and 1:2 (DNA:TFAM), respectively. (d) Workflow for 
mapping AP-DNA-protein cross-linking residues with LC-MS/MS. DPC was digested with 
trypsin overnight to form non-cross-linked peptides and DNA-peptide conjugates. Free 
peptides were removed and DNA-peptide conjugates were enriched with a 3 kDa 
molecular weight cut-off filter and followed by the Cleave R reaction. The DNA substrate 
was cleaved at ribonucleotides to yield DNA-peptide cross-links with a predictable 
number of nucleotide residues.  Reaction products were subjected to LC-MS/MS analysis.  
DNA-peptide cross-links were identified using AP_CrosslinkFinder followed by manual 
annotation. (e) SDS-urea PAGE analysis of DPC from reactions of TFAM with D1 or D2. 
Lanes 1 and 2 contain D1 and its correlating strand break marker. Lane 3-5 are the DPC 
reactions between D1 and TFAM for 3, 6 and 12 hours. Lanes 6-8 are the DPC reactions 
between D2 and TFAM for 3, 6 and 12 hours. SSB refers to DNA single-strand breaks. The 
percent yield of DPC is 92% for reactions with D1 and TFAM and 86% for reactions with 
D2 and TFAM. Detailed analysis shown in Figure 2.11. (f) DNA-sequencing PAGE analysis 
of the resulting DNA fragments after Cleave R reactions. Lanes 1 and 4 are D2, and lane 2 
is D2 upon cleavage with AP endonuclease 1 (APE1) (Figure 2.6 a). Lanes 3 and 6 are 
trypsin digested D2-DPC after Cleave R reactions. Lane 5 is the product of cleaved D2 with 
1 M NaOH. Lane 7 is the sample from lane 3 (or 6) treated with alkaline phosphatase. 
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We aimed to develop an experimental and computational workflow to map the 

cross-linking residues on TFAM within TFAM-DNA complexes (Figure 2.3 d). We harnessed 

the Schiff base intermediates formed between an AP modification and lysine residues on 

TFAM and captured the interactions using covalent DNA-protein cross-links. In situ 

trapping of the Schiff base intermediate was achieved by reductive amination in the 

presence of NaCNBH3 (Figure 2.3 a). We incubated TFAM with D2 in the presence of 

NaCNBH3 for 12 hrs followed by quenching of any unreacted AP sites and unreduced DPC 

with NaBH4. Relative to D1, D2 has a similar DPC yield after 12 h, indicating that the 

substitution with ribonucleotides in DNA did not perturb the cross-linking reaction (Figure 

2.3 e). The stabilized DPCs were digested with trypsin to form DNA-peptide cross-links 

and non-cross-linked peptides. The trypsin digestion was monitored by SDS-urea PAGE 

(Figure 2.4). The resulting sample was filtered through a 3 kDa molecular cut-off filter to 

remove a majority of the non-cross-linked peptides for simplified data search and to 

enrich DNA-peptide cross-links. We verified the removal of non-cross-linked peptides 

through searching with MaxQuant [26]. The enriched DNA-peptide cross-links were 

converted to DNA-peptide cross-links with a predictable nucleic acid moiety under the 

Cleave R condition. The successful cleavage of DNA was confirmed by SDS-urea PAGE 

(Figure 2.4) and high-resolution DNA-sequencing PAGE (lanes 3 and 6 of Figure 2.3 f). In 

addition, no apparent degradation of DNA-peptide cross-links was observed after 20-h 

incubation (Figure 2.5), reinforcing the suitability of the Cleave R reaction in converting 

nucleic acids into the desired products while preserving the structure of the peptides. On 
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the contrary, under 0.3 M NaOH, the peptide fragment in DNA-peptide cross- links was 

hydrolyzed (lane 7-9 of Figure 2.5), indicating that this commonly used condition for 

ribonucleotide cleavage is not applicable to preparing DNA-peptide cross-links for 

subsequent mass spectrometry analysis. 

 

Figure 2.4 Preparation of TFAM-DNA cross-links monitored by gel electrophoresis.  Lane 
1 is D3. Lane 2 is a strand break marker at the AP site derived from D2. Lane 3 is D2 DPC 
generated in the presence of NaCNBH3. Lane 4 is trypsin digested D2 DPC. Lane 5 is the 
product of trypsin digested D2 DPC after Cleave R reaction. 
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Figure 2.5 Stability of D2-peptide cross-links from trypsin digestion of D2-TFAM DPC 
under Cleave R condition and NaOH treatment. Lane 1, D2. Lane 2, cleaved single-
stranded breaks at AP sites from D2 after NaOH treatment. Lane 3, trypsin-digested D2-
TFAM DPC without treatment. Lane 4-6 (triplicate) treatment of digested D2-TFAM DPC 
under Cleave R condition for 20 h. Lane 7-9 (triplicate) treatment of digested D2-TFAM 
DPC with 0.3 M NaOH at 55°C for 2 hours. 

To understand the chemistry of the DNA termini from the Cleave R reaction and 

to guide the data search for the nucleic acid-peptide cross-links, we treated the product 
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with alkaline phosphatase and observed the disappearance of the lower band (lanes 6 

and 7 of Figure 2.3 f). The results indicate that products in the faster-migrating band 

contain a terminal phosphate group at the 3'-end and that products in the upper band do 

not, consistent with the phosphate mixtures produced under alkaline conditions (Figure 

2.1 a). The assignment is supported by comparing with standard products generated 

under NaOH (lane 5 of Figure 2.3 f) and APE1 (lane 2 of Figure 2.3 f) [36]. The NaOH 

treatment produces products containing a phosphate group at the 3'-end upon cleavage 

at ribonucleotides. Products from APE1 treatment contain a 3'-OH upon cleavage at the 

5'-side of the abasic lesion [37] (Figure 2.6 a). These results prompted us to search for 

DNA components with and without the phosphate group when analyzing DNA-peptide 

cross-links.  

 

Figure 2.6 (a) APE1 cleaves the DNA backbone 5' of the AP lesion to yield a 3'-OH terminal 
and a 5'-deoxyribose phosphate residue [37]. (b) TFAM(peptide)-AP-DNA cross-links 
undergo β-elimination before reductive amination by NaBH3CN to afford a mass adduct 
of 102. 
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The sample was analyzed by nanoLC-MS/MS. The mass spectrometry data were 

processed by the custom scripts of AP_CrosslinkFinder, which are modified based on 

Find_XL [27]. We applied AP_CrosslinkFinder to find the AP cross-links, and the mass 

adducts of the cross-linked peptides were computed and added to the in silico digested 

TFAM. The search begins with matching the molecular weight in MS1, followed by 

searching the corresponding fragment ions in MS/MS and outputting the number of 

matches. The spectra were annotated manually. Together, our optimized workflow from 

sample preparation to data analysis ensures the identification of cross-linking amino acid 

residues in DPC.  

2.4.2 Mapping AP reactive sites at single amino acid resolution in TFAM-

DNA cross-links. 

The short and structurally predictable nucleic acid component in DNA-peptide 

cross-links significantly decreased the search space and reduced the search time. The 

computational analysis of the LC-MS/MS data with AP_CrosslinkFinder was completed 

within an hour. We identified 14 unique TFAM-DNA cross-linking sites located on 15 

unique peptides (Figure 2.7 a, Table 2.3). Four types of mass adducts were observed for 

the cross-linked peptides in mass spectrometry analysis (+102, +118, +198, and +527). 

The mass adduct, 102 Da, is a minor product generated when the reaction proceeds with 

β-elimination before trapping by NaCNBH3 (Figure 2.6 b). The proposed mechanism by 

which the other three major products are formed is shown in Figure 2.7 b. We presume 

that the 4'-OH of the open-chain form of AP sites or the 2'-OH of the ribonucleoside can 
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undergo nucleophilic attack at the phosphate, leading to the formation of cyclic 

phosphate intermediates (structures in the middle of Figure 2.7 b).  The cyclic phosphates 

can be hydrolyzed, resulting in products containing a mass adduct of 527 or 198 Da. The 

phosphate group can be hydrolyzed, as evidenced by PAGE analysis (Figure 2.3 f), 

generating additional products with a mass adduct of 447 or 118 Da (Figure 2.7 b). The 

MS/MS spectra of the cross-links contain both fragmented peptides and fragmented 

ODNs. For the cross-links with a mass adduct of 527 or 447, the most abundant product 

ions are generated by nucleic acid fragmentation owing to the weak N-glycosidic bond 

and phosphoester bonds in the nucleic acid moiety (Figure 2.7 c). The nucleic acid 

fragment derived from D2 contains an AP lesion and an adenosine monophosphate 

residue, which readily loses an adenine residue, generating an abundant product ion with 

m/z=136. We considered m/z=136 as the diagnostic ion of this type of cross-links (Figures 

2.7 d). For the mass adducts 198 and 118, the nucleic acid component in DPC contains the 

reduced ring-opened AP site, which appears to be relatively stable under MS 

fragmentation conditions. Under collision-induced dissociation (CID), the b- and y-ions of 

these cross-links contain the aforementioned mass adducts relative to the native peptides 

(Figures 2.7 e-g), facilitating the assignment of peptide sequences and mapping of the 

cross-linking residues at single amino acid resolution. The fragmentation patterns of 

nucleic acid-peptide cross-links guided us to develop the MATLAB-based program, 

AP_CrosslinkFinder. 
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Table 2.3 Identified lysine residues of TFAM cross-linked with the AP lesion. The 
crosslinked amino acid residues are in blue, and oxidative modifications are denoted by 
OX in red. Methionine oxidation has the mass adduct of 16; tryptophan oxidation has 
the mass shift of +4, +16, +20, and +32 [38], labeled the mass adduct of tryptophan 
oxidation. 
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The predictable structures of the nucleic acid component facilitate database 

search and the assignment of the peptide sequence. The database search focuses on the 

tryptic peptides of TFAM cross-linked to the AP lesion in the nucleic acid moiety. Nearly 

all the nucleic acid-peptide cross-links have a mass accuracy within 3 ppm and MS/MS 

product ions matching to its theoretical ions (Table 2.3, Figures 2.8 and 2.9), ensuring 

unbiased DPC assignments.  
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Figure 2.7 Identification of the DNA-protein cross-linking sites in DNA-TFAM cross-links. 
(a) Representative DNA-peptide cross-links found in this study. The cross-linked amino 
acid residues are in blue. (b) The proposed reaction scheme for the observed mass shift 
of 118, 198, 447, and 527. (c) The proposed fragmentation pattern for nucleotide 
derivatives observed in mass spectra in (d). (d) through (g) MS/MS spectra of the cross-
links shown in (a). In the MS/MS spectra, b ions are in green, and y ions are in red. The 
DNA fragments are in yellow, and the ions with fragmentations in the DNA component 
are in violet. 
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Figure 2.8 The MS2 spectra of the crosslinks identified in this study, part 1. 
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Figure 2.9 MS2 spectra of the crosslinks identified in this study, part 2. 
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2.4.3 Site and quantitative analysis of the cross-linking sites. 

Our previous study demonstrated that K183, K186, and K190, three residues in the 

vicinity of the AP site (Figure 2.10 a), play an important role in influencing the cross-linking 

rate in AP-DNA:TFAM complexes [13]. The results here corroborate these earlier data and 

provide direct evidence for covalent cross-linking of K186 and K190 with AP-DNA under 

reductive amination. Semi-quantification based on the integrated peak areas of MS1 

spectra reveal that K186 is the most abundant cross-linking site, consistent with the 

closest proximity of K186 to the AP site relative to the other two lysine residues in 

TFAM:DNA co-crystal structures (Figure 2.10 a) [29,30]. 

We grouped these cross-linking sites by the domains of TFAM (Figure 2.10 b and 

2.4 c). Besides K186, additional residues such as K76, K69, and K62 in the HMG1 domain 

are shown to interact with the AP lesion (Figure 2.10 c). The observation of cross-linking 

sites other than K186 is consistent with the dynamic characteristics of TFAM:DNA 

complexes in solution [39]. In addition, the majority of the DNA-peptide cross-links 

identified have the mass adduct of 527 Da (Figure 2.10 d), indicating the cleavage reaction 

at the ribonucleoside is very efficient. The second most abundant mass adduct is the 198 

Da, which could form by the proposed mechanism via an alkaline transesterification 

reaction similar to the ribonucleoside transesterification reaction (Figure 2.7 b). 

 



69 
 

 

Figure 2.10 High-resolution mapping of the cross-linking sites in TFAM-DNA complexes. 
(a) Identified cross-linking sites in TFAM-DNA complexes based on a co-crystal structure 
(PDB: 3TQ6). The cross-linked lysine residues are in red, and the AP lesion is illustrated in 
sticks and indicated by the black arrow. (b) Relative abundance of the cross-linking site 
identified in TFAM-DNA cross-links based on their integrated peak areas in LC-MS/MS 
analysis. (c) The abundance of cross-linked residues in four domains of TFAM. (HMG1 43-
122 in blue, linker 122-152 in green, HMG2 152-222 in brown, and C-terminal tail 222-246 
in pink). (d) Relative abundance of four types of observed mass adducts to the cross-
linked peptides. 
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2.5 Discussion 

In this study, we developed a mass spectrometry-based workflow for mapping 

interacting lysine residues in DNA-protein complexes. We leveraged the alkaline lability 

of ribonucleotides and designed ribonucleotide-containing DNA substrates to prepare 

structurally defined nucleic acid-peptide cross-links. The optimized Cleave R reaction 

cleaves DNA at ribonucleotides while retaining the integrity of nucleic acid-peptide 

conjugates. Common digestion methods for cleaving nucleic acids involve nuclease 

cocktails, which often yield a mixture of mononucleotides, dinucleotides, and 

oligonucleotides due to steric hindrance of different cross-links [24]. The heterogeneous 

conjugates tend to decrease the ionization efficiency, complicate the database search, 

and hinder the identification of conjugates and cross-linking sites [25]. Our approach 

creates structurally defined nucleic acid moieties in nucleic acid-peptide conjugates, 

which simplify database search and facilitate mapping of AP-interacting lysine residues at 

single amino acid resolution. 

We exploited the Schiff base chemistry to capture interactions between a reactive 

abasic modification and lysine residues of a protein. The 14 cross-linked lysine residues in 

TFAM-DNA complexes provided insights into the conformational dynamics and 

heterogeneity of TFAM:DNA complexes. The predominant cross-linking site at K186 is in 

agreement with K186 being the closest lysine (to the AP modification) residue in 

TFAM:DNA crystal structures. Additional cross-linking sites support the dynamic nature of 
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the TFAM:DNA complexes and alternative binding conformations. For example, the 

heterogeneity of the TFAM:DNA complexes in solution has been demonstrated using 

small-angle X-ray scattering, single-molecule Föster resonance energy transfer assays, 

and molecular dynamic simulations [39]. Alternative conformations of TFAM:DNA 

complexes (especially under micromolar TFAM) other than reported crystal structures 

could explain the observed cross-linking residues in HMG1 and the linker domains [40,41]. 

The identified cross-linking residues K136, K139, K147, and K154 at the linker region 

corroborate the nonstatic characteristics of the TFAM:DNA complexes: the flexible linker 

is known to assist TFAM:DNA complexes to undergo a butterfly or ‘‘breathing’’ movement 

[39]. Furthermore, the higher DNA-binding affinity of the HMG1 domain relative to HMG2 

[42] and the sliding of TFAM DNA could also contribute to the cross-links formed with 

residues on HMG1 [40]. 

The reported sample preparation is simple, inexpensive, and requires no gel- or 

affinity-based purification, which avoids cumbersome sample workup and potential 

contaminations. In particular, the size-based single-step enrichment streamlines sample 

workup. With sub-nmol of TFAM sample, we were able to identify 14 cross-linking sites 

on TFAM, demonstrating that the workflow is sensitive in detecting major and minor 

cross-linking residues. The workflow is amenable to other cross-linking chemistry by 

replacing AP sites with a different reactive residue [43]. A recent report using chemical 

digestion of RNA to map RNA-interacting proteins involves harsh chemical treatment, 

which may not be applicable to different cross-linking chemistries [24]. 
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To our knowledge, RNPXL is by far the only available software tool for analyzing 

the MS data of DPCs and requires the commercial Proteome Discoverer software [44]. 

However, RNPXL cannot be applied to analyze the AP sites crosslinked to DPCs due to its 

lack of flexibility for user-defined searches. The developed MATLAB-based program 

AP_CrosslinkFinder can be easily applied to analyzing other types of DPCs using a user-

defined mass of the cross-linked conjugate, such as UV-cross-linked DPCs/RNPs [45] and 

formaldehyde crosslinked DPCs [46]. The AP_CrosslinkFinder used a simpler but more 

specific algoristhm than the RNPXL; thus, it can complete the searching of a set of LC-

MS/MS data within one hour with the current dataset. 

2.6 Conclusion 

In summary, we have developed a powerful tool for mapping interacting amino 

acid residues with AP sites in DNA-protein complexes at single amino acid resolution. The 

method requires minimal sample input and is sensitive in identifying both major and 

minor cross-linking sites. Results offer quantitative information on the relative abundance 

of cross-linking sites. The method can complement the advanced structural biology 

techniques by providing information on the proximity of interacting functional groups, 

multiple conformations of nucleic acid-protein complexes in solution, and the inferred 

relative reactivity of varying amino acid residues. We envision that this workflow is 

applicable to mapping other interacting residues provided a different functional group 

can be installed on the oligonucleotide (e.g., a thiol group to map interacting cysteine). 
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When used together with an affinity handle, such as biotin, such a synthetic oligomer can 

potentially be used to probe interacting proteins and residues in complex biological 

samples, such as cell extracts. 

 

Figure 2.11 Quantification of gel analysis of TFAM:AP-ODN reactions shown in Figure 2.3 
e. D1 is a double-strand (ds) DNA with an AP modification located on one strand, as 
illustrated in Figure 2b. D2 contains the identical nucleotide sequences to D1, except that 
it has two neighboring (of the AP lesion) deoxynucleotides substituted with 
ribonucleotides. The percentage yield of each species was fit to a single exponential 
equation to obtain the apparent formation rate (kfo) of DNA-protein cross-links (DPC) and 
the cleavage rate (kcl) of AP-ODN. For reactions with D1 and TFAM, the percent yield of 
DPC is 92%, kfo is 0.79 hr-1, and kcl is 0.81 hr-1. For reactions with D2 and TFAM, the percent 
yield of DPC is 86%, kfo is 0.63 hr-1, and kcl is 0.63 hr-1.  
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Chapter 3.  Facile Preparation of Model DNA Interstrand Cross-

Link Repair Intermediates Using Ribonucleotide-Containing DNA 

 

3.1 Abstract 

DNA interstrand cross-links (ICLs) are lesions with a covalent bond formed 

between DNA strands. ICLs are extremely toxic to cells because they prevent the 

separation of the two strands, which are necessary for the genetic interpretation of DNA. 

ICLs are repaired via Fanconi anemia and replication-independent pathways. The 

formation of so-called unhooked repair intermediates via a dual strand incision flanking 

the ICL site on one strand is an essential step in nearly all ICL repair pathways. Recently, 

ICLs derived from endogenous sources, such as those from ubiquitous DNA lesions, abasic 

(AP) sites, have emerged as an important class of ICLs. Despite the earlier efforts in 

preparing AP-ICLs in high yield using nucleotide analogs, little information is available for 

preparing AP-ICL unhooked intermediates with varying lengths of overhangs. In this study, 

we devise a simple approach to prepare model ICL unhooked intermediates derived from 

AP sites.  We exploited the alkaline lability of ribonucleotides (rNMPs) and the high cross-

linking efficiency between an AP lesion and a nucleotide analog, 2-aminopurine, via 

reductive amination. We designed chimeric DNA/RNA substrates with rNMPs flanking the 

cross-linking residue (2-aminopurine) to facilitate subsequent strand cleavage under our 

optimized conditions. Mass spectrometric analysis and primer extension assays 

confirmed the structures of ICLs substrates. The method is straightforward, requires no 
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synthetic chemistry expertise, and should be broadly accessible to all researchers in the 

DNA repair community. For step-by-step descriptions of the method, please refer to the 

companion MethodsX paper [1]. 

3.2 Introduction 

DNA is susceptible to chemical and physical factors, generating a plethora of DNA 

lesions [2]. DNA interstrand cross-links (ICLs) are among the most deleterious DNA lesions, 

because the covalent linkage between the two complementary strands can alter the 

structure and enzymatic read-out of DNA, potentially leading to genomic instability and 

cell death [3–7]. It is estimated that one ICL lesion is sufficient to kill a bacterial or yeast 

cell [8], and approximately 40 ICLs can kill a repair-deficient mammalian cell [9]. ICLs can 

be repaired via replication-coupled and replication-independent pathways [7]. In almost 

all known ICL repair pathways, the generation of so-called unhooked repair intermediates 

by dual incision of ICLs via endonucleolytic activities is an essential step. Critical to the 

endonucleolytic activities and initiation of ICL repair are endonuclease XPF-ERCC1 and the 

scaffolding protein SLX4 [4,10,11], along with a number of other endonucleases, such as 

FAN1, MUS81-EME1, SLX1, and SNM1A[4,10,12–15]. The resulting ICL remnant can be 

bypassed by translesion synthesis (TLS) DNA polymerases followed by homologous 

recombination (HR) in replication-dependent ICL repair pathways [7].  

Historically, ICLs have been studied in the context of chemical warfare and 

chemotherapeutic agents such as nitrogen mustards, mitomycin C, psoralens, and 
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cisplatin [16–19]. Recently, ICLs derived from endogenous chemicals have emerged as an 

important class of ICLs [6]. In particular, abasic (AP) sites, one of the most abundant 

endogenous DNA lesions, have been shown to form ICLs with a guanine residue on the 5'-

side of the nucleotide opposite to an AP site on the complementary strand [20,21], or an 

adenine on the 3'-side of the nucleotide opposite to an AP site on the complementary 

strand [22,23]. Subsequent studies using DNA substrates containing ICLs derived from an 

AP lesion and an adenine residue discovered a specialized NEIL3-mediated repair pathway 

and supported circumstantially the biological relevance of AP-derived ICLs (AP-ICLs) [24–

26].   

The advancement of the understanding of biological consequence and repair 

pathways of ICLs is driven in part by the development of approaches to prepare site-

specifically modified oligodeoxynucleotides containing a chemically defined ICL. However, 

the preparation of ICL-containing substrates is not trivial. Traditional methods using cross-

linking agents, such as formaldehyde or nitrogen mustards, to react with a double-

stranded (ds) DNA substrate suffer from poor site selectivity and low yield [27–29]. The 

resulting mixtures of cross-linked products require laborious purification and can 

complicate data interpretation. Several solid-phase synthetic methods have been 

developed over the years [30–34]; nonetheless, the requirement of stringent reaction 

conditions and synthetic chemistry expertise has hindered broader applications of these 

methods. A number of elegant methods have been devised by Gates and colleagues to 

prepare AP-ICLs [22,23,35,36], and two methods achieved high cross-linking yield using 
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nucleotide analogs, N4-amino-2'-deoxycytidine [35] and 2-aminopurine (P) [37]. The 

dearth of information on preparing AP-ICL unhooked intermediates and the need for 

additional mechanistic insights into AP-ICL repair motivated us to develop a simple and 

accessible approach to prepare such substrates.  

Herein, we developed a simple approach to prepare site-specifically modified 

model AP-ICL substrates to mimic unhooked repair intermediates. We exploited the 

alkaline lability of ribonucleotides (rNMPs) in chimeric DNA/RNA substrates [38] and the 

high cross-linking efficiency between AP and a nucleotide analog (P) via reductive 

animation [37]. We designed rNMPs on the 3'-side and 5'-side of the cross-linking residue 

(P) to facilitate strand cleavage under alkaline conditions. We optimized the rNMP 

cleavage conditions using NaOH or RNase HII to prepare two model ICL substrates with 

five or nine nucleotide overhangs. Primer extension assays using a prototypical TLS DNA 

polymerase and a replicative DNA polymerase demonstrate that both substrates are 

strong blocks to bypass synthesis. All DNA substrates used in this study are commercially 

available, which ensures the accessibility of the approach by most labs interested in ICL 

repair or nucleic acid modifications in general.  

3.3 Materials and methods 

3.3.1 Materials 

Chemicals were purchased from Fisher Scientific and are either analytical grade or 

molecular biology grade. Uracil-DNA glycosylase (UDG), RNase HII and B. subtilis DNA 
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polymerase I (Pol I, lacking the exonuclease activity) were from New England Biolabs. S. 

solfataricus P2 DNA polymerase IV (Dpo4) was expressed and purified based on our 

previous protocol [39]. HPLC-purified unmodified and modified oligodeoxynucleotides 

were purchased from Integrated DNA Technologies. 

3.3.2 Preparation of ICL substrates 

AP site-containing oligodeoxynucleotides were prepared by excising the uracil 

residue from a deoxyuridine-containing oligodeoxynucleotide with UDG followed by 

phenol/chloroform extraction, as described previously [40]. An AP-containing DNA 

oligodeoxynucleotide was annealed with a P-containing oligodeoxynucleotide. The 

resulting DNA substrate was incubated in 750 mM NaOAc (pH 5.4) and 250 mM NaCNBH3 

at 37°C overnight to form the P-AP ICLs substrate precursors. The formation of ICL was 

monitored by 18% denaturing PAGE. 

3.3.3 Strand cleavage at rNMPs 

Strand cleavage reactions at rNMPs with P-AP ICL precursors were performed 

under NaOH or RNase HII. The NaOH reactions contained 0.1 M, 0.2 M, or 0.3 M NaOH 

and were conducted at 55°C for up to 2 h followed by neutralization using HCl and gel 

analysis or purification. The RNase HII reactions were with larger amounts of RNase HII 

than the manufacture suggested conditions, as specified in the Figure 3.2 caption. For 

reactions with ICL-R1, the optimal condition was 10 pmol ICL-R1 and 10 units of RNase HII. 

For reactions with ICL-R2, the optimal condition was 10 pmol ICL-R2 and 5 units of RNase 
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HII at 37°C for 18 h. The manufacture defines one unit as the amount of enzyme required 

to yield a fluorescence signal comparable to nicking of 100 pmol of synthetic dsDNA 

substrate containing a rNMP near the quencher of a fluorophore/quencher pair in 30 

minutes at 37°C in 1X ThermoPol Buffer.  

3.3.4 Primer extension assays with ICLs 

The primer extension assay was conducted with ICL1 and ICL2 that cleaved via 

alkaline strand cleavage reaction. The reaction was performed with 100 uM dNTPs and 1 

uM ICLs with 0.5 unit/uL Pol I or 71 nM Dpo4 with 50 mM Tris-HCl pH 7.4, 5 mM DTT, 5 

mM MgCl2, 50 mM NaCl, 50 ug/mL BSA and 5% Glycerol at 37°C. The reaction aliquots 

were taken at various times and quenched with 20 mM EDTA (pH 9.0) in 95% (v/v) 

formamide.  

3.4 Results and discussion 

3.4.1 Design of ICL substrates and cross-linking reactions 

As outlined in Figure 3.1 a, the preparation of model ICL substrates consists of 

several straightforward steps, i.e., (1) annealing two complementary single-stranded (ss) 

DNA oligomers and the cross-linking reaction, (2) cleaving the precursor substrate at 

rNMPs, and (3) purifying the model ICL by PAGE. We designed oligodeoxynucleotides 

containing a P modification and two rNMPs on the 5'- and 3'-side of P (Figure 3.1 e, the 

top strand of ICL-R1 and ICL-R2) to facilitate subsequent strand cleavage at these sites via 

alkaline transesterification reactions. Although Couvé et al. had used chimeric RNA/DNA 
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oligonucleotides followed by RNase A digestion to construct psoralen-induced ICL repair 

intermediates [41], the applicability of their method has not be tested for other ICL 

substrates and digestion by RNase A could be limited by the cross-linking chemistry, the 

spacing of rNMP residues, and steric hinderance. In this study, we seek to develop a 

method based on the alkaline lability of rNMPs to generate strand cleavage at rNMPs sites 

(Figure 3.1 b). We exploited the high cross-linking yield between P and AP sites (Figure 

3.1 c) [37] to generate covalent cross-links between two complementary oligonucleotides, 

which are referred to as ICL precursors. The sequences of oligomers containing P or AP 

modifications are shown in Figure 3.1 e. The ICL precursors with rNMPs at different 

locations are referred to as ICL-R1 and ICL-R2 (Figure 3.1 e). The cross-linking yield was 

approximately 90% after an overnight reaction for ICL-R1 and ICL-R2 (Figure 3.1 d), 

indicating that the presence of rNMPs did not alter the cross-linking reactions. ICL-R1 and 

ICL-R2 were cleaved at rNMPs to generate model ICL substrates to mimic unhooked repair 

intermediates of different sizes. One ICL substrate contains a 5-nt overhang cross-linked 

to the AP site, and the other contains a 9-nt overhang (hereinafter referred to as ICL1 and 

ICL2, respectively).  
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Figure 3.1 Design and preparation of ICL substrates. (a) Preparation of model ICL mimics. 
The workflow consists of annealing and P-AP crosslinking reaction, rNMP cleavage, and 
PAGE purification. (b) rNMP cleavage via alkaline transesterification reactions. (c) Cross-
linking reaction between P and AP sites to form P-AP ICLs under reductive amination. (d) 
18% denaturing PAGE analysis of the product after the P-AP cross-linking reaction in the 
presence of 250 mM NaCNBH3. Lane 1 is 30-mer uracil-containing DNA oligomer (the 
sequence is shown in the bottom strand of ICL-R1 in Fig 1e); lane 2 is 9-mer oligomer 
product after NaOH-induced cleavage at the AP site with AP-containing 30-mer DNA 
oligomer; lane 3 and 4 show cross-linking yields are 90% and 87% for ICL-R1 and ICL-R2, 
respectively. (e) Sequences of rNMP-containing ICL precursors and model ICL structures 
upon cleavage at rNMPs.   
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3.4.2 NaOH-catalyzed cleavage at rNMPs 

We optimized two types of rNMP cleavage conditions, i.e., NaOH- and RNase HII-

catalyzed reactions. rNMP cleavage under 0.3 M NaOH at 55 °C for 2 h has been used to 

map the rNMPs embedded in the genomic DNA [42,43]. We first investigated the 

suitability of this condition with ICL-R1 and ICL-R2. PAGE analysis revealed that the highest 

yield of the desired ICL products peaked at 60% (indicated by green squares in Figure 3.2 

c, Figure 3.3) after a 1-h reaction followed by further conversion to side products 

(indicated by red triangle in Figure 3.2 c). After a 2-h reaction, the desired ICL products 

accounted for only 27% with the majority of products being cleaved fragments. Such 

products are likely due to the cleavage of the phosphoester bond 5' of the AP lesion, 

considering that the migration is slower than the 5'-remnant after cleavage at AP sites 

and the difference in migration patterns for products formed in ICL-R1 and ICL-R2 

reactions. To optimize the yield of ICL1 and ICL2, we decreased the concentration of NaOH, 

i.e., 0.1 M and 0.2 M NaOH, at 55°C for varying times (Figures 3.2 a and 3.2 c, Figure 3.3). 

We compared the yield of the desired ICL products under different reaction conditions 

(Figure 3.2 c) and selected the condition under 0.2 M NaOH at 55°C for 60 min to produce 

the highest yield of ICL1 (62%) and ICL2 (67%) (Figure 3.2 c). Further, ICL1 and ICL2 were 

purified by denaturing PAGE (Figure 3.4) to obtain products with 95% and 99% purities 

(Figure 3.4), respectively. NaOH-mediated cleavage yields a primarily product with a 

phosphate group at the 5'-end of the unhooked strand, as evidenced by phosphatase 

treatment (Figure 3.4) and mass spectrometry analysis (Figure 3.5).  
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Figure 3.2 Time course of rNMP cleavage reactions with ICL-R1 and ICL-R2. (a) Reactions 
with ICL-R1 or ICL-R2 under 0.2 M NaOH. Black arrows indicate locations of phosphoester 
bond cleavage. Lane 1 is fluorescein-labeled template DNA oligomer with a deoxyuridine; 
lane 2 is the NaOH-cleaved product of AP-containing template DNA oligomer; lane 3 is 
ICL-R1 or ICL-R2 precursor. Lanes 4-8 are reactions with ICL-R1 or ICL-R2 under 0.2 M 
NaOH for 10, 30, 60, 90, and 120 min. The ICL precursors are indicated by purple spheres. 
The desired ICL products are indicated by green squares. Side products correlating to 
strand cleavage at AP sites or degradation of the P-AP cross-links are indicated by read 
triangles. Reaction intermediates that migrated in between the ICL precursors and the 
desired ICL products correspond to cleavage at one rNMP residue. (b) Strand cleavage 
reactions with ICL-R1 or ICL-R2 using RNase HII. Lanes 1-3 contain the same samples as 
described in (a). Lane 4 represents cleavage products of ICL-R1 or ICL-R2 under 0.3 M 
NaOH for 10 min. Lanes 5-7 are reactions with 10 pmol ICL-R1 or ICL-R2 incubated with 5 
units RNase HII for 1, 3, and 18 h. Lane 8 and 9 are reactions with 10 pmol ICL-R1 or ICL-
R2 incubated with 10 units RNase HII for 1 and 3 h. Black triangles indicate the desired ICL 
products. (c) Quantification of reaction products from the denaturing PAGE analysis in 
Figure 3.1 a and Figure 3.3. The percent intensity of starting materials in lane 3 were 
defined as 100%. 
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Figure 3.3 Reaction time course of the rNMP cleavage reactions with ICL-R1 and ICL-R2 
under varying concentrations of NaOH. (a) rNMP cleavage reaction with ICL-R1 under 0.3, 
0.2, and 0.1 M NaOH. Lane 1 is the fluorescein-labeled template DNA oligomer with a 
deoxyuridine modification. Lane 2 is the NaOH cleaved product of AP-containing template 
DNA oligomer. Lane 3 is the ICL-R1 precursor. Lane 4-8 are reactions with ICL-R1 under 
0.3 M NaOH for 10, 30, 60, 90, and 120 min. Lane 9-13 are reactions with ICL-R1 under 
0.2 M NaOH for 10, 30, 60, 90, and 120 min. Lane 14-18 are reactions with ICL-R1 under 
0.1 M NaOH for 10, 30, 60, 90, and 120 min. (b) rNMP cleavage reaction with ICL-R2. The 
incubation of ICL-R2 is the same as ICL-R1 and loaded in the same sequence as in (a). 
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Figure 3.4 PAGE analysis of purified ICL1 and ICL2. Lane 1 is fluorescein-labeled template 
DNA oligomer with a deoxyuridine; lane 2 is the NaOH-cleaved product of AP-containing 
DNA oligomer; lane 3 is ICL-R1 precursor (prior to alkaline cleavage); lane 4 is ICL1 before 
purification; lane 5 is the purified ICL1 products with 95% purity; lane 6 presents products 
from lane 5 treated with alkaline phosphatase; lanes 7 is products of ICL2 before 
purification; lane 8 represents products after purification (99% purity); lane 9 represents 
products from lane 8 treated with alkaline phosphatase.    



93 
 

 

Figure 3.5 Characterization of ICL1 and ICL2 using LC-MS. The molecular weights of NaOH 
cleaved ICLs were confirmed with LC-MS analysis. ICLs from cleavage reactions were 
purified with denaturing PAGE. The desired ICL products were excised, extracted from the 
gel and purified with C18 cartridge. The resulting ICLs were redissolved in water. The 
molecular weight of ICLs were confirmed with LC-MS analysis. An Agilent Zorbax SB-C18 
column (0.5 × 250 mm, 5 μm in particle size) was employed. Solvent A: water, and solvent 
B: methanol with 400 mM HFIP. Samples were analyzed at 8 uL/min with a 50-minute 
gradient staring at 5% B and increasing to 20% B in 5 min, then to 45% B in 45 min. Ion-
transportation tube was set at 300°C. The ultra-zoom scan was selected to monitor the 
[M-9H]9- ion. The observed m/z of ICL1 is 1224.35 (cal. 1224.9), consistent with a 
molecular weight of 11027.99. The observed m/z of ICL2 is 1359.7 (cal. 1360.5), consistent 
with a molecular weight of 12248.19. The phosphate adducts, [M+H2PO3-9H]9-, were also 
observed with zoomed spectra shown on the right. 
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3.4.3 RNase H-catalyzed cleavage at rNMPs 

RNase H enzymes cleave the RNA in RNA/DNA hybrids and remove 

ribonucleotides from DNA to maintain the stability of genome [44,45]. RNase HII 

selectively cleaves the phosphodiester bond 5' to the ribonucleotides (Figure 3.6 a), 

generating terminal nucleotide structures different from the NaOH cleavage reaction 

(Figure 3.2 b and Figure 3.6 b). Indeed, when comparing products in NaOH-catalyzed 

reactions with those from RNase HII-mediated cleavage, a clear difference was observed 

in the product migration patterns (lane 4 vs. lane 7 with ICL1 and ICL2 in Figure 3.2 b). 

RNase HII exhibited better specificity relative to reactions with NaOH, as evidenced by the 

absence of shorter fragments. Nonetheless, the reactions required a considerable 

amount of RNase HII (approximately 10-fold higher than the manufacturer suggested 

stoichiometry) and longer reaction time (18 h) to achieve complete cleavage at both 

rNMPs. In particular, the reaction was sensitive to the spacing of the two rNMPs. Under 

the same condition, the cleavage of ICL-R2 was more efficient than that of ICL-R1. The ICL-

R2 reaction was nearly complete after an overnight reaction, whereas the ICL-R1 reaction 

yielded only 25% of the desired product ICL1 (lane 7 of Figure 3.2 b left panel). We were 

able to improve the product yield with ICL1 by using more RNase HII (Figure 3.6 c). 

Together, our results demonstrate that NaOH-mediated rNMP cleavage serves as an 

efficient and robust method to produce the desired model ICL substrates, whereas RNase 

H-catalyzed reactions offer a means to generate ICL products in a higher yield with 

optimization needed for different substrates. Notably, we tested the cleavage efficiency 
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at rNMPs with a reaction developed for cleaving the rNMP sites in DNA protein cross-links 

(DPCs) [46]. The reaction exhibited low cleavage efficiency with considerable amounts of 

side products (Figure 3.6 d). Therefore, the condition reaction was not pursued.  

 

Figure 3.6 RNase HII cleavage reaction.(a) Schematic illustration of the mechanism of 
ribonucleotide cleavage by RNase HII. RNase HII cleaves the 5' phosphate backbone of 
ribonucleotide embedded in double strand DNA, leaving 3'-OH and 5'-phosphate group. 
(b) Strand cleavage reaction of ICL-R1 and ICL-R2 by RNase HII. RNase HII cleaves the ICL-
R1 and generates ICL1'. RNase HII cleaves ICL-R2 and generates ICL2'. The total number 
of nucleotides in ICL1' and ICL2' are the same as those in ICL1 and ICL2; however, the 
terminal nucleotides are different. (c) Overnight RNase HII cleavage reaction of ICL-R1 and 
ICL-R2. In lane 1, the top band is the ICL-R1 marker (ICL-R2 migrates to the same place as 
ICL-R1). Lane 2 is 10 pmol ICL-R1 incubated overnight with 5 units of RNase HII. Lane 3 is 
10 pmol ICL-R1 incubated overnight with 25 units of RNase HII. Lane 4 is 10 pmol ICL-R1 
incubated overnight with 5 units of RNase HII and 10 mM MgCl2. Lane 5 is overnight 
incubation of 10 pmol ICL-R1 incubated with 25 units of RNase HII and 10 mM MgCl2. 
Lanes 6-9 are the ICL-R2 incubated with RNase HII under the same condition as the ICL-
R1 and loaded with the same sequence to the gel. (d) Incubation of ICL-R1 under Cleave 
R condition. Lane 1 is the fluorescein-labeled template DNA with a deoxyuridine 
modification. Lane 2 is the NaOH cleaved product of AP-containing template DNA 
oligomer. Lane 3 is the ICL-R1. Lanes 4 and 5 are ICL-R1 incubated under Cleave R 
condition for 19 and 38 hours. 
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3.4.4 DNA polymerase bypass reactions with model ICLs 

To test the replication-blocking effects of ICL1 and ICL2, primer extension assays 

were performed with primer-template substrates containing ICL1 and ICL2 (Figure 3.7 a) 

and a model TLS DNA polymerase, Dpo4, or a replicative DNA polymerase, B. subtilis Pol 

I. The primer-template substrates containing ICL1 and ICL2 mimic the replication 

intermediates prior to bypass by TLS polymerases. Such substrates have been used by a 

number of earlier studies to understand the role of specific TLS polymerases in bypassing 

ICL lesions [47–50]. With unmodified substrates, both enzymes yielded full-length 

extension products. Dpo4 showed different reaction efficiency when it was incubated 

with two ICL-containing substrates (Figures 3.7 b). With ICL1, DNA synthesis by Dpo4 

stalled 2 nt before the cross-linking site. ICL2 exhibited a stronger inhibitory effect, with 

stalling occurring at 4 nt to 5 nt prior to the cross-linking site, consistent with the longer 

overhang present in ICL2 compared to ICL1. Reactions with Pol I produced extended 

primers with 7 nt added within 3 min with both ICL1 and ICL2-containing substrates 

(Figure 3.7 c), indicating that Pol I can extend the primer up to 1 nt prior to the cross-

linking site but cannot bypass the ICL lesion. Longer reaction times up to 30 min did not 

improve the primer-extension reactions by Pol I. Compared to reactions with Dpo4, the 

overall longer extension products observed with Pol I are consistent with the known 

processivity and strand displacement activity of Pol I [51]. Together, data with two model 

DNA polymerases support the successful preparation of two model ICL structures and 

demonstrate strong replication-blocking effects of AP-derived model ICL substrates.  
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Figure 3.7 Primer-extension reactions with ICL1 and ICL2 substrates catalyzed by Dpo4 
and Pol I. (a) Primer-template substrates containing ICL1 and ICL2 for primer extension 
reactions. (b) Reactions with Dpo4 and an unmodified substrate, ICL1 or ICL2.  (c) 
Reactions with Pol I and an unmodified substrate, ICL1 or ICL2. 

3.5 Conclusion 

The ICL unhooked intermediates form in nearly all replication-dependent and 

replication-independent ICL repair pathways. It has been shown that AP-dA ICLs are 

unhooked by NEIL3; however, in mammalian cells lacking NEIL3, these lesions rely on 

Fanconi anemia (FA) pathway [25,52], suggesting the likelihood of formation of AP-ICL 

unhooked intermediates. Therefore, simple and straightforward approaches to prepare 

such model AP-ICL substrates are warranted to facilitate the delineation of AP-ICL repair 
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mechanisms and the substrate specificities of different endonuclease, exonucleases, and 

accessory proteins [14,15].   

We devised a simple method to prepare model ICL unhooked intermediates 

derived from AP sites. The method exploits the alkaline lability of rNMPs in chimeric 

DNA/RNA substrates to generate unhooked strands of different sizes. We showed that 

rNMP cleavage under NaOH serves as a robust means regardless of the spacing of two 

rNMPs, whereas cleavage using RNase H may offer a higher product yield with 

optimization required for specific substrates. We envision that creative modification of 

the method by using one or two rNMPs will aid the preparation of relevant substrates for 

further elucidation of AP-ICL repair mechanisms. The method can also serve as an 

alternative means to other methods where enzyme processing may be limited by the 

spacing of the residues (e.g., cleavage of deoxyuridine by UDG) [53].   
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Figure 3.8 RNase HII cleavage reaction. (a) Schematic illustration of the mechanism of 
ribonucleotide cleavage by RNase HII. RNase HII cleaves the 5' phosphate backbone of 
ribonucleotide embedded in double strand DNA, leaving 3'-OH and 5'-phosphate group. 
(b) Strand cleavage reaction of ICL-R1 and ICL-R2 by RNase HII. RNase HII cleaves the ICL-
R1 and generates ICL1'. RNase HII cleaves ICL-R2 and generates ICL2'. The total number 
of nucleotides in ICL1' and ICL2' are the same as those in ICL1 and ICL2; however, the 
terminal nucleotides are different. (c) Overnight RNase HII cleavage reaction of ICL-R1 and 
ICL-R2. In lane 1, the top band is the ICL-R1 marker (ICL-R2 migrates to the same place as 
ICL-R1). Lane 2 is 10 pmol ICL-R1 incubated overnight with 5 units of RNase HII. Lane 3 is 
10 pmol ICL-R1 incubated overnight with 25 units of RNase HII. Lane 4 is 10 pmol ICL-R1 
incubated overnight with 5 units of RNase HII and 10 mM MgCl2. Lane 5 is overnight 
incubation of 10 pmol ICL-R1 incubated with 25 units of RNase HII and 10 mM MgCl2. 
Lanes 6-9 are the ICL-R2 incubated with RNase HII under the same condition as the ICL-
R1 and loaded with the same sequence to the gel. (d) Incubation of ICL-R1 under Cleave 
R condition. Lane 1 is the fluorescein-labeled template DNA with a deoxyuridine 
modification. Lane 2 is the NaOH cleaved product of AP-containing template DNA 
oligomer. Lane 3 is the ICL-R1. Lanes 4 and 5 are ICL-R1 incubated under Cleave R 
condition for 19 and 38 hours. 
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Chapter 4.  Complexity and Repair of DNA Terminal Structures in 

Mitochondrial Transcript Factor A-Mediated Strand Scission at 

Abasic Sites 

 

4.1 Abstract 

Mitochondria DNA (mtDNA), similar to nuclear DNA, constantly encounter 

chemical and physical assault, and produce various DNA lesions. Among these lesions, 

abasic sites are the most abundant DNA lesions. And because there is no base group, AP 

sites are blocks for transcription and translation, threatening the integrity of genome. AP 

sites in mtDNA could form DNA-protein cross-links with transcription factor A (TFAM), 

along with the formation of strand breaks. In this study, we found various strand breaks 

produced during the DPC reaction and vary in different sequence context. During the DPC 

reaction, the GSH-adduct is the most abundant strand break product in the presence of 

GSH. The involvement of GSH didn’t impact the rate of DPC formation or intact AP strand 

disappearance but influence the yield of SSBs, indicating the GSH rapidly added to the 

α,β-unsaturated aldehyde. We further analyzed the kinetic process of the repair enzymes 

on the GSH-adducts. This study provides kinetic insights into the strand break products 

generated during DPC reaction and detailed information about the repair of GSH-adducts. 

4.2 Introduction 

Abasic sites result from cleavage of the N-glycosylic bond between the base group 

and the sugar ring [1]. They can be generated through the base loss reactions, such as 
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spontaneous hydrolysis [2], the destabilization of the base group [3], and the enzymatic 

reactions of DNA glycosylases [4]. If the repair of AP sites is insufficient, the AP sites persist 

in DNA and block transcription and replication [5]. AP sites exist in cells in an equilibrating 

mixture of a closed-ring furanose (99%) and opened-ring aldehyde (1%) [6]. The opened-

ring state of the AP site, even though in less abundance, possesses a highly reactive 

aldehyde group and could lead to secondary products, such as DNA-protein cross-links, 

DNA inter/intra-strand cross-links and strand breaks, making them cytotoxic and 

threatening genomic stability [7]. AP sites coexist with a wide variety of nucleophilic 

molecules in the cellular environment, such as thiols, amines, and proteins, the 

involvement of these molecules is known to promote strand break formation [8,9].  

Mitochondria are vital cellular compartments involved in energy production and 

cell signaling [10], they are susceptible to endogenous and exogenous assault, making 

mtDNA vulnerable to DNA damaging effects. Mitochondria are equipped with repair 

systems [11], but lesions persist if the repair is insufficient, causing important biological 

impacts, such as mutations, aging, cancer, and neurodegeneration diseases [12]. Single-

strand breaks (SSBs) are the breaks in one strand of the DNA double-strand and usually 

have a loss of a nucleotide or damaged 3’- or 5’ terminal [13]. SSBs have serious 

consequences toward inhibiting cell survival and have strong cytotoxicity by inducing 

double-strand breaks [14]. There are a few sources of endogenous SSBs, such as oxidative 

stress by reactive oxygen species (ROS) that originated from free radical attack [15], and 

the enzyme-involved strand incision reactions that produce nicks in strands [16]. The ring-
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opened form of abasic sites could go through spontaneous strand cleavage reaction by β-

elimination, producing 3’-α,β-unsaturated aldehyde, and 5’-phosphate termini [7]. DNA 

binding proteins, such as histone and TFAM, utilize their lysine residues to form covalent 

cross-linking bonds with AP sites through Schiff base chemistry and later release the 

protein, this process, which starts from AP sites to strand breaks, has a much higher 

reaction rate than spontaneous β-elimination reaction by AP site [17,18], displayed the 

accelerated strand breaks formation when DNA binding protein exists. Our group recently 

found that in the presence of NaCNBH3, which stabilizes the Schiff base intermediate, the 

major site that forms DPC is the K186 [19], however, when the reaction didn’t contain 

NaCNBH3, the major cross-linked residue is the C49 [20]. The conversion from the initial 

lysine to the final cysteine reveal the reaction happens through the formation of DPC via 

Schiff base chemistry, then later the cysteine has higher reactivity to the strand breaks 

generated after β-elimination reaction and produced the cysteine cross-links as the final 

DPC product (Scheme 4.1). 
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Scheme 4.1 Abasic sites in DPC reaction. Lysine residues on the protein first react with AP 
sites through Schiff base chemistry and form the DNA-protein cross-links. The formation 
of DPC acidifies the α-proton and promotes the β-elimination reaction, forming strand 
break DPCs and 5’-phosphate. DPC releases free protein and 3’-α,β-unsaturated aldehyde. 
When a protein contains cysteine residues, such as TFAM, it could participate in the 
Michael addition reaction and form DPC through cysteine residues, while other non-
trapped 3’-α,β-unsaturated aldehyde could go through other reactions and turn to 
different 3’-terminis. 

Most recently, Jha et al. demonstrated that the thiol residues of glutathione (GSH) 

rapidly added to the 3’-α,β-unsaturated aldehyde and produced glutathionylated adduct 

as the only product [21,22]. Their findings are consistent with our recent discovery that 

the cysteine residues on TFAM are the major cross-linked residues that cross-link with AP 

sites [20], indicating the possible involvement of biological thiols in the reaction that have 

α,β-unsaturated aldehyde intermediates. Especially, the mitochondrial matrix contains a 

relatively high GSH amount, ranges from 1 mM to 10 mM. We envision that GSH 

participates during the TFAM-AP DNA reaction and compete with TFAM cysteines for the 

reactive α,β-unsaturated aldehyde intermediates, GSH-adduct might be the most 
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abundant strand break products and coexist with DPC that cross-linked with AP sites 

through cysteine residues. 

In this study, we investigated the involvement of GSH in the DPC formation 

reaction during the TFAM-AP cross-links formation. We characterized the strand breaks 

generated during DPC reactions with the standard strand break substrates and mass 

spectrometry. We then studied the impact of the DPC reaction rate upon the addition of 

GSH and spermine, by comparing the reaction rates we revealed how the addition of GSH 

and spermine impact the rates in DPC reactions. The GSH-adducts are the blocks to 

recover the canonical strand. We tested a few repair enzymes on their efficacy of cleaving 

GSH-adducts, and we found out that APE1, APE2, and TDP1 display different efficiency to 

cleave GSH-adducts. 

4.3 Experimental procedure 

4.3.1 Materials 

The oligonucleotides used in this study were purchased from Integrated DNA 

Technologies (IDT) and listed in Table 4.1. Uracil DNA glycosylase (UDG) and 

Endonucleases were purchased from New England Biolabs. All other chemicals were 

purchased from Fisher Scientific and Sigma-Aldrich. 
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Table 4.1 The sequence of the oligonucleotides that were used in this study. 

Name of the 
oligonucleotide 

Sequence 

T12 5'-FAM-TAA CAU TCA CCC CCC AAC TAA C 

AP12 5'-FAM-TAA CAX TCA CCC CCC AAC TAA C 

T17 5'-FAM-TAA CAG TCA CCC CCC UAC TAA C 

AP17 5'-FAM-TAA CAG TCA CCC CCC XAC TAA C 

T20 5'-FAM-TAA CAG TCA CCC UCC AAC TAA C 

AP20 5'-FAM-TAA CAG TCA CCC XCC AAC TAA C 

T32 5’-FAM-TGC GGT ATG CAC TTT TAA CAU TCA CCC CCC AAC TAA C 

AP32 5’-FAM-TGC GGT ATG CAC TTT TAA CAX TCA CCC CCC AAC TAA C 

T13 5'-GTT AGT TGG GGG GTG ACT GTT A 

T13-quencher 5'-GTT AGT TGG GGG GTG ACT CTT A-3’ Iowa Black® FQ 

T28 5’-GTT AGT TGG GGG GTG AAT GTT AAA AGT GCA TAC CGC 

 

4.3.2 Preparation of AP site-containing DNA probes 

The preparation of AP-DNA was described before [19]. The 5’-FAM labeled DNA 

containing deoxyuracil was purchased from IDT. 3 nmol DNA was incubated with 8 uL 

UDG in 1X buffer containing 20 mM HEPES, 1 mM DTT, and 1 mM EDTA at pH 7.4, the 

reaction was incubated at 37°C for 6 hours and checked the yield of AP sites with strong 

NaOH cleavage reaction. The AP-DNA was extracted through phenol/chloroform 

extraction and purified with a P-6 size exclusion column. The pure AP DNA was recovered 

in water. 

4.3.3 Preparation and validation of GSH-adduct DNA substrate 

The double-strand AP-DNA was incubated with 10 mM GSH and 1 mM spermine 

at 37°C overnight in 1X MES buffer pH 6.5, the confirmation of GSH-adduct was performed 

using a Bio-red Mini-protein 1 mm 18% Urea-TEB-PAGE. The GSH-adduct from the 
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reaction was prepared in 200 pmol scale and separated with DNA sequencing PAGE, then 

cut from the gel and extracted for mass spectrometry analysis. 

4.3.4 Strand breaks prepared from AP-DNA with NaOH 

We tested the mild and harsh strand break production with NaOH. In mild 

condition, we incubated AP-DNA with 0.2 M NaOH at 37°C for 20 min then neutralized 

the reaction with an equal amount of HCl. In harsh conditions, we incubated AP-DNA with 

0.3 M NaOH at 65°C for 1 hour and then quenched with an equal amount of HCl. The AP 

sites were quenched with 200 mM NaBH4 for 15 min. 

4.3.5 Endo III cleavage reaction with AP-DNA 

10 pmol of AP containing DNA was reacted with 1 uL E.coli Endo III (Nth) at 37°C 

for 1 hour under the condition of 20 mM Tris-HCl, 1 mM DTT, 1 mM EDTA at pH = 8. The 

reaction was quenched with 200 mM NaBH4 for 15 min. 

4.3.6 Generation of SSBs during AP-TFAM DPC formation 

The DPC reaction was performed without NaCNBH3 as previous shown [20]. After 

24 hours incubation, the reaction was quenched with 200 mM NaBH4 for 15 min, then 

added the STOP solution. The reaction with GSH or spermine were performed under the 

same conditions but with the addition of 10 mM GSH or 1.2 mM spermine. 

4.3.7 Purification of APE1, APE2 and TDP1 

The full-length APE1 was as previously described [18]. The full-length TDP1 was 

cloned in pDest-527 vector and was a gift from Dr. Terrence R. Burke Jr. The plasmid 
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containing TDP1 gene was grown under 100 ug/mL ampicillin until OD reached 0.6. The 

induction of TDP1 expression was enabled by adding Isopropyl ß-D-1-

thiogalactopyranoside (IPTG). The His-tagged TDP1 was enriched with His-Trap column 

and then purified with ion exchange chromatography following the published procedures 

[23] by Yu-Hsuan Chen. The full-length Xenopus laevis APE2 was cloned into 2Cc-T vector 

and was a gift from Dr. Scott Williams. The E.coli cells transfected with the plasmid grew 

under 100 ug/mL ampicillin until OD=0.5, then we added 0.2 mM IPTG to induce the 

expression of APE2-MBP-His at 17°C overnight. The overexpression of APE2-MBP was 

confirmed with SDS-PAGE. Then the protein was purified with His-Trap column and ion 

exchange HiTrap Q chromatography according to the published procedures [24]. The 

purified protein is in the form of APE2-MBP-6His. The MBP-tag was not removed to 

preserve the solubility of APE2. 

4.3.8 Gel extraction of the SSBs for mass spectrometry analysis 

The SSBs generated from the strand break reactions were prepared on the scale 

of about 200 pmol and separated by the preparative DNA sequencing PAGE ( 1 mm thick 

and 80 cm length). After separation, we cut the piece containing SSBs from the gel, 

crushed into fine pieces, and extracted with 1 mL 10 mM HEPES pH 7.4 at 4°C overnight. 

The gel was removed with Co-Star filter device and the flow through was cleaned up with 

C18 cartridge. The sample recovered from C18 cartridge was completely dry with 

SpeedVac and recovered with water for mass spectrometry analysis. 
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4.3.9 Steady state kinetics 

The steady state kinetic experiments performed for APE1 and TDP1 in their 

reaction with 32-GSH adduct. TDP1 reactions were performed under 10 nM TDP1 with 

varied concentration of dsAP32-GSH in the condition of 20 mM HEPES, 50 mM NaCl, 0.1 

mg/mL BSA, 5 mM MgCl2 at pH 7.7 at 37°C. The initial reaction time points were taken 

and immediately quenched with STOP solution, and the initial reaction rates were 

obtained by fit the product concentration vs. time with linear fit. All reactions repeated 

at least three times. Then we fitted the rate vs. dsAP32-GSH concentration with Michaelis-

Menten equation and obtained kcat and Km, the catalytic efficiency obtained by kCat/Km. 

The reactions for APE1 were performed under 10 nM APE1 with varied concentrations of 

dsAP32-GSH in the condition of 20 mM HEPES pH 7.4, 50 mM KCl, 1 mM MgCl2 and 1 mM 

DTT at 37°C. Reaction time points were taken and are plotted time vs product 

concentration. The initial reaction rates were obtained from at least three independent 

tests. Then we plotted the rates vs. dsAP32-GSH concentration and fit with Michaelis-

Menten equation for kCat and Km. 

4.3.10 APE2 reaction with GSH-DNA adducts 

The fusion APE2-MBP-His was diluted with 10 mM HEPES pH 8.0, 75 mM NaCl, 0.5 

mM TCEP, 0.5 mM MgCl2, 0.1 mg/mL BSA and 20% glycerol. The APE2 cleavage reactions 

were performed under 10 mM HEPES pH 8.0, 1 mM TCEP and 1 mM MnCl2 at 37°C for 

various time and immediately quenched with STOP solution. 
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4.4 Results 

4.4.1 Identification of the strand breaks produced by AP sites in DPC 

reaction with model substrates 

AP sites are a mixture of the ring-opened state and ring-closed aldehyde state, 

even though the ring-closed form only composes 1% of total AP sites, they have highly 

reactive aldehyde group and susceptible to nucleophilic attacks (Scheme 4.2 A). AP sites 

can react with various molecules in cells and produce various types of strand breaks, and 

to learn the repair process of AP sites, knowing the identity of strand breaks generated 

from AP sites is fundamental to understanding the repair mechanisms. 

To characterize and quantify the strand breaks, we generated the AP containing 

DNA strands using the deoxyuracil containing DNA and incubated them with UDG and 

then utilized the known reactions to prepare the standard strand break substrates. For 

AP12 sequence, the AP site is located 5 nucleotides away from the 5’-end in the length of 

22 nucleotides DNA. The 5’-strand breaks are 5 nt length and therefore using the DNA 

sequencing PAGE should be enough to separate the strand breaks. The harsh NaOH 

incubation together with high temperature majority produce the 3’-P products (Scheme 

4.2 B). The E.coli Endo III could cleave the AP sites into 3’-dR (Scheme 4.2 C). The 

formation of TFAM-AP cross-links is through the formation of Schiff base and then 

converted to strand break DPCs via β-elimination reaction [25] (Scheme 4.2 D). And in our 

previous result from gel analysis, we observed multiple strand break bands [18]. Haldar 

et al demonstrated that AP sites can produce 3’-cis-α,β-unsaturated aldehyde (3’-cis-PUA), 
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3’-trans-α,β-Unsaturated Aldehyde (3’-trans-PUA), and 3’-P, leaving a sugar remnant 

through γ,δ-Elimination (Scheme 4.2 E). 

Scheme 4.2 Products generated from AP sites through different reactions. 

 

Based on the previous knowledge of preparing the strand break standard with 

different 3’-terminus, we prepared several standard strand break substrates and used 

high-resolution sequencing gel to separate and visualize them, then we compared them 

with the SSBs generated during the DPC reaction (Figure 4.1 A). 
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Figure 4.1 AP12 reaction under various conditions and the strand break assignments. (A) 
Lane 1. Reduced AP12; lane 2. AP12 incubated with 0.3 M NaOH at 65°C for 1 hour; lane 
3. AP12 incubated with 0.2 M NaOH at 37°C for 20 min; lane 4. dsAP12 incubated with 
E.coli Endo III; lane 5. sample in lane 4 incubated with 10 mM GSH at 37°C for 1 hour; lane 
6. quenched wtTFAM AP12 DPC reaction, 24 hours; lane 7. quenched wtTFAM AP12 DPC 
reaction under 10 mM GSH, 24 hours; lane 8. wtTFAM AP12 DPC reaction for 24 hours, 
then add 10 mM GSH for 1 hour and quench with NaBH4; lane 9. same as lane 6; lane 10. 
quenched wtTFAM AP12 DPC reaction under 1.2 mM spermine for 24 hours; lane 11, 
wtTFAM AP12 DPC reaction under 1.2 mM spermine for 24 hours and add 10 mM GSH at 
37°C for 1 hour, quench with NaBH4; lane 12. quenched wtTFAM AP12 DPC reaction under 
10 mM GSH and 1.2 mM spermine for 24 hours. (B) Structure of the products. 

We observed that the DPC reaction happened in the presence of GSH produced 

the 3’-GSH adduct as the major strand break product (product 1 in Figure 4.1 B, lane 7). 

When DPC reaction didn’t include GSH, the strand breaks are 3’-cis-PUA, 3’-dR, 3’-trans-

PUA and 3’-P (Figure 4.1 A, lane 6). The addition of spermine didn’t change the strand 

breaks that produced during DPC reaction, this might indicate the catalytic effect of 

spermine and spermine did not involve in the subsequent reaction with 3’-α,β-

unsaturated aldehyde (Figure 4.1 A, lane 10). The strand breaks produced by DPC reaction 

can further react with GSH after quenching with NaBH4, indicating the addition of GSH 
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originated from strand break products (Figure 4.1 A, lane 7). The strand breaks produced 

during the DPC reaction under spermine can also react with GSH after quenching with 

NaBH4 (Figure 4.1 A, lane 11). The expected product of Endo III should be 3’-dR, but in 

this gel we observed two bands and they are very close to each other together with a 

smeared band that migrated slower than these two bands (Figure 4.1 A, lane 4), the Endo 

III cleaved product could partially react with GSH (Figure 4.1 A, lane 5), which is in contrary 

to the innate nature of 3’-dR. And under mild NaOH treatment, AP sites could become 

various strand breaks (Figure 4.1 A, lane 3).  

 

Figure 4.2 Mass spectrometry verification of the 3’-GSH and 3’-dR. A. MALDI-TOF analysis 
of the 3’-GSH; B. MALDI-TOF analysis of the 3’-dR; C. ESI-MS of 3’-dR and D. MS/MS of the 
3’-dR. 

The involvement of GSH largely changed the strand breaks that produced during 

the DPC reaction and made the 3’-GSH adduct as the major strand break product for all 

reactions when GSH is present (Figure 4.1 A, lane 7 and 12), indicating the GSH could 
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rapidly react with the strand break intermediate and form the GSH adduct, we also 

verified the GSH adduct with mass spectrometry (Figure 4.2). We analyzed how the 

location of AP sites impact the strand breaks formation with AP17 and AP20, where the 

AP site on AP17 closely interact with TFAM K186, but for AP20, the AP site is in the linker 

region of TFAM that is known to have less interaction with TFAM. However, the 

separation of the bands is not as efficient as AP12 and couldn’t separate the strand breaks 

with DNA sequencing PAGE because the strand breaks from AP17 and AP20 are longer 

(Figure 4.3). We observed different strand breaks distribution that the AP17 majorly 

produce 3’-PUA and 3’-P but AP20 majorly produce 3’-P.  Therefore, the interaction of AP 

site with TFAM also impacts the strand breaks that are produced following the DPC 

formation. 
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Figure 4.3 The strand breaks produced by AP17 and AP20. A. strand breaks produced by 
AP17, Lane 1. Reduced AP17; lane 2. AP17 incubated with 0.3 M NaOH at 65°C for 1 hour; 
lane 3. AP17 incubated with 0.2 M NaOH at 37°C for 20 min; lane 4. dsAP17 incubated 
with E.coli Endo III; lane 5. sample in lane 4 incubated with 10 mM GSH at 37°C for 1 hour; 
lane 6. quenched wtTFAM AP17 DPC reaction, 24 hours; lane 7. quenched wtTFAM AP17 
DPC reaction under 10 mM GSH, 24 hours; lane 8. wtTFAM AP17 DPC reaction for 24 hours, 
then add 10 mM GSH for 1 hour and quench with NaBH4; lane 9. same as lane 6; lane 10. 
quenched wtTFAM AP17 DPC reaction under 1.2 mM spermine for 24 hours; lane 11, 
wtTFAM AP17 DPC reaction under 1.2 mM spermine for 24 hours and add 10 mM GSH at 
37°C for 1 hour, quench with NaBH4; lane 12. quenched wtTFAM AP17 DPC reaction under 
10 mM GSH and 1.2 mM spermine for 24 hours.; B. strand breaks produced by AP20. Lane 
1. Reduced AP20; lane 2. AP20 incubated with 0.3 M NaOH at 65°C for 1 hour; lane 3. 
AP20 incubated with 0.2 M NaOH at 37°C for 20 min; lane 4. dsAP20 incubated with E.coli 
Endo III; lane 5. sample in lane 4 incubated with 10 mM GSH at 37°C for 1 hour; lane 6. 
quenched wtTFAM AP20 DPC reaction, 24 hours; lane 7. quenched wtTFAM AP20 DPC 
reaction under 10 mM GSH, 24 hours; lane 8. wtTFAM AP20 DPC reaction for 24 hours, 
then add 10 mM GSH for 1 hour and quench with NaBH4; lane 9. same as lane 6; lane 10. 
quenched wtTFAM AP20 DPC reaction under 1.2 mM spermine for 24 hours; lane 11, 
wtTFAM AP20 DPC reaction under 1.2 mM spermine for 24 hours and add 10 mM GSH at 
37°C for 1 hour, quench with NaBH4; lane 12. quenched wtTFAM AP20 DPC reaction under 
10 mM GSH and 1.2 mM spermine for 24 hours. 
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4.4.2 Characterization of the effects of GSH and spermine on the DPC 

formation rate and product profile 

The formation of GSH-adduct largely altered the result of DPC reactions, so it is 

necessary to know the impact of GSH on the reaction rates and yield of DPCs. The AP12 

was incubated with TFAM with or without GSH, with or without spermine. Based on their 

fluorescent signals, we quantified the relative abundance of the the DPC, SSBs and intact 

AP-DNA on the 4-16% stacking gel (Figure 4.4). 

 

Figure 4.4 The time course of the reactant and product during AP12 reaction with TFAM. 
A. wtTFAM with dsAP12 DPC reaction time course; B. wtTFAM with dsAP12 DPC reaction 
under 1.2 mM spermine; C. wtTFAM with dsAP12 DPC reaction under 1 mM GSH; D. 
wtTFAM with dsAP12 DPC reaction under 1.2 mM spermine and 1 mM GSH. All data were 
acquired from three independent tests and displayed as Mean ± SD. 

We fitted the curve with one-phase decay and obtained the intact DNA 

disappearance rate (kdis,int), the DPC formation rate (kform,DPC) and the SSB formation rate 
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(kform,SSB). We also obtained the average yield of SSBs and DPCs, as shown in Table 4.2. 

The product yield of DPCs decrease dramatically with the addition of GSH, but not that 

significant with the addition of spermine. The involvement of GSH didn’t change the  kdis,int, 

kform,DPC or kform,SSB when added 1 mM GSH,  but the rates were largely accelerated with 

the addition of spermine. And in the presence of both GSH and spermine, the rates were 

largely accelerated. The yield of DPC decreases dramatically with the addition of GSH and 

spermine, indicating the competition between protein and GSH for the strand break 

products.  

Table 4.2 Rates of the species in the AP12 TFAM DPC reactions. Data were from three 

independent tests and displayed in Mean ± SD. 

 

4.4.3 Effects of DNA repair proteins on GSH-DNA adducts 

The 3’-GSH adduct is the most abundant strand breaks generated during the DPC 

reactions in the presence of GSH. In this case, knowing how DNA repair enzymes react 

with 3’-GSH adduct will be helpful to learn how cells repair AP sites. We prepared 

recombinant APE1, APE2 and TDP1 and tested their cleavage efficiencies with the 3’-GSH 

dsAP12 with wtTFAM 

  with 1.2 mM 
spermine 

with 1 mM 
GSH 

with 1.2 mM spermine 
and 1 mM GSH 

kdis,int (X 10-5 s-1) 7.2 ± 1.0 23.2 ± 3.6 9.2 ± 3.5 37.8 ± 1.6 

kform,DPC(X 10-5 s-1) 6.1 ± 1.6 15.4 ± 7.1 11.2 ± 2.6 55.8 ± 20.4 

YieldDPC(%) 77.7 ± 7.0 61.5 ± 2.0 32.3 ± 8.0 18.3 ± 2.0 

kform,SSB(X 10-5 s-1) 9.1 ± 1.3 38.1 ± 4.0 8.6 ± 3.9 34.1 ± 0.9 

YieldSSB(%) 18.4 ± 6.8 35.8 ± 2.0 65.2 ± 7.9 80.2 ± 2.1 
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adducts. The AP12 substrate is not suitable for these tests because the APE1 prefers 

double strand substrate, and with this short strand breaks, AP12 doesn’t have enough 

reactivity because the 3’-termini are in the single strand mode (Figure 4.5), which will 

impact the result due to the enzyme substrate specificity. 

 

Figure 4.5 The change of fluorescent signal during DPC formation. 

Therefore, we selected a longer DNA substrate AP32 with 37 nucleotides. We 

tested its binding pattern with TFAM and used AP32 to prepare the 3’-GSH adducts with 

GSH and spermine reaction. And then tested the cleavage rate of AP32-GSH with TDP1 

and APE1 and obtained the Michaelis–Menten saturation curve (Figure 4.6). The 

Michaelis-Menten constants are listed in Table 4.3.  Our results showed that APE1 has 

higher catalytic efficiency than TDP1 but has less maximum rate. This result is in 

accordance with the finding from Wei et al. [26]. 
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Figure 4.6 The Michaelis–Menten kinetics of TDP1 and APE1-mediated excision of DNA-
GSH adducts with double-stranded AP32-GSH. A. Reaction of TDP1 with double-stranded 
AP32-GSH; B. Reaction of APE1 with double-stranded AP32-GSH. The rates were obtained 
with at least three independent tests, and the errors are standard deviation. 

 

Table 4.3 Steady-state kinetic constant for cleaving the GSH adduct by TDP1 and APE1 
results are from at least three independent tests and displayed as Mean ± SD. 

 

We also purified the full-length Xenopus laevis APE2 linked with MBP and His-tag. 

And we tested the cleavage activity of fusion APE2-MBP-His with dsAP32-GSH. We 

discovered that fusion APE2 has even higher efficiency in cleaving 3’-GSH adduct than the 

AP sites (Figure 4.7 A). We rationed this phenomenon with the construct of APE2 that 

contains both the Endo/Exo/Phosphatase domain and Zf-GRF domain, where the Zf-GRF 

domain is required for 3’-5’ end resection of oxidative damage and also enables its binding 

of ssDNA [24] (Figure 4.7 B). 

Enzyme Vmax (nM/min) Km (nM) kcat (min-1) Catalytic Efficiency (uM-1 min-1) 

TDP1 50.34 ± 11.79 359.5 ± 115.3 5.034 ± 1.179 14.4 ± 2 

APE1 34.14 ± 3.72 41.84 ± 12.76 3.414 ± 0.372 84.86 ± 16.5 
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Figure 4.7 The reaction of APE2 with the domain architecture of APE1 and APE2. A. 
Reaction of the APE2 with double strand AP32 and double strand AP32-GSH adduct. Lane 
1, AP32; lane 2, 3’-P; lane 3-5, APE2 react with double strand AP32 for 0, 10, 30 min; lane 
6, AP32-GSH adduct; lane 7-9, APE2 react with double strand AP32-GSH adduct for 0, 10, 
30 min. B. The domain architecture of APE1 and APE2, APE2 contains an 
Endo/Exo/Phosphatase catalytic domain and a linker PIP followed by the C-terminal Zf-
GRF domain, the Zf-GRF makes it unique from APE1. 

4.5 Conclusion 

In the work presented here, we characterized the strand break products produced 

during the formation of AP-DPCs through comparing the strand breaks with standard 

cleavage substrates and verified with mass spectrometry. We prepared the strand break 

standard using heat, strong base (NaOH), spermine, GSH and Endo III. Our finding explains 

the complexity of the strand breaks generated during the DPC formation and the 

involvement of GSH during the interaction of AP sites with TFAM. We revealed that the 

GSH-adduct is the most abundant strand breaks generated during the DPC reaction if GSH 

is present. Under different sequence context, there are different strand breaks generated 

during DPC reactions. Since DPC reaction produces GSH-adduct as the only major strand 

break, this result would simplify the repair process of strand breaks to be only target to 
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the GSH-adduct. Our finding supports the finding by Haldar and Bailly et al. that they 

found the involvement of GSH in the AP sites β-elimination products and form the GSH-

adduct instead of going through further δ-elimination or hydrolysis [22,27]. 

We further tested the impact of reaction rates when GSH or spermine is present 

in AP-TFAM DPC formation. We observed that GSH didn’t impact the rates, but decreased 

the yield of DPC and increased the yield of SSBs. By the addition of spermine, the reaction 

was accelerated without significant change in the product yields. And in presence of GSH 

and spermine, both the rates and yield of SSBs dramatically increased, indicating a 

cooperative effect of GSH and spermine that involved in competing with TFAM for the 

active sites. These results also indicated that the reaction started from forming the Schiff 

base intermediate and followed by β-elimination, the resulting iminium ion can react with 

GSH or other residues from proteins to generate other strand break products. Since the 

involvement of GSH happened after β-elimination, the rate impact from GSH is minimal, 

but for spermine, it contains primary amines and could react with AP sites to form Schiff 

base, therefore, spermine is able to accelerate the reaction rates. Because spermine isn’t 

involved in the following reaction with the iminium ions, the reaction products were not 

impacted by its involvement. 

By comparing the cleavage efficiency of APE1, APE2 and TDP1 with 3’-GSH adduct. 

The abundant AP site repair enzyme APE1 has higher reactivity than TDP1, but APE1 has 

more strict substrate requirements that hinders its wild application. Less substrate 
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specificity of TDP1 enabled it to resolve the complex damaged 3’-end and facilitate the 

repair with the subsequent enzymes. The preliminary data from APE2 displayed much 

higher cleavage efficiency with 3’-GSH adduct than AP sites and indicating APE2 is an 

important damage response enzyme. 

Overall, our results revealed that the major strand break product produced during 

DPC reactions is the 3’-thiol adduct when in the presence of thiols and this would simplify 

the repair of AP strand breaks because AP sites can turn into multiple types of strand 

breaks. We also analyzed the impact of GSH and spermine during the DPC reaction and 

our result revealed the reaction kinetics and the mechanism of their involvement during 

the DPC formation. Since the 3’-GSH is the major strand break, play as a block for DNA 

functions, we also tested several DNA repair enzymes on their cleavage activity of 3’-GSH 

adduct and found out that APE1, APE2 and TDP1 have efficient activity towards cleaving 

the GSH-adducts. This work is ongoing research, and the rest part will be finished with 

our group members. 
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Chapter 5.  Future Perspectives 

5.1 Potential research areas 

5.1.1 DNA-protein crosslinks 

In Chapter 2, we discussed a method for preparing DNA protein cross-link samples 

for mass spectrometry analysis and provided a data analysis tool. Given that our focus is 

only on the cross-links generated during the interaction between AP-DNA and TFAM, it’s 

more meaningful if this method could expand to other systems, like other proteins or 

even detecting cross-linked amino acid residues in the cells.  

However, there are limitations in accurately defining the sequence of the cross-

linked peptides because, during the fragmentation process, the bonds from DNA have 

lower energy states, so they tend to be broken and generate fragment ions [1]. With such 

a large number of fragments coming from breaking DNA bonds, there are limited 

fragment ions coming from breaking the peptide bonds, display low intensities and low 

signal-to-noise ratios. This issue is very problematic for any software to differentiate these 

ions from the background noises and not able to assign them as the fragments coming 

from the precursor ions. 

The software designed for analyzing the sequence information will form a list of 

fragment ions. Therefore, the complicated fragments from DPCs also disabled all software 

tools that only focus on peptide fragmentations which couldn’t handle the more complex 
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fragment spectrum. But if cross-linked DNA can be digested into single nucleotides, the 

fragmentation pattern will be closer to the peptide fragmentation pattern, and it’s easier 

to solve the peptide sequence and find the cross-linked sites. We can treat the cross-

linked DNA as a modification of protein and if that DNA unit doesn’t form fragments (like 

AP sites), the fragmentation pattern is similar to the modified peptides and so people can 

use widely used software for proteins analysis with the DPC samples, such as MaxQuant 

[2], FragPipe [3] and Proteome Discoverer [4]. Since the majority of the DPC formed under 

UV light or ionizing radiation are cross-linked via the DNA bases, and the cleavage of the 

base from the DNA is also favored during MS/MS, the idea of finding out the cross-linked 

amino acid sites using MS2 and don’t require the complete digestion of DNA into single 

nucleotides, but the insufficient digestion of DNA might impact the ionization efficiency 

of DPC if the leftover DNA is too long. The workflow is shown, first, ionize the DPC sample 

in positive ion mode. Since the glycosidic bonds have a very low energy level and can 

easily break during CID. Second, fragment the DPC sample under CID with relatively lower 

energy that is efficient to break the glycosidic bonds or other DNA bonds but not efficient 

to cleave any peptide bonds. The MS/MS spectrum will display at least two ions, the small 

m/z ions might be the free base groups (lower than m/z = 200) or other small fragments 

from peptides, the DNA strand will be very less likely to carry a positive charge at this 

point, another high intensity ion might be the crosslinked peptide carry a cross-linked 

base group. Later in MS3, use higher CID energy that can break peptide bonds and 

therefore the sequence information can be obtained from MS3, the crosslinked site will 
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be carrying a cross-linked base, if the cross-linking chemistry is known, the mass of the 

base/modified base should be known, and we are solving the cross-linked sites with the 

defined adduct mass. 

Another method to try is using ETD [5] instead of CID. With ETD in the MS2, the 

fragments prefer to evade the DNA part since DNA tends to be negatively charged and is 

intended to break peptide bonds. However, this method is limited because the DNA bond 

energy is still lower than peptide bonds, and digesting DNA into single nucleotides will be 

helpful to eliminate the majority of the fragments from breaking DNA bonds. 

5.1.2 DNA interstrand cross-links 

In Chapter 2, we have discussed a method to prepare AP-ICLs. Even though there 

is no direct evidence of their existence in the cells, indirect evidence shows their repaire 

with DNA glycosylase NEIL3 [6,7]. AP-ICLs may be present in cells, and since they repaired, 

there will be limited amount of stable AP-ICLs in the cells that are detectable. Since ICL 

repair is associated with breast cancer tumor suppressor genes, applying AP-ICL models 

into investing DNA repair enzymes and DNA polymerases, and understanding how cells 

sense AP-ICLs and recruit proteins to fit them,  will be important and might be relevant to 

answering cancer-related questions. The methods that we provided can apply to other 

types of AP-ICLs and other types of ICLs to prepare unhooked ICL repair intermediate. 

With the many models of unhooked ICLs available, the experimental design will not be 

limited by the availability of ICLs.  
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5.1.3 Single strand breaks in DPC reactions 

As shown in Chapter 4, our group found out that 3’-GSH-adduct is the only major 

single-strand break generated during DPC reaction and together with our lab’s previous 

finding that cysteine residues on TFAM are the most abundant residue that cross-linked 

with AP sites [8], these results stressed the involvement of thiols in the DPC reactions 

and have an impact on the results of strand breaks and cross-linked amino acids. 

Biological thiols are widely present in cells, GSH, an abundant tripeptide in cells, is 

discovered with more functions besides modulating oxidative and reduction states in 

cells. The involvement of GSH is beneficial for AP site repair. We showed in Chapter 4 

that with the spermine present, or possibly with other amines in cells, the rate of the 

intact DNA disappearance was dramatically increased, meaning the formation of strand 

breaks or DPCs are catalyzed by amine-containing molecules in cells, and when amines 

coexist with GSH, the most abundant product of AP-DNA is the 3’-GSH-adduct with a 

low amount of DPC generated. Since repairing small DNA lesions is usually more 

efficient than repairing bulky DNA lesions, the damaging effects of 3’-GSH-adducts are 

relatively lower than DPCs and decrease the complexity of repairing AP sites. 

The next possible step of further looking into this topic is to test the effect of 

GSH and spermine involvement in other AP-DPC systems and if the trend is similar, this 

might reveal a modulation system of cells to turn AP sites into GSH-adducts and can be 

efficiently repaired with APE1 or TDP1 before AP sites react with other molecules in 

cells. Also, other experiments can be done with the stable 3’-GSH-adduct, for example, 
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reduced 3’-GSH-adduct, the DNA substrate with reduced 3’-GSH-adduct can work as the 

bait for fishing the proteins that have high affinity to it to reveal the possible repair 

enzymes in cells. 
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