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ABSTRACT 

Abasic (Ap) sites are among the most prevalent DNA lesions, resulting from 

the loss of a nucleobase. These sites exhibit chemical reactivity and can lead to 

strand cleavage via β-elimination, which is catalyzed by various factors, including 

biological amines. In this study, we investigate the products formed during 

spermine-mediated strand cleavage at Ap sites. Spermine, a naturally occurring 

polyamine, facilitates the formation of a reactive α,β-unsaturated iminium ion 

intermediate (3’ddR-Sp+) at the strand break. This intermediate reacts with 

exocyclic amine groups of nucleobases to produce unique low-molecular-weight 

interstrand crosslinks (LMW ICLs). 

In this thesis, we report the discovery of a novel "re-ligated" product formed 

through the 1,4-Michael addition of guanine's exocyclic amine group to the 

iminium ion intermediate. The ligated product exhibits remarkable stability under 

physiological conditions and resists cleavage by most human DNA repair enzymes, 

including APE1 and Fpg, but is effectively processed by bacterial endonuclease IV. 

Our findings highlight the biochemical consequences of spermine-mediated Ap site 

cleavage and reveal a previously unrecognized DNA lesion with potential 

implications for genomic stability and cellular repair mechanisms. These results 

provide critical insights into the reactivity of Ap sites and their repair pathways, 

advancing our understanding of DNA damage and its biological consequences.  
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Cross-links derived from Abasic (Ap) sites in Cellular DNA 
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1.1 Introduction 

DNA is the blueprint of life. It is found in nearly all living organisms and is 

important for carrying the genetic instructions necessary for the development, functioning, 

and reproduction of life1. Structurally, DNA is a double helix, consisting of two intertwined 

strands that form a ladder-like structure (Figure 1.1). Both strands are made of sugar 

phosphate backbone and four nitrogenous bases. In the double helix the bases are paired in 

a specific way2. This complementary base pairing allows each strand of the DNA double 

helix to serve as a template for the creation of a new, identical strand. It guarantees that the 

genetic code is faithfully passed from parent to offspring, maintaining the integrity of 

hereditary traits.  

 

 

Figure 1.1: DNA double helix 
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Moreover, base pairing is crucial for DNA repair mechanisms, ensuring that any 

errors or mutations can be identified and corrected. This molecular blueprint directs the 

synthesis of proteins, which are essential for cellular structure and activity, making DNA 

central to the continuity of life. To maintain the genomic stability DNA needs to be stable 

to the highest degree. Damage to cellular DNA can result in various consequences, such as 

mutations, cellular dysfunction, cell death (apoptosis), cellular aging (senescence), and 

increased risk of cancer3-6.  Despite this, DNA is subject to damage by both endogenous 

and exogenous factors like reactive oxygen species (ROS), lipid peroxidation products, 

radiation or chemicals7. 

 

1.2 Abasic (Ap) site formation in DNA 

Abasic sites are the most frequent type of DNA lesion in cells, arising when a 

nitrogenous base is lost from the DNA backbone8. Ap sites can form by spontaneous 

hydrolysis of N-glycosidic bonds, which link the nitrogenous bases to the DNA, or by the 

loss of damaged bases generated by endogenous and exogenous factors such as radiation, 

oxidative stress9. Ap sites can also form in base excision repair pathway by DNA 

glycosylases, in which mis-paired or incorrect nucleobases are removed as a part of DNA 

damage response(DDR)10-12. The absence of a base at the Ap site represents loss of coding 

information in the DNA structure, which can lead to mutations if not properly repaired13-

15. In addition, Ap sites are chemically reactive and exist as an equilibrium mixture, with 

the ring-closed hemiacetal form making up 99% and the ring-opened aldehyde form 

constituting 1% (Scheme 1.1)16. Ring open aldehyde form of the Ap site can participate in 

harmful biochemical reactions with number of reagents in the cell because of its high 
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reactivity17. Failure to address Ap sites can leads to the formation of inter-strand crosslinks 

(ICLs) or interfere with DNA replication and transcription, ultimately compromising 

genomic integrity and contributing to the development of genetic diseases, including 

cancer18-21.  

 

 

Scheme 1.1: Ring closed and Ring open form of Ap site in DNA 

 

1.2.1 Spontaneous depurination of nucleobase        

The N-glycosidic bond, that links the nucleobases to DNA backbone, is the weakest 

bond in DNA22. Spontaneous hydrolysis of the N-glycosidic bond in DNA is a chemical 

process of breaking the bond that connects the nitrogenous base to the DNA (Scheme 1.2)16, 

23. Although DNA is stable, with the half-lives of N-glycosidic bond hydrolysis in purines 

and pyrimidines being approximately 730 years and 14,700 years respectively. Despite 

these low rates, spontaneous hydrolysis still generates around 10,000 abasic sites in each 

cell each day10, 16, 24 . The rate of depuration is approximately 3.0 × 10-11 nucleotides per 

second, while the rate of depyrimidination is 1.5 × 10-12 nucleotides per second in 

physiological condition25, 26. Among the purine bases, the depurination of guanine occurs 

at a rate one and a half times faster than that of adenine27. The rate of spontaneous 

hydrolysis can increase under certain conditions, such as acidic or oxidative environments, 
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making the process a significant source of endogenous DNA lesion that cell must address 

to maintain genomic integrity28-30. The rate of depurination in single-stranded DNA is four 

times faster than in double-stranded DNA31. 

 

 

Scheme 1.2: Formation of Ap sites through spontaneous depurination of nucleobase 

 

1.2.2 Ap site formation as an intermediate in Base Excision Repair  (BER) Pathway 

In base excision repair (BER) pathway, Ap sites form as an intermediate,11, 32. In 

this process, damaged or mis-incorporated bases are recognized and removed 

enzymatically by specific DNA glycosylases11, 33-34. For example, most common pathway 

for the formation of abasic sites in cellular DNA involves the removal of mis-incorporated 

uracil by Uracil DNA glycosylase (UDG) (Scheme 1.3)35. The formation of uracil in DNA 

occurs primarily through the spontaneous deamination of cytosine36. In this process, the 

amine group on cytosine is replaced by a carbonyl group, converting cytosine into uracil37. 

DNA polymerase can also mis-incorporates uracil in place of thymine in DNA38-49.  

 

 

Scheme 1.3: Conversion of Cytosine to Uracil residue and generation of Ap site 
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Different types of damaged bases are removed by specific DNA glycosylases. For 

instance, 8-oxoGuanine and FapyGuanine are recognized and removed by OGG140-42. 

Additionally, ring opened purines, and oxidized pyrimidines are removed by NTH1 and 

NEIL1/NEIL2/NEIL3 generating Ap sites43. This controlled enzymatic process is crucial 

for preventing mutations and maintaining the overall stability of the genome.  

 

1.2.3 Hydrolysis of damaged bases by Endogenous and Exogenous factors 

The hydrolysis of damaged nucleobases in DNA can be triggered by both 

endogenous and exogenous factors, leading to compromised genomic integrity. 

Endogenous factors including reactive oxygen species (ROS), spontaneous chemical 

reactions, and metabolic by-products generated within the cell can damage nucleobase and 

form Ap site22, 44-45. These factors can lead to the hydrolytic deamination of cytosine into 

uracil or the oxidation of guanine into 8-oxoguanine (8-oxoG) and FapyG, making base 

modifications that may result in the formation of abasic sites (Scheme 1.4)46.  

 

 

Scheme 1.4: Formation of 8-oxoG from guanine residue and then Ap site by reactive 

oxygen species (ROS) 
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Exogenous factors, including ionizing radiation, UV radiation, and exposure to 

environmental toxins or chemicals such as alkylating agents can also contribute to the 

generation of abasic sites through increased rate of hydrolytic loss of nucleobases22, 47-49. 

For example, methylation at the N7 site of a guanine residue can increase the spontaneous 

loss of the guanine base from the DNA. Alkylating agents can alkylate specific endocyclic 

nitrogens of nucleobases. Among all sites, N7-guanine (N7G) is the most vulnerable site 

for alkylation because N7G is the most nucleophilic site in DNA (Scheme 1.5)50.  

 

 

Scheme 1.5: Damage to the nucleobase and formation of Ap sites by alkylating agent 

 

1.3 Detection of Ap site in cellular DNA 

Ap sites, in which a DNA base is missing but the sugar-phosphate backbone 

remains intact, are the most frequent types of DNA lesion in cell51-52. If left unrepaired, Ap 

site can disrupt DNA replication and transcription, potentially leading to mutations and 

genomic instability53-55. Consequently, detecting Ap site is essential to understanding DNA 

lesions and their repair mechanisms, as well as for assessing the effects of environmental 

and chemical genotoxins. Multiple methods exist for detecting abasic sites in the cell. For 

instance, the comet assay allows for detection of Ap sites by reacting with alkali to induce 

strand cleavage56. A widely used technique to detect the lesion in cellular DNA is the 
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reaction of these sites with hydroxylamine derivatives. ¹⁴C-labeled methoxyamine can also 

be utilized for detection of Ap site57-59. The aldehyde-reactive probes (ARPs) can react 

covalently with the aldehyde form of abasic site in DNA forming Ap-ARP adducts which 

then can be detect by several techniques (Scheme 1.6)60-61. These probes are often biotin-

labeled, allowing for the detection of Ap sites via fluorescence or colorimetric assays61.  

 

 

Scheme 1.6: Aldehyde reactive probe (ARP) based detection of Ap site 

 

Although ARP is designed to detect aldehyde form of abasic site in DNA,  it can 

also react covalently to other aldehyde that may present in the system making this 

technique less accurate62. To avoid the issue, Turesky and his colleagues developed an 

advanced method that utilizes the LC-MS spectrometry to detect O-4-

nitrobenzylhydroxylamine (NBHA) pre-labeled Ap site via sophisticated HPLC-ESI-

MS/MS instrument (Scheme 1.7)63. This method selectively detects the Ap site in DNA 

samples. 
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Scheme 1.7: Detection of Ap sites by LC-MS spectrometry method        

           

Ap sites  in DNA can also be detected by treating the Ap-DNA with alkali (a strong 

base), which induces single-strand break at the Ap site, enabling detection through methods 

such as gel electrophoresis64. For example, Sodium hydroxide (NaOH) can be utilized to 

react with abasic (Ap) sites in DNA that induces strand break  generating a phosphoryl 

group at the 5'-side (5'P) and a trans-α,β-unsaturated aldehyde (3'-PUA), or 3’P or 3’dR at 

the 3'-side of the strand break, which then can be visualized by polyacrylamide gel 

electrophoresis (PAGE) analysis (Scheme 1.8)65.  

 

 

Scheme 1.8: Detection of Ap site by alkali in comet assay 
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An abasic (Ap) site occurs when a nitrogenous base (purine or pyrimidine) is 

removed or lost from the DNA backbone, leaving an empty sugar-phosphate backbone51. 

The repair of Ap site in DNA is vital to ensure the proper function of cells66-67. Among the 

+

NO2

O
NH2

NBHA

OH

O

O
O

3’

5’

Ap Site

OH

O

O

3’

5’
NO2

ON

Ap DNA labeled with NBHA

OH

HO

O

5’
NO2

ON

Free 5’-dRP-NBHA

OH

O

O
O

3’

5’

NaOH
β-Elim

OH
O

O

5’

+
5’-P

3’
3’-PUAAp Site



 
 

10 

various repair mechanisms, the base excision repair (BER) pathway is the most prominent. 

The repair of Ap site is further carried out by other pathways, such as nucleotide excision 

repair (NER) and translesion synthesis (TLS), in cases where BER alone may be 

insufficient68-69.  

 

1.4.1 Base Excision Repair (BER) Pathway 

In duplex DNA, the Base Excision Repair (BER) pathway is one of the most critical 

repair mechanisms that addresses small damages in DNA70-73. BER pathway detects and 

removes DNA lesions in a series of steps. The BER pathway begins with a DNA 

glycosylases, that detects and eliminates the damaged or mis-incorporated bases in the 

DNA double helix to generating an Ap site11, 74. Then, the enzyme Ap endonuclease 

(APE1) hydrolyzes the phosphodiester bond on the 5’-side of the Ap site to generate 3’-

OH and 5’-deoxyribophosphate (5’-dRP) ends with a one nucleotide gap in the DNA32. 

After the incision, the nicked DNA can be further repaired by either short patch or long 

patch BER pathway (Figure 1.2)75. Short patch BER involves the removal of 5’-dRP end 

group by the dRP-lyase activity of  DNA polymerase β (Pol β), which has separate 5’-dRP 

lyase activity and polymerase activities76. Pol β removes the 5’-dRP group by its dRP-lyase 

activity, leaving behind a “clean” 5’-Phosphate group that is suitable for ligation77. 

Polymerase β then adds appropriate nucleotide in the 3’OH side based on the 

complementary strand78. Finally, the remaining strand break is stitched-up by the DNA 

ligase-III in conjunction with the scaffold protein XRCC179. In long patch BER, DNA 

polymerase β, δ, or ε (Pol β/δ/ε) incorporate 2-10 nucleobases that leave the 5’dRP end 

group in an overhanging flap80. Then the flap endonuclease 1 (FEN-1) removes the flap, 
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leaving 3’-OH group that is ready for the ligation81. In the final step, sealing the nicked 

DNA is carried out by DNA Ligase-I to get repaired DNA80. 

 

 

Figure 1.2: Repair of abasic site by BER Pathway 

 

1.4.2 Nucleotide Excision Repair (NER) Pathway 

The NER pathway is a critical DNA repair system that addresses bulky lesions that 

are caused by UV-induced thymine dimers or chemical damage82. Unlike other repair 

mechanisms that focus on specific base alterations, NER removes large, helix-distorting 

lesions from the DNA83. In this pathway, protein such as XPC recognize the distortions in 

the DNA double helix84. Once the lesion is recognized, a repair complex is brought to the 
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damage site. This includes the transcription factor TFIIH, which unwinds the DNA strands 

surrounding the lesion by its helicase activity, which gives DNA repair enzyme the access 

to the damaged strand82. Then endonuclease XPF-ERCC1 and XPG cuts the DNA strand 

from the either side of the lesion and removed the damaged bases leaving a gap in the DNA 

strand85. Next, the DNA polymerase (Pol δ, ε and/or κ) incorporates the correct bases by 

copying the information from intact complementary strand. In the final step, nicked in the 

damaged strand is ligated by DNA ligase I-FEN-1 or the ligase III- XRCC1 complex 

(Figure 1.3)86. The steps of NER are similar across all organisms, but it operates through 

two distinct mechanisms: global genome (GG-NER) repair, which addresses damage 

throughout the entire genome, on the other hand transcription-coupled (TC-NER) repair, 

which specifically targets and repairs actively transcribed DNA strands87.  
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Figure 1.3: Lesion removal in DNA by NER Pathway 
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lethal double-strand break.  The Ap stabilizing protein HMCES prevents this such strand 

breakage90. During the replication process, if DNA repair polymerases detect damage in 

the replication fork, the repair system recruit a TLS polymerase (such as Pol η/ι/κ), which 

can synthesize DNA across the damaged site91-93. The TLS polymerase bypasses the 

damaged site by error-prone insertion of a nucleotides opposite the lesion. After the lesion 

is bypassed by TLS polymerases, the normal replicative polymerase takes over again, 

continuing the process of DNA replication (Figure 1.4)94. TLS polymerase can insert 

incorrect bases to the DNA as there is no template base (Ap site), or a damaged base, strand 

to copy the coding information making the repair process highly mutagenic95. Despite its 

mutagenic potential, TLS is an important mechanism for tolerance of lesions that would 

stall the replication process.  

 

 

Figure 1.4: Translesion Synthesis DNA Repair Pathway 
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1.5 Consequences of abasic site in cells  

The accumulation of Ap sites in the cell has significant biological consequences. 

While Ap sites are part of normal cellular processes, their presence in cell without repair 

disrupts genomic integrity. As a result, Ap lesions are highly cytotoxic and mutagenic 

because ring open aldehyde form of apurinic sites can reacts with nucleophiles such as 

exocyclic amino group of nucleobase and forms DNA inter-strand crosslinks96. Unrepaired 

Ap sites can stall the replication fork, as DNA polymerases cannot efficiently bypass these 

lesions. 

 

1.5.1 Formation and repair of DNA-DNA inter-strand Cross-links (ICLs) resulting 

from Ap site in DNA 

The presence of Ap sites in cellular DNA is deleterious for cellular integrity and 

genomic stability as it has highly electrophilic aldehyde moiety97. This reactive Ap 

aldehyde can form imine adducts with various amine species specially with exocyclic 

amines of heterocyclic nucleobases in DNA. The aldehyde group of the Ap site can 

undergo nucleophilic attack by amino groups of nucleobases across the template strand 

forming covalent bond between the two DNA strand resulting DNA inter strand crosslinks 

(ICLs)97. The presence of ICLs poses a serious threat to genomic integrity and cell survival. 

 

1.5.2 Formation of ICL between Adenine and Ap site (dA-Ap ICL)                    

The electrophilic nature of the Ap aldehyde enables the generation of interstrand 

cross-links (ICLs) in duplex DNA. The dA-Ap crosslinks formation involves the 
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nucleophilic attack of N6-amino group of adenine to the electrophilic carbonyl group of 

abasic site forming covalent bond between two DNA strand (Scheme 1.9)98. The dA-Ap 

ICL is reported to be formed in 15-70% yield, depending upon the local sequence99. Ap 

derived ICLs are reported to reach the maximum yield in within 2 to 4d. Once formed, dA-

Ap ICL is very stable, with a half-life of 60-90h under physiological conditions. The dA-

Ap inter-strand crosslink (ICLs) forms in a DNA sequence where dA is positioned one 

nucleotide to the 5’-side of the template strand99.  

 

 

Scheme 1.9: Mechanism for the formation of dA-Ap ICL 
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strand(Scheme 1.10)100. Our research group reported that unreduced dG-Ap ICL formed 

with the maximum yield of 2-3%, while yield increased up-to 20% when reactions were 

conducted in the presence of NaBH3CN100. Interestingly, the yield of dG-Ap ICL increased 

up-to 52% when there are mis-paired bases near the abasic site101. In physiological 

condition half-life of dissociation of native, unreduced dG-Ap ICL was reported to be 

approximately around ~160h100.  

 

 

Scheme 1.10: Mechanism of formation of dG-Ap ICL 
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formation of dC-Ap ICL in double stranded DNA102. dC-Ap ICL formed with maximum 

yield of ~50%. But only in a sequence where cytosine is mis-paired on the 3’-side of the 

abasic site . Under physiological conditions, the dC-Ap ICL is very stable with dissociating 

only about ~5% after 96h103. 

 

 

Scheme 1.11: Mechanism of formation of dC-Ap ICL 
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Fanconi Anemia (FA) pathway (Figure1.5)106. FA is the best characterized pathway for 
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ICL repair of typical cross-links like cis-platin, N-mustards, etc. Semlow et al. discovered 

the previously unknown NEIL3 pathway for the repair of dA-Ap ICL109. The FA pathway 

activates when the replicative enzymes detect stall at an ICL in the replication fork. The 

mono-ubiquitination of the FANCI and FANCD2 proteins is the important step in the FA 

DNA repair pathway107. The mono-ubiquitination of I-D2 complex leads to the recruitment 

of FA core complex made up of several proteins (such as FAAP20, FAAP100, FANCA, 

FANCB, FANCC and FANCE) to the ICL site. Then the DNA endonuclease XPF-ERCC1 

incises both side of the damage to unhook the  ICL. Such dual incision of endonucleases 

left a double-strand break (DSB) in DNA. Once the ICL is unhooked, the DSB gets repaired 

via homologous recombination (HR)108. Studies shows that dA-Ap ICL can be unhooked 

by the BER enzyme NEIL3 (Figure 1.6)109. NEIL3 enzyme unhooks the dA-Ap interstrand 

crosslink by generating Ap site in one strand and adenine residue on the complementary 

strand110. Then the Ap site is covalently captured by the SRAP protein HMCES that 

protects the Ap site from cleavage. Then repair synthesis removes the HMCES-Ap adduct 

and the Ap site in duplex DNA is repaired by the base excision repair (BER)110.  

 

 

Figure 1.5: Repair of ICL in DNA by Fanconi Anemia (FA) Pathway 
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Figure 1.6: Repair of dA-Ap ICL by NEIL3 
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Biological amine can induce strand cleavage at abasic site of duplex DNA by 

forming iminium ion with the open chain aldehyde group of Ap site113. Spermine, a 

polyamine found in cells at millimolar concentrations, is highly efficient at forming 

iminium ions with the Ap sites in DNA113. The iminium ion increases the acidity of α-

protons that facilitates the β-elimination of phosphate group from the 3’-side of the Ap site 

generating trans α,β-unsaturated iminium ion(3’ddR-Sp+) at the strand break (Scheme 

1.12)114. 

 

 

Scheme 1.12: Formation mechanism of 3’ddR-Sp+ end group 
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amino group of dG & N6-amino group of dA from the complementary strand with the 

electrophilic 3’ddR-Sp+ group formed during the spermine mediated strand break. It was 

reported that dA-ddR LMW ICL formed faster than as compared to dA-Ap full sized 

crosslink in duplex DNA111. The results also showed that a,b-unsaturated iminium ion 

intermediate was crucial for the formation of these LMW ICL as the ICL didn’t form with 

normal a,b-unsaturated aldehyde (3’-PUA) group111.  

 

 

Figure 1.7: Structure of dG-ddR and dA-ddR ICL formed at the Spermine mediated 
strand cleavage at the Ap site; (A) dA-ddR ICL; (B) dG-ddR ICL 
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sites can induce single strand breaks (SSB) in DNA, further contributing to genomic 

instability116. Ap site in DNA can also cause strand break at the abasic site, which can 

induce the formation of highly cytotoxic DNA inter-strand crosslink. Due to several 

consequences, detection and repair of abasic sites in the cell is very crucial for the normal 

function of the cell. Ap site can be repaired by multiple pathways. For example, Ap site in 

duplex DNA gets repaired by Base Excision Repair (BER) pathway32. Ap sites can also 

get repaired by NER and TLS repair pathway in the situation where BER might not work.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

24 

1.9 References 

(1) National Academies of Sciences, Engineering, and Medicine; Committee on 

Human Gene Editing, National Academies Press (US); 2017. 

(2) Todd, A. R. Chemical structure of the nucleic acids. Proc. Natl. Acad. Sci. U.S.A. 

1954; 40, 748–755. 

(3) Hakem R. DNA-damage repair; the good, the bad, and the ugly. EMBO J. 2008. 

27(4):589-605.  

(4) Schumacher B, Pothof J, Vijg J, Hoeijmakers JHJ. The central role of DNA damage 

in the ageing process. Nature. 2021. 592(7856): 695-703.  

(5) Vijg J. From DNA damage to mutations: All roads lead to aging. Ageing Res Rev. 

2021; 68:101316.  

(6) Paul Hasty. Mechanisms of Ageing and Development. 2005. Volume 126, Issue 1. 

(7) Maynard S, Fang EF, Scheibye-Knudsen M, Croteau DL, Bohr VA. DNA Damage, 

DNA Repair, Aging, and Neurodegeneration. Cold Spring Harb Perspect Med. 

2015; 5(10): 025130. 

(8) Tubbs A, Nussenzweig A. Endogenous DNA Damage as a Source of Genomic 

Instability in Cancer. Cell. 2017; 168(4): 644-656. 

(9) Serge Boiteux, Marie Guillet. Abasic sites in DNA: repair and biological 

consequences in Saccharomyces cerevisiae. DNA Repair, 2004; Volume 3, Issue 1, 

Pages 1-12, 

(10) Petria S. Thompson, David Cortez, New insights into abasic site repair and 

tolerance. DNA Repair. 2020, Volume 90, 102866 



 
 

25 

(11) Krokan, H. E.; Bjoras, M. Base Excision Repair. Cold Spring Harbor Perspect. 

Biol. 2013, 5, 012583. 

(12) Tomilin, N.; Aprelikova, O. Uracil-DNA Glycosylases and DNA Uracil Repair. 

International review of cytology. 1989, 114, 125–179. 

(13) Zhou, B.-B. S.; Elledge, S. J. The DNA Damage Response: Putting Checkpoints in 

Perspective. Nature. 2000, 408, 433.  

(14) Norbury, C. J.; Hickson, I. D. Cellular Responses to DNA Damage. Annu. Rev. 

Pharmacol. Toxicol. 2001, 41, 367.  

(15) Rouse, J.; Jackson, S. P. Interfaces between the Detection, Signaling, and Repair of 

DNA Damage. Science. 2002, 297, 547. 

(16) Gates, K. S. An overview of chemical processes that damage cellular DNA: 

spontaneous hydrolysis, alkylation, and reaction with radicals. Chem. Res. 

Toxicology. 2009, 22, 1747–1760. 

(17) Katherine A. Paulin, David Cortez, Brandt F. Eichman. SOS response-associated 

peptidase (SRAP) domain of YedK catalyzes ring opening of abasic sites and 

reversal of its DNA–protein cross-link. Journal of Biological Chemistry, 2022, 

Volume 298, Issue 9, 102307 

(18) Katerji M, Duerksen-Hughes PJ. DNA damage in cancer development: special 

implications in viral oncogenesis. Am J Cancer Res. 2021;11(8):3956-3979. 

(19) Saxena S, Zou L. Hallmarks of DNA replication stress. Mol Cell. 

2022;82(12):2298-2314.  



 
 

26 

(20) Huang, R., Zhou, PK. DNA damage repair: historical perspectives, mechanistic 

pathways and clinical translation for targeted cancer therapy. Sig Transduct Target 

Ther. 2021, 6, 254  

(21) Karen H. Almeida, Robert W. Sobol, A unified view of base excision repair: 

Lesion-dependent protein complexes regulated by post-translational modification, 

DNA Repair, 2007, Volume 6, Issue 6. 

(22) Andrés CMC, Lastra JMP, Juan CA, Plou FJ, Pérez-Lebeña E. Chemical Insights 

into Oxidative and Nitrative Modifications of DNA. Int J Mol Sci. 2023; 

24(20):15240.  

(23) Drohat AC, Maiti A. Mechanisms for enzymatic cleavage of the N-glycosidic bond 

in DNA. Org Biomol Chem. 2014; 12(42):8367-78.  

(24) Liu ZJ, Martínez Cuesta S, van Delft P, Balasubramanian S. Sequencing abasic 

sites in DNA at single-nucleotide resolution. Nat Chem. 2019; 11(7):629-637.  

(25) Lindahl, T.; Nyberg, B. Rate of Depurination of Native Deoxyribonucleic Acid. 

Biochemistry 1972, 11, 3610. 

(26) Lindahl, T.; Karlstrom, O. Heat-Induced Depyrimidination of Deoxyribonucleic 

Acid in Solution. Biochemistry, 1973, 12, 5151. 

(27) An R, Jia Y, Wan B, Zhang Y, Dong P, Li J, Liang X. Non-enzymatic depurination 

of nucleic acids: factors and mechanisms. PLoS One. 2014; 9(12):e115950.  

(28) Chatterjee N, Walker GC. Mechanisms of DNA damage, repair, and mutagenesis. 

Environ Mol Mutagen. 2017; 58(5):235-263.  

(29) Seymour, M., Durance, I., Cosby, B.J. et al. Acidity promotes degradation of multi-

species environmental DNA in lotic mesocosms. Commun Biol. 2018, 1, 4. 



 
 

27 

(30) Maynard S, Schurman SH, Harboe C, de Souza-Pinto NC, Bohr VA. Base excision 

repair of oxidative DNA damage and association with cancer and aging. 

Carcinogenesis. 2009; 30(1):2-10 

(31) Chan K, Sterling JF, Roberts SA, Bhagwat AS, Resnick MA, Gordenin DA. Base 

damage within single-strand DNA underlies in vivo hypermutability induced by a 

ubiquitous environmental agent. PLoS Genet. 2012; 8(12):e1003149 

(32) Hegde, M., Hazra, T. & Mitra, S. Early steps in the DNA base excision/single-

strand interruption repair pathway in mammalian cells. Cell Res. 2008, 18, 27–47. 

(33) Van der Veen, S., Tang, C. The BER necessities: the repair of DNA damage in 

human-adapted bacterial pathogens. Nat Rev Microbiol, 2015; 13, 83–94. 

(34) Krokan HE, Nilsen H, Skorpen F, Otterlei M, Slupphaug G. Base excision repair 

of DNA in mammalian cells. FEBS Lett. 2000; 476(1-2):73-7. 

(35) Schormann N, Ricciardi R, Chattopadhyay D. Uracil-DNA glycosylases-structural 

and functional perspectives on an essential family of DNA repair enzymes. Protein 

Sci. 2014; 23(12):1667-85. 

(36) Williams JD, Zhu D, García-Rubio M, Shaltz S, Aguilera A, Jinks-Robertson S. 

Spontaneous deamination of cytosine to uracil is biased to the non-transcribed DNA 

strand in yeast. DNA Repair (Amst). 2023; 126:103489. 

(37) Alsøe, L., Sarno, A., Carracedo, S. et al. Uracil Accumulation and Mutagenesis 

Dominated by Cytosine Deamination in CpG Dinucleotides in Mice Lacking UNG 

and SMUG1. Sci Rep 7, 2017; 7199. 



 
 

28 

(38) Joyce, C. M. Choosing the Right Sugar: How Polymerases Select a Nucleotide 

Substrate. Proceedings of the National Academy of Sciences. 1997, 94 (5), 

16191622. 

(39) Owiti N, Wei S, Bhagwat AS, Kim N. Unscheduled DNA synthesis leads to 

elevated uracil residues at highly transcribed genomic loci in Saccharomyces 

cerevisiae. PLoS Genet. 2018; 14(7): e1007516. 

(40) Ba X, Aguilera-Aguirre L, Rashid QT, Bacsi A, Radak Z, Sur S, Hosoki K, Hegde 

ML, Boldogh I. The role of 8-oxoguanine DNA glycosylase-1 in inflammation. Int 

J Mol Sci. 2014; 15(9):16975-97. 

(41) Ba X, Boldogh I. 8-Oxoguanine DNA glycosylase 1: Beyond repair of the 

oxidatively modified base lesions. Redox Biol. 2018; 14:669-678. 

(42) Leitner-Dagan Y, Sevilya Z, Pinchev M, Kramer R, Elinger D, Roisman LC, 

Rennert HS, Schechtman E, Freedman L, Rennert G, Livneh Z, Paz-Elizur T. N-

methylpurine DNA glycosylase and OGG1 DNA repair activities: opposite 

associations with lung cancer risk. J Natl Cancer Inst. 2012; 104(22):1765-9. 

(43) Zhou J, Liu M, Fleming AM, Burrows CJ, Wallace SS. Neil3 and NEIL1 DNA 

glycosylases remove oxidative damages from quadruplex DNA and exhibit 

preferences for lesions in the telomeric sequence context. J Biol Chem. 2013; 

288(38):27263-27272. 

(44) Moretton A, Loizou JI. Interplay between Cellular Metabolism and the DNA 

Damage Response in Cancer. Cancers (Basel). 2020; 12(8):2051. 



 
 

29 

(45) Diana L. Bordin, Lisa Lirussi, Hilde Nilsen. Cellular response to endogenous DNA 

damage: DNA base modifications in gene expression regulation, DNA Repair, 

2021, Volume 99, 103051. 

(46) Cooke, M.S., Evans, M.D., Dizdaroglu, M. and Lunec, J. Oxidative DNA damage: 

mechanisms, mutation, and disease. The FASEB Journal, 2003; 17: 1195-1214. 

(47) Vechtomova YL, Telegina TA, Buglak AA, Kritsky MS. UV Radiation in DNA 

Damage and Repair Involving DNA-Photolyases and Cryptochromes. 

Biomedicines. 2021; 9(11):1564. 

(48) Nakano, T., Akamatsu, K., Tsuda, M., Tujimoto, A., Hirayama, R., Hiromoto, T. 

& Shikazono, N. Formation of clustered dna damage in vivo upon irradiation with 

ionizing radiation: visualization and analysis with atomic force microscopy. 

Proceedings of the National Academy of Sciences, 2022;  119(13).  

(49) Rastogi RP, Richa, Kumar A, Tyagi MB, Sinha RP. Molecular mechanisms of 

ultraviolet radiation-induced DNA damage and repair. J Nucleic Acids. 2010; 

2010:592980. 

(50) Beranek, D. T. Distribution of Methyl and Ethyl Adducts Following Alkylation 

with Monofunctional Alkylating Agents. Mutat. Res. 1990, 231, 11. 

(51) Thompson PS, Cortez D. New insights into abasic site repair and tolerance. DNA 

Repair (Amst). 2020; 90:102866. 

(52) Anna V Yudkina, Nikita A Bulgakov, Daria V Kim, Svetlana V Baranova, 

Alexander A Ishchenko, Murat K Saparbaev, Vladimir V Koval, Dmitry O 

Zharkov, Abasic site–peptide cross-links are blocking lesions repaired by AP 



 
 

30 

endonucleases, Nucleic Acids Research, 2023, Volume 51, Issue 12, Pages 6321–

6336. 

(53) Kompella, P., Wang, G., Durrett, R.E. et al. Obesity increases genomic instability 

at DNA repeat-mediated endogenous mutation hotspots. Nat Commun, 2024; 15, 

6213. 

(54) Peng Mao, John J. Wyrick, Organization of DNA damage, excision repair, and 

mutagenesis in chromatin: A genomic perspective, DNA Repair, 2019; Volume 81, 

102645. 

(55) Poetsch, A.R., Boulton, S.J. & Luscombe, N.M. Genomic landscape of oxidative 

DNA damage and repair reveals regioselective protection from mutagenesis. 

Genome Biol, 2018; 19, 215. 

(56) Brent, T. P.; Teebor, G. W.; Duker, N. J. in DNA Repair Mechanisms (Hanawalt, 

P. C.; Friedberg, E. C.; & Fox, C. F., Eds.), Academic Press, 1978, page 19–22.  

(57) Kohn, K. W.; Ewig, R. A. G.; Erickson, L. C.; Zwelling, L. A. in DNA Repair: A 

Laboratory Manual of Research Procedures (Friedberg, E. C., & Hanawalt, P., Eds.) 

Vol. 1, Part B, Marcel Dekker, New York. 1981, page 379-401. 

(58) Weinfeld, M.; Liuzzi, M.; Paterson, M. C. Response of phage T4 polynucleotide 

kinase toward dinucleotides containing apurinic sites: design of a 32P-postlabeling 

assay for apurinic sites in DNA. Biochemistry. 1990, 29, 1737–1743.  

(59) Liuzzi, M.; Talpaert-Borle, M. Characterization of Damage in γ-irradiated and 

OsO4-reated DNA Using Methoxyamine. Int. J. Radiat. Biol. 1988, 54, 709–722. 



 
 

31 

(60) Kubo, K.; Ide, H.; Wallace, S. S.; Kow, Y. W. A novel, sensitive, and specific assay 

for abasic sites, the most commonly produced DNA lesion. Biochemistry, 1992, 31, 

3703–3708. 

(61) Yoke W. Kow, Akintade Dare, Detection of Abasic Sites and Oxidative DNA Base 

Damage Using an ELISA-like Assay, Methods, 2000, Volume 22, Issue 2, Pages 

164-169. 

(62) Liu ZJ, Martínez Cuesta S, van Delft P, Balasubramanian S. Sequencing abasic 

sites in DNA at single-nucleotide resolution. Nat Chem. 2019; 11(7):629-637. 

(63) Roberts KP, Sobrino JA, Payton J, Mason LB, Turesky RJ. Determination of 

apurinic/apyrimidinic lesions in DNA with high-performance liquid 

chromatography and tandem mass spectrometry. Chem Res Toxicol. 2006; 

19(2):300-9. 

(64) Luke AM, Chastain PD, Pachkowski BF, Afonin V, Takeda S, Kaufman DG, 

Swenberg JA, Nakamura J. Accumulation of true single strand breaks and AP sites 

in base excision repair deficient cells. Mutat Res. 2010; 694(1-2):65-71. 

(65) Haldar T, Jha JS, Yang Z, Nel C, Housh K, Cassidy OJ, Gates KS. Unexpected 

Complexity in the Products Arising from NaOH-, Heat-, Amine-, and Glycosylase-

Induced Strand Cleavage at an Abasic Site in DNA. Chem Res Toxicol. 2022; 

35(2):218-232. 

(66) Daniel R McNeill, Amy M Whitaker, Wesley J Stark, Jennifer L Illuzzi, Peter J 

McKinnon, Bret D Freudenthal, David M Wilson, Functions of the major abasic 

endonuclease (APE1) in cell viability and genotoxin resistance, Mutagenesis, 2020, 

Volume 35, Issue 1, Pages 27–38. 



 
 

32 

(67) Robert Nilsson, Ning-Ang Liu, Radiation Medicine and Protection, 2020, Volume 

1, Issue 3, Pages 140-152. 

(68) Slyskova J, Sabatella M, Ribeiro-Silva C, Stok C, Theil AF, Vermeulen W, Lans 

H. Base and nucleotide excision repair facilitate resolution of platinum drugs-

induced transcription blockage. Nucleic Acids Res. 2018; 46(18):9537-9549. 

(69) Hilde Nilsen, Hans E. Krokan, Base excision repair in a network of defence and 

tolerance, Carcinogenesis, 2001, Volume 22, Issue 7, Pages 987–998. 

(70) David, S. S.; O’Shea, V. L.; Kundu, S. Base-Excision Repair of Oxidative DNA 

Damage. Nature, 2007, 447 (7147), 941–950. 

(71) Wallace, S. S. Base Excision Repair: A Critical Player in Many Games. DNA 

repair, 2014, 19, 14–26. 

(72) Kim, Y.-J.; M Wilson III, D. Overview of Base Excision Repair Biochemistry. 

Current molecular pharmacology, 2012, 5 (1), 3–13. 

(73) Golato, T., Brenerman, B., McNeill, D.R. et al. Development of a Cell-Based Assay 

for Measuring Base Excision Repair Responses. Sci Rep 7, 2017, 13007. 

(74) Jacobs AL, Schär P. DNA glycosylases: in DNA repair and beyond. Chromosoma. 

2012; 121(1):1-20. 

(75) Lindahl, T.; Wood, R. D. Quality control by DNA repair. Science, 1999, 286, 1897–

1905 

(76) Allinson SL, Dianova II, Dianov GL. DNA polymerase beta is the major dRP lyase 

involved in repair of oxidative base lesions in DNA by mammalian cell extracts. 

EMBO J. 2001; 20(23):6919-26. 



 
 

33 

(77) Podlutsky, A. J.; Dianova, I. I.; Wilson, S. H.; Bohr, V. A.; Dianov, G. L. DNA 

synthesis and dRPase activities of polymerase β are both essential for 

singlenucleotide patch base excision repair in mammalian cell extracts. 

Biochemistry, 2001, 40, 809–813. 

(78) Carter RJ, Parsons JL. Base Excision Repair, a Pathway Regulated by 

Posttranslational Modifications. Mol Cell Biol. 2016; 36(10):1426-37. 

(79) Eva Petermann, Claudia Keil, Shiao Li Oei, Roles of DNA ligase III and XRCC1 

in regulating the switch between short patch and long patch BER, DNA Repair, 

2006, Volume 5, Issue 5, Pages 544-555 

(80) Sattler U, Frit P, Salles B, Calsou P. Long-patch DNA repair synthesis during base 

excision repair in mammalian cells. EMBO Rep. 2003; 4(4):363-7. 

(81) Asagoshi K, Nakamura J. FEN1 functions in long patch base excision repair under 

conditions of oxidative stress in vertebrate cells. Mol Cancer Res. 2010; 8(2):204-

15. 

(82) Schärer OD. Nucleotide excision repair in eukaryotes. Cold Spring Harb Perspect 

Biol. 2013; 5(10):a012609. 

(83) Spivak G. Transcription-coupled repair: an update. Arch Toxicol. 2016; 

90(11):2583-2594. 

(84) Kusakabe, M., Onishi, Y., Tada, H. et al. Mechanism and regulation of DNA 

damage recognition in nucleotide excision repair. Genes and Environ, 2019, 41, 2. 

(85) Hu L, Wang Z, Carmone C, Keijer J, Zhang D. Role of Oxidative DNA Damage 

and Repair in Atrial Fibrillation and Ischemic Heart Disease. Int J Mol Sci. 2021; 

22(8): 3838.  



 
 

34 

(86) Michael G. Kemp, Chapter Three - Damage removal and gap filling in nucleotide 

excision repair, Editor(s): Linlin Zhao, Laurie S. Kaguni, The Enzymes, Academic 

Press, 2019, Volume 45, Pages 59-97. 

(87) Spivak G. Nucleotide excision repair in humans. DNA Repair (Amst). 2015; 36:13-

18. 

(88) Alberts, B. DNA Replication and Recombination. Nature, 2003, 421, 431. 

(89) Marenstein, D. R.; Wilson III, D. M.; Teebor, G. W. Human AP Endonuclease 

(APE1) Demonstrates Endonucleolytic Activity against AP Sites in Single-

Stranded DNA. DNA repair, 2004, 3 (5), 527–533. 

(90) Gomina A, Islam T, Shim G, Lei Z, Gates KS. Formation and Properties of DNA 

Adducts Generated by Reactions of Abasic Sites with 1,2-Aminothiols Including 

Cysteamine, Cysteine Methyl Ester, and Peptides Containing N-Terminal Cysteine 

Residues. Chem Res Toxicol. 2024; 37(2): 395-406. 

(91) Maiorano D, El Etri J, Franchet C, Hoffmann JS. Translesion Synthesis or Repair 

by Specialized DNA Polymerases Limits Excessive Genomic Instability upon 

Replication Stress. Int J Mol Sci. 2021; 22(8):3924. 

(92) Ma X., Tang T., Guo C. Regulation of translesion DNA synthesis in mammalian 

cells. Environ. Mol. Mutagen. 2020; 61:680–692. 

(93) Andersen, P., Xu, F. & Xiao, W. Eukaryotic DNA damage tolerance and translesion 

synthesis through covalent modifications of PCNA. Cell Res, 2008; 18, 162–173. 

(94) Broyde S, Wang L, Rechkoblit O, Geacintov NE, Patel DJ. Lesion processing: 

high-fidelity versus lesion-bypass DNA polymerases. Trends Biochem Sci. 2008; 

33(5):209-19. 



 
 

35 

(95) Sale JE. Translesion DNA synthesis and mutagenesis in eukaryotes. Cold Spring 

Harb Perspect Biol. 2013; 5(3): a012708. 

(96) Nilsen L, Forstrøm RJ, Bjørås M, Alseth I. AP endonuclease independent repair of 

abasic sites in Schizosaccharomyces pombe. Nucleic Acids Res. 2012; 40(5): 2000-

9. 

(97) Housh, K.; Jha, J.S.; Haldar, T.; Binth Md Amin, S.; Islam, T.; Wallace, A.; 

Gomina, A.; Guo, X.; Nel, C.; Wyatt, J. W.; Gates, K.S. DNA Repair. 2021; 98, 

103029 

(98) Kellum AH Jr, Qiu DY, Voehler MW, Martin W, Gates KS, Stone MP. Structure 

of a Stable Interstrand DNA Cross-Link Involving a β-N-Glycosyl Linkage 

Between an N6-dA Amino Group and an Abasic Site. Biochemistry. 2021; 60(1): 

41-52. 

(99) Price NE, Johnson KM, Wang J, Fekry MI, Wang Y, Gates KS. Interstrand DNA-

DNA cross-link formation between adenine residues and abasic sites in duplex 

DNA. J Am Chem Soc. 2014; 136(9): 3483-90. 

(100) Dutta, S.; Chowdhury, G.; Gates, K. S. Interstrand crosslinks generated by abasic 

sites in duplex DNA. J. Am. Chem. Soc. 2007, 129, 1852–1853. 

(101) Johnson KM, Price NE, Wang J, Fekry MI, Dutta S, Seiner DR, Wang Y, Gates 

KS. On the formation and properties of interstrand DNA-DNA cross-links forged 

by reaction of an abasic site with the opposing guanine residue of 5'-CAp sequences 

in duplex DNA. J Am Chem Soc. 2013; 135(3): 1015-25. 



 
 

36 

(102) Catalano, M. J.; Ruddraraju, K. V.; Gates, K. S. Crystal structure of a nucleoside 

model of the interstrand cross-link formed by the reaction of 2’ deoxyguanosine 

and an abasic site in duplex DNA. Acta Cryst. E. 2016, E72, 624–627. 

(103) Varela JG, Pierce LE, Guo X, Price NE, Johnson KM, Yang Z, Wang Y, Gates KS. 

Interstrand Cross-Link Formation Involving Reaction of a Mispaired Cytosine 

Residue with an Abasic Site in Duplex DNA. Chem Res Toxicol. 2021; 34(4): 1124-

1132. 

(104) Noll, D. M.; Mason, T. M.; Miller, P. S. Formation and Repair of Interstrand 

Crosslinks in DNA. Chem. Rev. 2006, 106, 277. 

(105) Schärer, O. D. DNA Interstrand Crosslinks: Natural and Drug-Induced DNA 

Adducts That Induce Unique Cellular Responses. ChemBioChem, 2005, 6, 27. 

(106) Wang LC, Gautier J. The Fanconi anemia pathway and ICL repair: implications for 

cancer therapy. Crit Rev Biochem Mol Biol. 2010; 45(5): 424-39. 

(107) Ishiai M. Regulation of the Fanconi Anemia DNA Repair Pathway by 

Phosphorylation and Monoubiquitination. Genes (Basel). 2021; 12(11):1763. 

(108) Housh K, Jha JS, Haldar T, Amin SBM, Islam T, Wallace A, Gomina A, Guo X, 

Nel C, Wyatt JW, Gates KS. Formation and repair of unavoidable, endogenous 

interstrand cross-links in cellular DNA. DNA Repair (Amst). 2021; 98:103029. 

(109) Semlow DR; Zhang J; Budzowska M; Drohat AC; Walter JC Replication-

dependent unhooking of DNA interstrand cross-links by the NEIL3 glycosylase. 

Cell, 2016, 167, 498–511. 

(110) Price NE, Gates KS. Novel Processes Associated with the Repair of Interstrand 

Cross-Links Derived from Abasic Sites in Duplex DNA: Roles for the Base 



 
 

37 

Excision Repair Glycosylase NEIL3 and the SRAP Protein HMCES. Chem. Res. 

Toxicol. 2024, 37, 2, 199–207. 

(111) Housh, K.; Jha, J. S.; Yang, Z.; Haldar, T.; Johnson, K. M.; Yin, J.; Wang, Y.; 

Gates, K. S. Formation and repair of an interstrand DNA cross-link arising from a 

common endogenous lesion. J. Am. Chem. Soc. 2021, 143, 15344-15357. 

(112) Lindahl, T.; Andersson, A. Rate of chain breakage at apurinic sites in double 

stranded deoxyribonucleic acid. Biochemistry, 1972, 11, 3618−3623. 

(113) Male, R.; Fosse, V. M.; Kleppe, K. Polyamine-induced hydrolysis of apurinic sites 

in DNA and nucleosomes. Nucleic Acid Res. 1982, 10, 6305−6318. 

(114) Sarhan,S. and Seiler,N. On the subcellular localization of the polyamines. Biol. 

Chem. Hoppe Seyler, 1989; 370, 1279–1284. 

(115) Wei S, Shalhout S, Ahn YH, Bhagwat AS. A versatile new tool to quantify abasic 

sites in DNA and inhibit base excision repair. DNA Repair (Amst). 2015; 27: 9-18. 

(116) Abugable AA, Antar S, El-Khamisy SF. DNA Repair (Amst). 2024; 135: 103629. 

 

 

 

 

 

 

 



 
 

38 

 

 

 

 

 

Chapter 2 

Products generated from amine catalyzed strand cleavage at 

the Abasic (Ap) site 
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2.1 Introduction 

DNA is the storehouse of the genetic information for all living organisms1-2. 

Accurate readout of the genetic information during the replication process is essential to 

maintain the genomic integrity3. Therefore, any damages to the DNA are deleterious for 

the survival of the organisms4-6. Despite the fact, DNA is constantly exposed to 

unavoidable damage from both internal (endogenous) and external (exogenous) factors, 

such as reactive oxygen species, UV radiation, or chemicals7. Abasic (Ap) sites are the 

most frequent type of DNA lesion, occurring when a nitrogenous base is lost from the DNA 

backbone8-9. Ap sites are chemically reactive and exist mainly as a ring-closed hemiacetal 

form (99%) and a ring-opened aldehyde form (1%)10-11. The ring-opened aldehyde form is 

highly reactive and can participate in harmful biochemical reactions with various cellular 

reagents12. Due to the acidic nature of the α-proton in the ring-opened Ap aldehyde, these 

sites can easily undergo strand cleavage through β-elimination13-14. DNA strand cleavage 

can occur spontaneously under normal physiological conditions or be catalyzed by heat, 

NaOH, or DNA repair enzymes like Ap endonucleases15. The β-elimination reaction at Ap 

sites produces a 2,3-didehydro-2,3-dideoxyribose (3’-ddR) at the 3’ end and a 5’-phosphate 

at the 5’ end of the strand break (Scheme 2.1)16. DNA strand breaks can also generate 

noncanonical sugar remnants at the 3’ end, including 3’-deoxyribose (dR), 3’,4’-cyclized 

deoxyribose, and amine and thiol adducts of alkenals (Figure 2.1)17. Breaks at Ap sites can 

lead to mutations and replication blocks if not properly repaired18-19. DNA strand breaks 

can also hinder RNA polymerase during transcription, causing interruptions in gene 

expression and potential cellular dysfunction20-21.  
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Scheme 2.1: Strand cleavage at the Ap site in DNA via b-elimination 

 

 

Figure 2.1: Non canonical sugar remnants resulting from strand break at Ap site 

 

Under physiological conditions,  strand breaking at the Ap site in duplex DNA is a 

slow process, with the half-life of 38h to 54h22. However, factors such as higher 

temperature, alkaline condition and the presence of amine can substantially increase the 

rate of strand break at the Ap site23.  

Biological amines can induce strand cleavage at the Ap site in duplex DNA by 

forming iminium ions with the open chain aldehyde group of the Ap site24. Spermine, a 

polyamine found in cells at millimolar concentrations, is very effective at forming iminium 

ions with the Ap sites in DNA25-26. The iminium ions increase the acidity of α-protons, 

which facilitates the β-elimination of the phosphate group from the 3’-side of the Ap site, 

generating trans α,β-unsaturated iminium ion (3’ddR-Sp+) at the strand break (Scheme 

2.2)27.  
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Scheme 2.2: Formation mechanism of 3’ddR-Sp+ end group 

 

The α,β-unsaturated iminium ion end group (3’ddR-Sp+) is reactive as it can react 

with nucleophiles via 1,4-Michael addition. The iminium ion intermediate can covalently 

bind with the exocyclic amine groups of nucleobases from the complementary strand, 

forming lower molecular weight interstrand crosslinks (LMW ICL)27. Our group has 

reported the formation of LMW ICL between a guanine residue (dG) and the 3’ddR-Sp+ 

intermediate produced during spermine-mediated strand cleavage at the Ap site (Scheme 

2.3)28. The dG-ddR crosslinks form through the 1,4-Michael addition of the N2-amino 

group of the guanine residue from the opposite strand to the electrophilic α,β-unsaturated 

iminium ion intermediate (3'ddR-Sp+). It was shown that the formation of LMW ICL 

depends on the presence of the α,β-unsaturated iminium ion intermediate, as these 

crosslinks do not form with the α,β-unsaturated aldehyde28. Studies indicated that dG-ddR 

ICL can block the DNA replication process required for the strand separation. However, 

the ICL can be repaired by the 3’-exonuclease activity of human Ap endonuclease 1 

(hAPE1) through the single strand break repair pathway28.  
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Scheme 2.3: Mechanism for the formation of dG-ddR ICL at the strand cleavage site 

 

Our group has also demonstrated the formation of LMW ICL between an adenine 

residue (dA) and the α,β-unsaturated iminium ion intermediates on the opposing strand 

(Scheme 2.4)29. The dA-ddR crosslinks form through the 1,4-Michael addition of the N6-

amino group of the adenine residue from the opposite strand to the electrophilic α,β-

unsaturated iminium ion intermediate (3'ddR-Sp+)29.  
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Scheme 2.4: Mechanism for the formation of dA-ddR ICL at the strand cleavage site 

 

This chapter aims to explore the reaction between reactive iminium ion 

intermediate (3’ddRSp+) formed by spermine mediated cleavage of Ap sites and the 

exocyclic amine group of guanine residue on the 3’-side of the strand break. Herein, we 

report the formation of previously unrecognized “non-natural” Ap site like product at the 

spermine catalyzed strand cleavage site (Scheme 2.5). This product will be referred to as 

the "re-ligated" or "ligated" product in this chapter. The formation of the re-ligated product 

involves the 1,4-Michael addition of N2-amino group of guanine residue from the 3’-side 

of the strand break to the electrophilic α,β-unsaturated iminium ion intermediate (3’ddR-

Sp+). Our results show that once the ligated product forms, it remains stable under 

physiological conditions. The formation of this previously unrecognized DNA lesion could 
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be harmful to the cell. With this in mind, we also investigated the possible repair pathways 

for the ligated product later in this chapter. 

 

 

Scheme 2.5: Proposed mechanism for the formation mechanism and the structure of the 
‘re-ligated’ product. (A) mechanism of formation for the ‘re-ligated product; (B) structure 

of the ‘re-ligated’ product. 
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Figure 2.2: DNA sequences used in this studies 
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2.3 Gel electrophoresis evidence for spermine catalyzed strand cleavage  

at Ap site in duplex DNA generating “non-natural” Ap site like re-ligated 

product in 5’-CApG/5’-GGG sequence 

It was previously reported by our group that spermine catalyzes the strand cleavage 

at the Ap sites in Duplex DNA, generating the reactive 3’ddR-Sp+ ion27. This α,β-

unsaturated iminium ion intermediate can react with nucleobase guanine (dG) and adenine 

(dA) on the opposing strand to form low molecular weight interstrand crosslinks, such as 

dG-ddR ICL (31 ± 3%) and dA-ddR ICL (~35%) at the strand break27-28. To study 

spermine-induced strand cleavage and the formation of the novel re-ligated product, we 

used a 46 base pair 5'-Cy5 labeled Ap-containing duplex DNA "A" where guanine (G) on 

the 3’-side of the Ap site is mis-paired. Ap sites were prepared by treating 2’deoxyuridine 

containing duplex A with UDG enzyme at 37℃ for 2 hour. Successful preparation of the 

Ap site in duplex DNA was confirmed by treating with NaOH (200 mM, 37°C, 30 min), 

which induced cleavage of the Ap-containing strand into smaller, fast-migrating products 

(Figure 2.3A, Lane 2).  

When the Ap-containing duplex A was incubated with spermine (2mM) in HEPES 

buffer (50mM, pH 7.4, containing 100mM NaCl) at 37°C, we observed a band 

corresponding to the formation of the re-ligated product in the gel image (Figure 2.3A, 

Lanes 3-9). The band migrated slightly slower than the native Ap site and appeared just 

above the Ap site band in the gel electrophoresis image. A time course reaction showed 

that the formation of the re-ligated product reached a half-maximum yield of 14% at 6 

hours and a maximum yield of 28 ± 2% after 48 hours of incubation at 37°C (Figure 2.3B). 

The formation of the ligated product was accompanied by the slower-migrating low 
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molecular weight (LMW) dG-ddR ICL previously reported by our group (Figure 2.3A, 

Lanes 3-9)28. We then varied the concentration of spermine from 0.5 mM to 5 mM to 

observe its effect on the formation of the ligated product. Changes in spermine 

concentration did not affect the yield of the ligated product, with a maximum yield of 28 ± 

2% formed at 2 mM spermine concentration (Figure 2.4).  

 

 

Figure 2.3: A; Gel electrophoretic evidence for the formation of ligated product by 

spermine-catalyzed strand cleavage at the Ap site in duplex DNA. Lane 1: 46mer 5′-Cy5-

labeled-Ap-containing duplex A.  Lane 2: The Ap-containing duplex A treated with NaOH 

(200 mM, 37 °C, 30min) to induce strand cleavage at the Ap site, generating 3′P and 3′ddR 

cleavage products. Lanes 3−9: Ap-containing duplex A was incubated with spermine (2 

mM) in HEPES buffer (50 mM, pH 7.4, containing 100 mM NaCl) at 37 °C (Lane 3: 0.5hr; 

Lane 4: 1hr; Lane 5: 2hr; Lane 6: 6hr; Lane 7: 12hr; Lane 8: 24hr; Lane 9: 48hr). At 

prescribed time points aliquots were removed and frozen for subsequent gel electrophoretic 

analysis. The Cy5-labeled oligodeoxynucleotides in the reactions were resolved by 

A B
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electrophoresis on a 0.4 mm thick 20% denaturing polyacrylamide gel at 500V for 18 

hours. B; Plot of ligated product formed vs time. The error bar reflects the standard 

deviation of the measurements.  

 

 

Figure 2.4: A; Ligation product formed in various spermine concentration. Lane 1: 46mer 

5′-Cy5-labeled-Ap-containing duplex A. Lane 2: The Ap-containing duplex A treated with 

NaOH (200 mM, 37 °C, 30min) to induce strand cleavage at the Ap site, generating 3′P 

and 3′PUA cleavage products. Lanes 3−9: Ap-containing duplex A was incubated with 

spermine (0-5 mM) in HEPES buffer (50 mM, pH 7.4, containing 100 mM NaCl) at 37 °C; 

(Lane 3: 0mM; Lane 4: 0.5mM; Lane 5: 1mM; Lane 6: 2mM; Lane 7: 3mM; Lane 8: 4mM). 

Lane 9: 5mM. The Cy5-labeled oligodeoxynucleotides in the reactions were resolved by 

electrophoresis on a 0.4 mm thick 20% denaturing polyacrylamide gel at 500V for 18hours. 

B; A plot of percent ligated product formed vs Spermine concentrations . The error bar 

reflects the standard deviation of the measurements.  
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2.4 Ligated product doesn’t form in a sequence (5’-CApT/5’-GGG) 

where thymine is located on the 3’-side of the Ap site 

Formation of ligated product believed to involve the 1,4-Michael addition of 

exocyclic amine group of nucleobases to the α,β-unsaturated iminium ion end group 

(3’ddR-Sp+) generated from the spermine catalyzed strand cleavage at Ap site. A ligation 

band was observed in duplex A, where the nucleobase guanine having an exocyclic amine 

group is present at the 3’-side of the strand break (Figure 2.5, Lane 5). We replaced the 

reacting guanine residue with a thymine residue to check if it reacts with the α,β-

unsaturated iminium ion intermediate (3’ddR-Sp+). Since the nucleobase thymine does not 

possess an exocyclic amine group, it is expected that thymine at the ligation site will not 

form a ligated product. To confirm this, duplex DNA B containing a 5'-ApT sequence was 

incubated for the ligation reaction as described previously. We found that duplex B was 

completely cleaved by spermine, and no ligated product was observed, as indicated by the 

absence of a slow-moving band in the gel (Figure 2.5, Lane 4). Conversely, a ligation 

band was seen in duplex A, where the nucleobase guanine, which has an exocyclic amine 

group, is present at the 3'-side of the strand break (Figure 2.5, Lane 5). These results 

support the conclusion that the formation of the ligated product requires the presence of 

nucleobases with exocyclic amine groups at the 3'-side of the strand break.  
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Figure 2.5: Sequence with 5’-ApT gets cleaved in spermine and no ligation product 

formed after 48hr of incubation Lane 1: dU marker of sequence B. Lane 2: 46mer 5′-Cy5-

labeled-Ap-containing duplex B.  Lane 3: The Ap-containing duplex B treated with NaOH 

(200 mM, 37 °C, 30min) to induce strand cleavage at the Ap site, generating 3′P and 3′PUA 

cleavage products. Lane 4: Ap-containing duplex in B was incubated with spermine (2 

mM) in HEPES buffer (50 mM, pH 7.4, containing 100 mM NaCl) at 37 °C for 48hr. Lane 

5: Ap-containing duplex in A was incubated with spermine (2 mM) in HEPES buffer (50 

mM, pH 7.4, containing 100 mM NaCl) at 37 °C for 48hr make ligated product marker. 

The Cy5-labeled oligodeoxynucleotides in the reactions were resolved by electrophoresis 

on a 0.4 mm thick 20% denaturing polyacrylamide gel at 500V for 18hours. 
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2.5 Evidence that re-ligation doesn’t occur in single stranded DNA 

We next examined whether the ligated product forms in single-stranded DNA. To 

do this, the 5'-Cy5 labeled strand in sequence A was treated with UDG in HEPES buffer 

(50 mM, pH 7.4, containing 100 mM NaCl) at 37°C for 2 hours to generate a single-

stranded Ap site. The resulting single-stranded (SS) Ap site was then incubated with 

spermine (2mM) in HEPES buffer (50 mM, pH 7.4, containing 100 mM NaCl) at 37°C to 

induce the formation of the re-ligated product. The gel electrophoresis results showed no 

bands for re-ligated products after 48 hours of incubation (Figure 2.6, Lanes 3-9). In 

contrast, a ligation band was present in the case of duplex DNA A (Figure 2.6, Lane 10). 

These results indicate that ligated product formation occurs only when the template strand 

is present in the system. 
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Figure 2.6: Gel electrophoretic evidence that ligation only occurs in double stranded DNA. 

Lane 1: 46mer 5′-Cy5-labeled-Ap-containing duplex A Lane 2: The Ap-containing duplex 

A treated with NaOH (200 mM, 37 °C, 30min) to induce strand cleavage at the Ap site, 

generating 3′P and 3′PUA cleavage products. Lanes 3−9: Single stranded Ap site was 

incubated with spermine (2 mM) in HEPES buffer (50 mM, pH 7.4, containing 100 mM 

NaCl) at 37 °C; Lane 3: 0.5hr; Lane 4: 1hr; Lane 5: 2hr; Lane 6: 6hr; Lane 7: 12hr; Lane 

8: 24hr; Lane 9: 48hr. Lane 10: Double stranded Ap site in duplex A was incubated with 

spermine (2 mM) in HEPES buffer (50 mM, pH 7.4, containing 100 mM NaCl) at 37 °C 

for 48hr. At prescribed time points aliquots were removed and frozen for gel 

electrophoretic analysis. The Cy5-labeled oligodeoxynucleotides in the reactions were 
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resolved by electrophoresis on a 0.4 mm thick 20% denaturing polyacrylamide gel at 500V 

for 18hours. 

 

2.6 Formation of ligated product in the  5’-AApG/5’-CTT sequence where 

guanine (G) is paired with cytosine (C) on the opposing strand 

We previously found a ligation product in duplex A (5’AApG/GGG) where G is 

unpaired since it has a G on the opposing strand. We wanted to check if the same product 

forms when G is paired with a C on the opposing strand. For this, Ap-containing normal 

DNA duplex C was prepared and incubated with spermine (2 mM) in HEPES buffer (50 

mM, pH 7.4, containing 100 mM NaCl) at 37°C for 48 hours. The results showed that 

spermine-mediated strand cleavage in normal duplex C led to the formation of slow-

migrating ligation bands in the gel (Figure 2.7). A time course analysis demonstrated that 

the formation of the ligated product reached its maximum yield of 3% after 48 hours of 

incubation (Figure 2.7, Lanes 4-11).  The ligation band appeared just above the Ap site in 

the gel, and its mobility matched that of the standard ligation band observed in duplex A 

(Figure 2.7, Lane 12). The yield is significantly lower compared to the yield in sequence 

A. This suggested that the ligation product is favored when there is a mismatch and reacting 

G is more in flexible condition to react with the reactive ddR-iminium ion. 
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Figure 2.7: Formation of ligated product in the  5’-AApG/5’-CTT sequence where guanine 

(G) is paired with cytosine (C) on the opposing strand Lane 1: dU oligo of duplex C. Lane 

2: 46mer 5′-Cy5-labeled-Ap-containing duplex C. Lane 3: The Ap-containing duplex C 

treated with NaOH (200 mM, 37 °C, 30min) to induce strand cleavage at the Ap site, 

generating 3′P and 3′PUA cleavage products. Lanes 4−11: Ap-containing duplex C was 

incubated with spermine (2 mM) in HEPES buffer (50 mM, pH 7.4, containing 100 mM 

NaCl) at 37 °C; (Lane 4: 0.5hr; Lane 5: 1hr; Lane 6: 2hr; Lane 7: 4hr; Lane 8: 6hr; Lane 9: 

12hr; Lane 10:24hr; lane 11: 48hr). Lane 12: Double stranded Ap site in duplex A was 

incubated with spermine (2 mM) in HEPES buffer (50 mM, pH 7.4, containing 100 mM 

NaCl) at 37 °C for 48hr. The Cy5-labeled oligodeoxynucleotides in the reactions were 

resolved by electrophoresis on a 0.4 mm thick 20% denaturing polyacrylamide gel at 500V 

for 18hours. 
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2.7 Modification of the ligated product with EDCI to confirm the 

presence of a non-canonical backbone in the re-ligated product 

EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) (EDCI) is a coupling 

reagent commonly used to modify the 5’-free phosphate group of unlabeled DNA 

oligonucleotides36. EDCI achieves this by first activating the phosphate group to form an 

active ester intermediate, which can then be replaced by a nucleophilic molecule, such as 

an amine, to form a phosphoramidate linkage, thereby modifying the phosphate backbone 

of the DNA (Scheme 2.6)37.  

 

 

Scheme 2.6: EDCI modifications to the DNA phosphate backbone 

 

In our study, the ligated product contains a flanking phosphate group at its center. 

To explore whether this structure could undergo similar EDCI modification, we treated the 

ligated product, formed as described previously, with EDCI and spermine under 

physiological conditions. The ligated product was treated with EDCI (250mM) and 

O P
O

OH

O

N C N
N

O P
O

OH

O

N
H
C N

N

O P
O

OH

NH R
N
H
C

H
N

N

O

Modified phosphate
backbone



 
 

55 

spermine (2mM) in HEPES buffer (50 mM, pH 7.4, containing 100 mM NaCl) at 37°C for 

24hr. Successful modification of the flanking phosphate group was monitored by gel 

electrophoresis, where a gel shift would indicate a change in the electrophoretic mobility 

of the modified product. After treatment with EDCI and spermine, a new band appeared in 

the gel, which migrated slightly slower than the original ligated product, indicating the 

formation of a modified product (Figure 2.8, Lanes 10-13). A time-course analysis 

revealed that approximately 50% of the ligated product was converted to the modified form 

after 12 hours of incubation (Figure 2.8, Lane 13). In contrast, no modification was 

observed in a dU oligonucleotide under identical conditions, as no gel shift was observed.  

These results provide strong evidence that the ligated product possesses a non-canonical 

DNA backbone structure. The modification of the flanking phosphate group by EDCI 

confirms the presence of an altered backbone in the ligated product, which is consistent 

with the hypothesis that the product contains non-natural phosphate linkages. 

 

.  



 
 

56 

 

Figure 2.8: EDCI-spermine work-up formed an additional band with ligated product Lane 

1: dU oligo in A. Lane 2: dU oligo treated with EDCI (250mM) and spermine (2 mM) in 

HEPES buffer (50 mM, pH 7.4, containing 100 mM NaCl) at 37°C for 48hr. Lane 3:  46mer 

5′-Cy5-labeled-Ap-containing duplex A Lane 4: Ap-containing duplex A treated with 

NaOH (200 mM, 37°C, 30min) to induce strand cleavage at the Ap site, generating 3′P and 

3′PUA cleavage products. Lane 5: Ap-containing duplex A was incubated with spermine 

(2 mM) in HEPES buffer (50 mM, pH 7.4, containing 100 mM NaCl) at 37 °C for 48hr to 

make ligated product marker. Lanes 6-9: Ap duplex A treated with EDCI (250mM) and 

2mM Spermine in HEPES buffer (50 mM, pH 7.4, containing 100 mM NaCl) and 

incubated at 37°C for 24hr (Lane 6; 0.5hr, Lane 7; 1hr, Lane 8; 12hr, Lane 9; 24hr). Lanes 
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10-13: Ligated product (in Lane 5) was ethanol precipitated and re-dissolved in HPLC 

water and incubated with EDCI (250mM) and 2mM Spermine in HEPES buffer (50 mM, 

pH 7.4, containing 100 mM NaCl) and incubated at 37 °C for 24hr ( Lane 10; 0.5hr; Lane 

11; 1hr, Lane 12; 12hr, Lane 13; 24hr). The Cy5-labeled oligodeoxynucleotides in the 

reactions were resolved by electrophoresis on a 0.4 mm thick 20% denaturing 

polyacrylamide gel at 500V for 18hours. 

 

2.8 Chemical stability of the ligated product under physiological 

conditions          

A time-course analysis of ligated product formation demonstrated that the reaction 

reached half of its maximum yield within approximately 6 hours (Figure 2.3B). Following 

this observation, we sought to determine whether the ligated product remained stable under 

physiological conditions. The ligated product was synthesized using duplex A as described 

previously, followed by ethanol precipitation to remove the excess spermine. The sample 

was then resuspended in HPLC-grade water. The sample was then incubated at 37°C in a 

buffer consisting of 50 mM HEPES (pH 7.4) and 100 mM NaCl for 120 hours. Under these 

conditions, the ligated product exhibited significant chemical stability, undergoing only 

about 8% decomposition after 120 hours of incubation (Figure 2.9, Lanes 3-11). This 

minimal level of degradation indicates that the ligated product maintains its structural 

integrity under physiological conditions over extended periods. 

To assess the susceptibility of the ligated product to harsher conditions, we 

investigated its behavior under acidic, high-temperature treatment. Literature reports 
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indicate that guanine (G) residues can be fully depurinated when DNA is heated at 65°C 

in 10 mM HCl with 1 mM EDTA for 1 hour30. In alignment with this approach, the pre-

formed ligated product in duplex A was treated with 30 mM HCl in the presence of 1 mM 

EDTA and incubated at 65°C for 2hours. Electrophoretic analysis revealed that the ligated 

product completely degraded after 2 hours of incubation under these conditions ( Figure 

2.10, Lane 5 ). These findings indicate that while the ligated product is chemically stable 

under physiological conditions, it is susceptible to depurination and degradation when 

exposed to more rigorous environments, such as acidic conditions combined with elevated 

temperatures. 

 

 

Figure 2.9: A time course dissociation of ligated product in HEPES buffer. Lane 1: 46mer 

5′-Cy5-labeled-Ap-containing duplex A.  Lane 2: The Ap-containing duplex A treated with 

NaOH (200 mM, 37 °C, 30min) to induce strand cleavage at the Ap site, generating 3′P 
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and 3′PUA cleavage products. Lanes 3: Ap-containing duplex A was incubated with 

spermine (2 mM) in HEPES buffer (50 mM, pH 7.4, containing 100 mM NaCl) at 37 °C 

for 48hr to make ligated product marker. Lanes 4-11: Ap-containing duplex A was 

incubated with spermine (2 mM) in HEPES buffer (50 mM, pH 7.4, containing 100 mM 

NaCl) at 37 °C for 48hr to make ligated product, then the ligated DNA was ethanol 

precipitated and re-dissolved in HEPES buffer (50 mM, pH 7.4, containing 100 mM NaCl) 

and incubated at 37°C for 120hr; (Lane 4: 0.5hr; Lane 5: 1hr; Lane 6: 2hr; Lane 7: 6hr; 

Lane 8: 12hr; Lane 9: 24hr; Lane 10: 48hr; Lane 11: 120hr). At prescribed time points 

aliquots were removed and frozen for subsequent gel electrophoretic analysis. The Cy5-

labeled oligodeoxynucleotides in the reactions were resolved by electrophoresis on a 0.4 

mm thick 20% denaturing polyacrylamide gel at 500V for 18hours. 
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Figure 2.10: HCl depurination of ligated product in 1mM EDTA at 65°C.  Lane 1: 46mer 

5′-Cy5-labeled-Ap-containing duplex A. Lane 2: Ap-containing duplex A treated with 

NaOH (200 mM, 37°C, 30min). Lane 3: Ap-containing duplex A was incubated with 

spermine (2 mM) in HEPES buffer (50 mM, pH 7.4, containing 100 mM NaCl) at 37°C 

for 48hr to make ligation marker. Lanes 4-5: Ligated product (in Lane 3) incubated with 

30mM HCl in EDTA (1mM) at 65°C for 2hr; ( Lane 4: 1hr; Lane 5: 2hr). Lane 6: dU oligo 

of duplex A. Lane 7: dU oligo treated with 30mM HCl in HEPES buffer (50 mM, pH 7.4, 

containing 100 mM NaCl) at 65°C for 2hr. The Cy5-labeled DNA in the reactions were 

resolved by electrophoresis on a 0.4 mm thick 20% denaturing polyacrylamide gel at 500V 

for 18hours. 
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2.9 Repair of re-ligated product by Bacterial Endonuclease IV (Endo IV)          

Our next objective was to determine whether base excision repair enzymes, such as 

human APE1 (hAPE1), Endo IV, and formamidopyrimidine DNA glycosylase (Fpg), 

could cleave the non-natural Ap-like ligated product.  

APE1 is a human Ap endonuclease enzyme, which plays a central role in the Base 

Excision Repair (BER) pathway33. APE1 enzyme hydrolyzes the phosphodiester backbone 

immediately 5’ to an Ap site, producing a one-nucleotide gap with a 3’-hydroxyl group and 

a 5’-deoxyribose phosphate end34. Our gel electrophoresis analysis demonstrated that a 

freshly prepared Ap site in duplex A was completely cleaved by 30nM APE1 within 30 

minutes at 37°C (Figure 2.11; Lanes 4-6). However, when the pre-synthesized ligated 

product in duplex A was incubated with 30nM APE1 under identical conditions in a buffer 

containing 20mM Tris (pH 7.9), 20 mM MgCl2, and 1 mM DTT at 37°C, no cleavage was 

observed even after 48 hours incubation period (Figure 2.11; Lanes 7-12). Conversely, 

APE1 effectively cleaved the dG-ddR ICL, as previously shown by our group, with 

approximately 75% dissociation occurring after 48 hours at 37°C (Figure 2.11; Lanes 7-

12). These results provide evidence that the ligated product has a non-natural Ap site that 

resists cleavage by APE1, unlike natural Ap DNA. 
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Figure 2.11: DNA repair enzyme hAPE1 can’t cleave ligated product. Lane 1: 46mer 5′-

Cy5-labeled-Ap-containing duplex A. Lane 2: The Ap-containing duplex A treated with 

NaOH (200 mM, 37 °C, 30min) to induce strand cleavage at the Ap site, generating 3′P 

and 3′PUA cleavage products. Lanes 3: Ap-containing duplex A was incubated with 

spermine (2 mM) in HEPES buffer (50 mM, pH 7.4, containing 100 mM NaCl) at 37°C 

for 48hr to make ligated product marker.  Lanes 4-6: Ap duplex A incubated with hAPE1 

(30nM) in endo buffer composed of 20mM Tris, pH 7.9 containing 20mM MgCl2 and 1 

mM DTT at 37 °C for 6hr (Lane 4; 1hr, Lane 5; 2hr, Lane 6; 6hr). Lanes 7-12: Ligated 

product (in lane 3) was ethanol precipitated and re-dissolved in HPLC water and incubated 

with hAPE1 (30nM) in endo buffer composed of 20mM Tris, pH 7.9 containing 20mM 
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MgCl2 and 1 mM DTT at 37°C for 48hr ( Lane 7; 1hr; Lane 8; 2hr, Lane 9; 6hr, Lane 10; 

12hr, Lane 11; 24hr, Lane 12; 48hr). The Cy5-labeled oligodeoxynucleotides in the 

reactions were resolved by electrophoresis on a 0.4 mm thick 20% denaturing 

polyacrylamide gel at 500V for 18hours. 

 

We next evaluated whether bacterial Ap endonuclease enzyme IV (Endo IV) could 

cleave the ligated product. According to the literature, bacterial Ap endonuclease IV (Endo 

IV) can cleave DNA at native Ap sites, generating a 3’-deoxyribose hydroxyl (3’-OH) and 

a 5’-deoxyribose phosphate (5’-dRP) end group31-32. We observed that Endo IV efficiently 

cleaves native Ap DNA to form a 3’-OH end within 30 minutes of incubation at 37°C 

(Figure 2.12; Lanes 4-6). When the pre-synthesized ligated product in duplex A was 

incubated with Endo IV (9.6nM) in tris buffer (50mM, pH 7.9) containing NaCl (100mM), 

MgCl2 (10mM),DTT (1mM) at 37°C, it was nearly completely cleaved within 6 hours 

(Figure 2.12; Lane 7). A time-course study revealed that the half-time for cleavage was 

approximately 2hours, with complete degradation occurring by 12hours (Figure 2.12; 

Lanes 7-12). The gel mobility of the cleavage product is also consistent with the 3’-OH 

end group.  
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Figure 2.12: Repair of ligated product containing “non-canonical” DNA backbone by Ap 

endonuclease IV. Lane 1: 46mer 5′-Cy5-labeled-Ap-containing duplex A  Lane 2: The Ap-

containing duplex A treated with NaOH (200 mM, 37 °C, 30min) to induce strand cleavage 

at the Ap site, generating 3′P and 3′PUA cleavage products. Lanes 3: Ap-containing duplex 

A was incubated with spermine (2 mM) in HEPES buffer (50 mM, pH 7.4, containing 100 

mM NaCl) at 37 °C for 48hr to make ligated product marker.  Lanes 4-6: Ap duplex A 

incubated with Endo IV (9.6nM) in tris buffer (50mM, pH 7.9) containing NaCl (100mM), 

MgCl2 (10mM),DTT (1mM) at 37°C for 6hr (Lane 4; 1hr, Lane 5; 2hr, Lane 6; 6hr). Lanes 

7-12: Ligated product (in lane 3) was ethanol precipitated and re-dissolved in HPLC water 

and incubated with Endo IV (9.6nM) in tris buffer (50mM, pH 7.9) containing NaCl 

1     2     3      4     5    6     7      8    9    10   11  12  

46
nt

 A
p 

M
ar

ke
r 

Ap
+N

aO
H

Lig
at

io
n 

m
ar

ke
r

AP

*

5' 3'

G ddR
*

5' 3'

*

5' 3'

PO4=

*

Ap
+E

. I
V,

37
℃

, 0
.5

-6
 h

r

Lig. Product+E. IV, 
37℃, 1-48 hr 



 
 

65 

(100mM), MgCl2 (10mM),DTT (1mM) at 37°C for 48hr ( Lane 7; 1hr; Lane 8; 2hr, Lane 

9; 6hr, Lane 10; 12hr, Lane 11; 24hr, Lane 12; 48hr). The Cy5-labeled 

oligodeoxynucleotides in the reactions were resolved by electrophoresis on a 0.4 mm thick 

20% denaturing polyacrylamide gel at 500V for 18hours. 

 

Finally, we investigated whether Fpg, a bifunctional enzyme could process the 

ligated product. Fpg is a bifunctional enzyme, possesses both glycosylase activity as well 

as the Ap lyase activity35-36. Freshly prepared Ap site in duplex A was incubated with 

enzyme Fpg (2µM) in in 40 mM HEPES-KOH, 0.1 M KCl, 0.5 mM EDTA, 0.2 mg/mL 

BSA, pH 8.0 at 37°C. The results showed that Fpg completely cleaved the Ap site within 

30 minutes (Figure 2.13, Lanes 4-6). However, when the ligated product was treated under 

similar conditions, no cleavage was detected, and the product remained intact even after 

48 hours (Figure 2.13, Lanes 7-12).  

Overall, these results demonstrate that while the ligated product is resistant to 

cleavage by human APE1 and Fpg, it can be effectively cleaved by bacterial Endo IV. This 

suggests that the ligated product possesses a “non-natural” Ap site in its structure, 

conferring resistance to typical human base excision repair enzymes but allowing cleavage 

by bacterial Endo IV. 
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Figure 2.13: Ligated product is stable against bifunctional enzyme Fpg. Lane 1: 46mer 5′-

Cy5-labeled-Ap-containing duplex A Lane 2: The Ap-containing duplex A treated with 

NaOH (200 mM, 37 °C, 30min) to induce strand cleavage at the Ap site, generating 3′P 

and 3′PUA cleavage products. Lanes 3: Ap-containing duplex A was incubated with 

spermine (2 mM) in HEPES buffer (50 mM, pH 7.4, containing 100 mM NaCl) at 37 °C 

for 48hr to make ligated product marker.  Lanes 4-6: Ap duplex A treated with FPG (2µM) 

in 40 mM HEPES-KOH, 0.1 M KCl, 0.5 mM EDTA, 0.2 mg/mL BSA, pH 8.0 at 37°C for 

6hr (Lane 4; 1hr, Lane 5; 2hr, Lane 6; 6hr). Lanes 7-12: Ligated product (in Lane 3) was 

ethanol precipitated and re-dissolved in HPLC water and incubated with FPG (2µM) in 40 

mM HEPES-KOH, 0.1 M KCl, 0.5 mM EDTA, 0.2 mg/mL BSA, pH 8.0 at 37°C for 48hr 

( Lane 7; 1hr; Lane 8; 2hr, Lane 9; 6hr, Lane 10; 12hr, Lane 11; 24hr, Lane 12; 48hr). The 

Cy5-labeled oligodeoxynucleotides in the reactions were resolved by electrophoresis on a 

0.4 mm thick 20% denaturing polyacrylamide gel at 500V for 18hours. 
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2.10 Conclusions 

Ap sites are the result of the loss of nucleobases and are common endogenous 

lesions in cellular DNA38. The aldehyde moiety of the ring open Ap site can react with 

various reagents forming different adducts39. Ap site can also undergo strand cleavage by 

several factors including higher temperature and in the presence of amines23. This chapter 

focuses on the products generated by amine-catalyzed strand cleavage at Ap sites in DNA. 

We specially utilized spermine to induce strand cleavage at the Ap site. Spermine is a 

polyamine that is found in the cell at millimolar concentrations40. Spermine can catalyze 

the strand cleavage at the Ap sites via b-elimination reaction leading to the formation of 

reactive α,β-unsaturated iminium ion intermediate (3’ddR-Sp+)27. The electrophilic α,β-

unsaturated iminium ion intermediate can covalently react with the exocyclic amine group 

of nucleobase to form low molecular weight ICL (LMW ICL)27-28. In this chapter we have 

characterized previously unknown novel re-ligated product resulting from the spermine 

mediated strand cleavage at the Ap site. The product we characterized forms quickly in 

presence of spermine and is quite stable in physiological conditions. The ligated product 

having non-natural DNA backbone resists cleavage by most DNA repair enzymes but can 

be processed by bacterial endonuclease IV.  
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2.11 Experimental 
 

2.11.1 Materials 

46-mer Cy5 labeled oligonucleotides, Urea and Spermine were purchased from 

Sigma-Aldrich (St. Louis, MO, USA). Uracil DNA glycosylase (UDG), human Ap 

endonuclease 1 (hAPE1), Endonuclease IV (Endo IV) were purchased from New England 

Biolabs (Ipswich, MA, USA). Acrylamide/ bis-acrylamide 19:1 (40% 

solution/electrophoresis) were obtained from Fisher Scientific (Waltham, MA). All other 

chemical reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

 

2.11.2 Preparation of Ligated Products in duplex  

46-mer 5’-Cy5 labeled single stranded oligonucleotides containing 2’deoxyuridine 

were annealed to their respective complementary strands in a buffer composed of HEPES 

(50mM, pH 7.4) containing NaCl (100mM). The resulting duplex DNA A/B/C was treated 

with uracil DNA glycosylase (UDG) enzyme (10μL, final concentrations, 50units/mL) to 

generate Ap site and samples were ethanol precipitated . Resulting Ap duplex A/B/C was 

dissolved in HPLC water and then treated with spermine (final concentrations, 2mM) in a 

buffer consists of HEPES (50mM, pH 7.4) containing NaCl (100mM) and then incubated 

at 37°C for 48hours. Aliquots (20pmoles, 2.5μL) were removed from the reaction mixture 

at specific time points and frozen at -20°C immediately until gel electrophoretic analysis. 

The DNA in the reactions were then combined with formamide loading buffer and resolved 

by gel electrophoresis on a 0.4mm thick, 20% denaturing polyacrylamide/ 7M urea gel in 

1X TBE buffer (45mM Tris-base, 45mM boric acid, 1mM EDTA pH 8.0) and 
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electrophoresed at 500V for 18 hours. Fluorescence activity of each band in 

polyacrylamide gels was visualized and quantified using Fujifilm FLA 3000 (GE 

healthcare) with Image Gauge (v 1.6) and Image reader (v 1.4) software respectively. 

 

2.11.3 Formation of Ligated product in single stranded (SS) DNA 

5’-Cy5 labeled 2’deoxyuridine containing strand in sequence A was treated with 

uracil DNA glycosylase (UDG) enzyme (10μL, final concentrations, 50units/mL) in 

HEPES buffer (50mM, pH 7.4) containing NaCl (100mM) and incubated at 37°C to make 

SS Ap site. The resulting SS Ap site was ethanol precipitated and redissolved in HPLC 

water and then treated with spermine (final concentrations, 2mM) in a buffer consists of 

HEPES (50mM, pH 7.4) containing NaCl (100mM) and then incubated at 37°C for 

48hours. At prescribed time points aliquots (20pmoles, 2.5μL) were removed from the 

reaction mixture at specific time points and frozen at -20°C immediately until gel 

electrophoretic analysis. The resulting DNA samples were then analyzed using gel 

electrophoresis as described above. 

 

2.11.4 Dissociation of re-ligated product 

Formation of re-ligated product in duplex A was carried out in the method described 

above. The resulting ligated product was incubated at 37°C in a buffer consists of HEPES 

(50mM, pH 7.4) containing NaCl (100mM) for 120 hours. In a separate tube, the ligated 

product was treated with 30mM HCl in 1mM EDTA and incubated at 60°C for 12hours. 

Aliquots (20pmoles, 2.5μL) were removed from the reaction mixture at specific time points 
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and frozen at -20°C immediately. The DNA in the reaction mixtures was then combined 

with formamide loading buffer and analyzed using gel electrophoresis as described above.  

 

2.11.5 Treatment of Ligated product with Ap endonuclease 1 (hAPE1), Endo    IV 

and Fpg 

The ligated products in duplex A were prepared using method described above. To 

study the endonuclease activity provided by human Ap endonuclease APE1 on the ligated 

product, the ligated product was treated with APE1 (30nM) in 20mM Tris buffer, pH 7.9 

containing 20mM MgCl2 and 1mM DTT and incubated at 37°C for 48hours. Ap duplex in 

A was subjected to the identical conditions as a control. At prescribed time points aliquots 

(20pmoles, 2.5μL) were removed from the reaction mixture at specific time points and 

frozen at -20°C immediately until gel electrophoretic analysis. 

 To check the stability of ligated product against bacterial enzyme endo IV, the 

prepared ligated samples were treated with Endo IV (9.6nM) in a buffer consisting of tris 

(50mM, pH 7.9) containing NaCl (100mM), MgCl2 (10mM), DTT (1mM) and incubated 

at 37°C for 48hours. Ap duplex in A was subjected to the identical conditions as a control. 

At prescribed time points aliquots (20pmoles, 2.5μL) were removed from the reaction 

mixture at specific time points and frozen at -20°C immediately until gel electrophoretic 

analysis. 

In an individual study, the ligated products were also treated with Fpg (2 μM) in a 

buffer composed of 40 mM HEPES-KOH, 0.1 M KCl, 0.5 mM EDTA, 0.2 mg/mL BSA, 

pH 8.0, incubated at 37 ˚C for 48hours. Ap duplex in A was subjected to the identical 

conditions as a control. At prescribed time points aliquots (20pmoles, 2.5μL) were removed 
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from the reaction mixture at specific time points and frozen at -20°C immediately until gel 

electrophoretic analysis.  The DNA in the reactions were then combined with formamide 

loading buffer and resolved by gel electrophoresis on a 0.4mm thick, 20% denaturing 

polyacrylamide/ 7M urea gel in 1X TBE buffer (45mM Trisbase, 45mM boric acid, 1mM 

EDTA pH 8.0) and electrophoresed at 500V for 18 hours. Fluorescence activity of each 

band in polyacrylamide gels was visualized and quantified using Fujifilm FLA 3000 (GE 

healthcare) with Image Gauge (v 1.6) and Image reader (v 1.4) software respectively. 

 

2.11.6 EDCI modifications to the re-ligated products 

46-mer 5’-Cy5 labeled Ap site containing duplex A and the ligated product in the 

duplex A was prepared in the method described above. To modify the phosphate in ligated 

product, the product was treated with EDCI (250mM) and 2mM Spermine in HEPES buffer 

(50 mM, pH 7.4, containing 100 mM NaCl) and incubated at 37 °C for 24hr. In a different 

tube, Ap containing duplex A was with EDCI (250mM) and 2mM Spermine in HEPES 

buffer (50 mM, pH 7.4, containing 100 mM NaCl) and incubated at 37 °C for 24hr. In 

addition, dU oligo ( labeled strand) from duplex A was also with EDCI (250mM) and 2mM 

Spermine in HEPES buffer (50 mM, pH 7.4, containing 100 mM NaCl) and incubated at 

37 °C for 24hr. At prescribed time points aliquots (20pmoles, 2.5μL) were removed from 

the reaction mixture at specific time points and frozen at -20°C immediately until gel 

electrophoretic analysis. The DNA in the reaction mixtures was then combined with 

formamide loading buffer and analyzed using gel electrophoresis as described above.  
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