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Novel Insights into Strand Cleavage at an Abasic Site in DNA 

Tuhin Haldar 

Dr. Kent S. Gates, Dissertation Supervisor 

ABSTRACT 

Loss of a nucleobases from the deoxyribose backbone of DNA generates Abasic 

sites in DNA. Abasic sites are the most common unavoidable DNA damage lesion. It is 

important to understand the properties of Abasic site. The acidic nature of the Ŭ-protons of 

the ring-opened abasic aldehyde residue facilitates the ɓ-elimination of the 3'-phosphoryl 

group. This reaction is expected to generate a DNA strand break with a phosphoryl group 

on the 5'-terminus and a trans-Ŭ,ɓ-unsaturated aldehyde residue on the 3'-terminus; 

however, a handful of studies have identified noncanonical sugar remnants on the 3'-

terminus, suggesting that the products arising from strand cleavage at 

apurinic/apyrimidinic sites in DNA may be more complex than commonly thought. The 

strand cleavage in DNA at an abasic site induced by the treatment of heat, NaOH, 

piperidine, spermine, and the base excision repair glycosylases Fpg and Endo III has been 

characterized. DNA oligomer generated noncanonical sugar remnants including cis-Ŭ,ɓ-

unsaturated aldehyde, 2-deoxyribose, and 3-thio-2,3-dideoxyribose products on the 3'-

terminus of the strand break. Cells contain millimolar concentration of spermine, which 

can induce strand cleavage at an abasic site in DNA generate very reactive Ŭ,ɓ-unsaturated 

aldehyde iminium ion. Deoxyguanosine Triphosphate (dGTP) can react with the Ŭ,ɓ-

unsaturated aldehyde iminium ion of the on the 3ô-end of the Ap-derive strand cleavage 

and generates a previously uncharacterized 3ôdGTP-ddR adduct.



 

 1 

1 Chapter 1: Generation and Consequence of Abasic (AP) 

Sites in DNA 

1.1 Introduction   

DNA is the central molecule of the cell which regulates the efflux of genetic 

information within biological systems. The iconic double helix consists of two intertwined 

strands of DNA held together by Watson-Crick base pairs1 (Figure 1.1). These DNA 

strands are composed of a deoxyribose phosphate backbone, in which each dR sugar is 

decorated with one of four heterocyclic nucleobases: adenine (A), thymine (T), guanine 

(G) or cytosine (C) (Figure 1.1.1). The hydrogen bond between nitrogenous heterocyclic 

base pairs, A-T and G-C holds the two strands of DNA together2. The sequence of 

nucleobases carries the genetic code of an organism. Every function of DNA requires 

separation of the two strands so that the genetic sequence can be read. The two strands 

must be separated and accurately transcribed to make mRNAs that ultimately produce 

proteins that serve as the structures and machinery of cells and organisms3. During cell 

division the DNA double helix must be unwound and faithfully copied to generate daughter 

cells with identical copies of the genetic code4. Therefore, any covalent modification of 

cellular DNA has significant biological ramification. Damage to cellular DNA can lead to 

inhibition of cell division, mutation, or cell death5ï7. Generation of abasic (Ap) sites are 

the most common form of endogenous DNA damage8. The N-glycosidic bond which holds 

the nucleobases to the deoxyribose sugar can be spontaneously hydrolyzed and leads to 

loss of nucleobases and forms abasic site8,9. Covalent modification to nucleobases can 

destabilize the N-glycosidic bond and lead to abasic site10ï12. Abasic sites can also generate 
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as a base excision repair intermediate by removal of a nucleobase by DNA 

Glycosylases13,14. Unrepaired Abasic sites have serious biological consequences. Abasic 

sites can stall DNA replication and transcription and bypass of these lesions leads to 

mutation15,16. Abasic sites can generate DNA interstrand crosslinks17 and DNA protein 

crosslinks18 which are cytotoxic. Strand breakage at the abasic site in DNA is deleterious 

towards genomic stability19. Given these factors, understanding the formation and 

consequences of abasic site in cellular DNA is essential.  

 

 

Figure 1.1.1 Structure of DNA. (PBD code: 1BNA) 
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1.2 Formation of Abasic Sites 

Loss of a nucleobase generates an abasic site in DNA. Abasic sites can form via 

various pathways in cellular DNA by endogenous and exogenous factors. They can 

generate spontaneously by hydrolysis of glycosidic bonds. Also, enzymatic removal of 

bases can yield abasic site as an intermediate of DNA repair pathways. Damage to 

nucleobases can lead to formation of abasic site. 

 

1.2.1 Spontaneous Hydrolysis of the N-Glycosidic Bonds 

The N-glycosidic bond between the bases and deoxyribose sugar are susceptible 

towards hydrolytic attack. The reaction mechanism of the hydrolysis of N-glycosidic bonds 

is an acid catalyzed SN1.20 Protonation of nucleobases at specific sites destabilizes the N-

glycosidic bond via making the protonated base a better leaving group. Cleavage of the 

glycosidic bond releases the free base and forms an oxocarbenium ion which further gets 

hydrolyzed and generates an abasic site (Scheme 1.2.1).21 

 

 

Scheme 1.2.1. Generation of AP sites via spontaneous hydrolysis of guanine.  
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Spontaneous loss of purine bases (guanine, adenine) is faster than the pyrimidine 

bases (cytosine, thymine). Under physiological conditions, the rate of depuration is 3.0 × 

10ī11 nucleotides per second (t1/2 = 730 y), whereas the rate of depyrimidination is 1.5 × 

10ī12 nucleotides per second (t1/2 = 14,700 y).8,9 AP sites generated from spontaneous 

hydrolysis are most likely caused by depurations, because evidently the N-glycosidic 

bonds of pyrimidines are more stable than purines. Between purine bases, loss of guanine 

bases are 1.5 times more favorable than loss of adenine. As a result of spontaneous 

depurination in a mammalian cell around 10,000 AP sites gets generates per day.8 The rate 

of depurination is four times faster in a single-stranded DNA compared to double-stranded 

DNA.8 So, during replication the single strands of DNA are more prone towards 

spontaneous hydrolysis and generating abasic sites.  

 

1.2.2 Enzymatic formation of Abasic Sites  

Abasic sites can be generated as an intermediate during the Base Excision Repair 

(BER) pathway. Damaged bases get removed via hydrolysis of N-glycosidic bonds, 

catalyzed by DNA glycosylases.13 Removal of misincorporated uracil in DNA strand via 

Uracil DNA glycosylase is a common pathway for abasic site formation in cellular DNA.14 

Uracil can be misincorporated in DNA via several pathways. Hydroxide attack on C4 of 

neutral or N3-protonated cytosine causes deamination and yields uracil.22ï24 Spontaneous 

hydrolytic deamination of cytosine generates ~100-500 uracils in human cells. In 

physiological conditions, cytosine deamination is faster (t1/2 ~ 200 years) in single-stranded 

DNA compared to double stranded DNA (t1/2 ~30,000ï85,000 y).9,25ï27 Uracil can also be 

misincorporated in place of Thymine by DNA polymerases.28 Removal of damaged bases 
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8-oxoG and FapyG by 8-oxoguanine glycosylase (OGG1) generates abasic site.13 Repair 

of damaged lesions like 3meA, 7meG and 3meG by N-methyl-purine DNA glycosylase 

(MPG) introduces abasic site in cellular DNA.13 

 

 

Scheme 1.2.2. Uracil DNA glycosylase catalyzed formation of AP site.  

 

1.2.3 Hydrolysis of labile nucleobases   

Various endogenous and exogenous factors like alkylating agents, oxidizing agents 

and UV light and therapeutics like anticancer drugs can damage nucleobases and form 

abasic sites.12,29,30 Alkylation at specific endocyclic nitrogens (N7G, N7A, N3G, N3A, 

N1A, and N3C) of nucleobases destabilizes the N-glycosidic bond by generating a positive 

charge on the nucleobase (Scheme 1.2.3).31 These labile lesions lead to deglycosylation 

and formation of abasic site. The most preferred site for alkylation is N7G in DNA because 

it is the most nucleophilic site.32 Endogenous metabolites like reactive oxygen species 

(ROS) can damage nucleobases. Oxidative damage lesions of guanine, such as 7,8-

dihydro-8-oxoguanine (8-oxoG), and formamidopyrimidine can form abasic site.29 

Hydroxyl radicals generated from ionization radiation (IR) can destabilize glycosidic bond 

and lead to AP site formation.30 
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Scheme 1.2.3. Generation of AP sites via hydrolysis of alkylated guanine.  

 

1.3 Consequences of Abasic site in Cellular DNA  

Abasic sites in cellular DNA are cytotoxic and mutagenic. AP sites in cells exist as 

equilibrium mixture of ring closed hemiacetal (~ 99%) and extremely reactive ring open 

aldehyde (~ 1%) form (Scheme 1.3.1).31 The ring opened aldehyde form drives most of the 

chemistry of AP sites. Unrepaired abasic sites can cause strand breaks in DNA. Absence 

of a nucleobase in a DNA strand can block transcription and replication and can lead to 

mutation if not repaired correctly. Abasic site in DNA can also form DNA interstrand and 

DNA-Protein crosslinks. 

 

 

Scheme 1.3.1 AP site exists as an equilibrium mixture of hemiacetal and aldehyde.  
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1.3.1  Replication Block and Mutation 

Abasic sites can block DNA polymerases (Pol Ŭ, ŭ, and Ů) and cause replication 

fork stalling.16,33 If an Ap site is bypassed it can cause mutation by inserting a wrong 

nucleobase opposite to the abasic site by DNA polymerases.12 In E. Coli it is observed that 

preferentially adenine gets inserted opposing AP sites. This is known as ñA-ruleò.34 A 

different study shows that in Saccharomyces cerevisiae (budding yeast), dCMP gets 

preferentially inserted over dAMP.35 In higher eukaryotes preference towards particular 

nucleotides gets more complicated. Evidently, the preference of inserted base across abasic 

site depends on the organism and cells.36ï39    

 

 

Figure 1.3.1.1 Stalled replication fork at an abasic site and bypass of an abasic site 

can cause mutation.  

 

1.3.2  Transcription Block and Mutation  

Abasic sites present in transcribed strands can block RNA polymerases like T7 

RNAP and RNAPII and stall transcription.40 Stalled RNA polymerases at an abasic site 

signals for recruitment of Nucleotide excision repair machinery to repair AP site. Bypass 

of this lesion can lead to mutation by insertion of the wrong base opposite to abasic site.41 

Ap

X

Ap

A

Stalled DNA polymerases Mutagenic polymerase bypass
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RNAPII preferentially inserts AMP across AP site.42 In this scenario, transcription-coupled 

Nucleotide excision repair (TC-NER) is the main repair pathway for abasic site.43 Studies 

show that deficiencies in NER cause higher transcriptional mutagenesis frequency at abasic 

sites.44,45 

 

Figure 1.3.2.1. Abasic sites in DNA can cause transcriptional mutagenesis 

 

1.3.3 Strand Breaks at Abasic site in DNA  

Abasic site in DNA can exist as an equilibrium mixture of the ring-closed 

hemiacetal (Ḑ99%) and ring-opened aldehyde (Ḑ1%).31,46 The ring-opened aldehyde form 

is electrophilic in nature and is very reactive. Abstraction of the acidic Ŭ-protons of ring-

opened aldehyde form of abasic sites generates strand breaks of DNA via ɓ-elimination of 

the 3ǋ-phosphoryl group (Scheme 1.3.3.1). Under physiological conditions strand break 

reaction at AP site in DNA is slow (t1/2 ~ 200-2000 h).47ï50 The rate of strand cleavage at 

an Ap site increases with heating, under alkaline conditions or in presence of amines.47,51ï

57 The amine mediated strand cleavage is biologically important. Cellular nucleus have 

high concentrations (mM) of spermine.58ï61 Spermine can catalyze ɓ-elimination at AP 

sites and generate strand break. Cleavage of abasic site in DNA via ɓ-elimination generates 

strand breakage with 5ô-Phosphoryl group (5ôP) on one end and 3ô-trans-Ŭ,ɓ-unsaturated 
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aldehyde (3ôPUA) on the other end (Scheme 1.3.3.1). 3ôPUA can be eliminated in the 

presence of amine or under more vigorous conditions via ɔ,ŭ-elimination reaction and 

generates 5ǋP and 3ǋ-phosphoryl (3ǋP) as end groups (Scheme 1.3.3.1). Amine residues in 

protein can also catalyze strand cleavage at the Abasic site (ɓ-lyase reaction).48,54,62ï66 The 

3ôPUA has been detected in human cells.67 Studies have shown that adducts arising from 

strand breaks at an abasic site in DNA are mutagenic and potentially more harmful than 

parent abasic sites.68ï70 3ôPUA generated from spermine catalyzed strand break at an abasic 

site can lead to DNA interstrand crosslink, which will be discussed in detail in next section. 

 

Scheme 1.3.3.1 Strand cleavage at an abasic site in DNA 

 

1.3.4 DNA Interstrand Crosslink  

Abasic sites can form highly cytotoxic DNA Interstrand crosslinks. Abasic site 

exists as an equilibrium mixture of ring ring-closed hemiacetal form (99%) and the ring-

opened aldehyde form (1%).31 The electrophilic ring-opened aldehyde form is highly 

reactive and can react with exocyclic amines of adenine and guanine nucleobases on the 

opposing strand of double-stranded DNA and generate DNA Interstrand Crosslinks (ICLs) 

(Scheme 1.3.4.1).17,71,72 Crosslink between an abasic site and adenine base on opposing 

strand (dA-AP ICL) has been detected in 15-70% yield depending on the sequence in 

synthetic oligonucleotide.71 The dG-AP ICL forms comparatively in lower yield (2ï3%).72 
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AP derived crosslinks showed good stability after formation. Half-life for dissociation of 

dA-AP ICL is 60-90 h and dG-AP ICL is ~160 h under physiological condition.71,72  

 

 

 

Scheme 1.3.4.1. Formation of dA-Ap ICL.  

 

Crosslinks derived from abasic site can stall replication by blocking DNA 

polymerase and lead to cytotoxicity if not repaired.73ï75 Interestingly recent findings shows 

that dA-Ap crosslink can be repaired by unhooking of ICL by NEIL3.76 Further repair of 

the abasic site generated from unhooking of dA-Ap ICL via translesion synthesis can be 

mutagenic.76 If the NEIL3 repair pathway is inhibited, then the ICL gets repaired by 

Fanconi anemia pathway. During this repair pathway bypass of the AP-ICL-derived 

adenine mono-adduct can also lead to mutation (Figure 1.3.4.1).76 
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Figure 1.3.4.1. Repair of dA-Ap interstrand crosslink can be mutagenic  

 

Cells contain millimolar concentration of spermine.58ï61 Spermine can catalyze 

strand cleavage at AP site generate Ŭ,ɓ-unsaturated iminium ions which can lead to 

formation of interstrand crosslink with the exocyclic amine groups of DNA bases on the 

opposing strand (Scheme 1.3.4.3).60,77 Guanine and adenine have shown capability of 

forming interstrand crosslink with spermine catalyzed strand break at an abasic site. The 

dA-ddR and dG-ddR can block DNA replication by ◖29 DNA polymerase.78 Studies have 

shown that the dG-ddR crosslink can be repaired by 3ôexonuclease activity of APE1 

(Scheme 1.3.4.3).77 
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Scheme 1.3.4.3. Formation and repair of dG-ddR ICL.  

 

1.3.5 DNA Protein Crosslink  

Highly reactive ring-opened aldehyde forms of abasic sites can form DNA-Protein 

crosslinks (DPCs). DNA proteins can be either transient Schiff-base intermediates or 

stable. Stable DNA protein crosslinks are deleterious towards genomic stability. Repair 

enzymes like Pol ɓ, PARP and KU form transient Schiff-base DPCs with AP sites.18,79ï82 

These DPCs are unstable, and the enzymes get released by ɓ-elimination. The Schiff base 

intermediates can be trapped by reductive amination with NaBH4. Oxidized AP site 

derivative, 2-deoxyribonolactone can make a stable DPC with Pol ɓ. Recent findings show 

that a new enzyme, HMCES (5-hydroxymethylcytosine embryonic stem cells specific) can 

recognize abasic site and can generate a stable DPC.83ï85 The amino-terminal cysteine 

residue of HMCES with Ŭ-amino and sulfhydryl substituents can react with ring-open 
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aldehyde form of abasic site and forms a stable thiazolidine bond. The HMCES-DPC strand 

protects abasic site from strand cleavage and reduces mutation.86 But the HMCES-DPC 

repair pathway is still unclear. 

 

 

Scheme 1.3.4.3. Formation of DNA protein crosslinks by HMCES and Pol b. 

 

1.4.  Mutagenic repair pathways of AP Sites 

1.4.1 Base Excision Repair 

In double stranded DNA abasic sites get repaired by base excision repair (BER) 

pathways.13,87ï89 First, abasic sites get excisioned by AP endonucleases or AP lyases. Then 

it can further get repaired via either short or long patch repair pathways (Figure 1.4.1.1). 

Short patch repair is a more common pathway. APE1 cleaves abasic site and generates 

strand breaks with 3ô hydroxyl (3ôOH) and 5ô dRP ends. Ap lyases also can cleave AP sites 

via b-elemination and generates 3ôPUA and 3ôP end groups. To ligate the DNA strand with 

the correct nucleotide it must have a 3'OH end and 5'P end. The cleaning of end groups can 

be done by Pol ɓ, APE1 or PNKP. The gap is filled with the correct nucleotide by DNA 

polymerases (Pol ɓ, Pol ɚ). And finally, the nick gets sealed by DNA ligase. In long patch 
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synthesis DNA polymerase (Pol ŭ, Ů, and ɓ) removes 2-10 nucleotides by displacing the 

strand. The 5ô flap generated from strand displacements gets removed by Flap 

endonuclease 1. Finally, DNA ligase ligates the strand. Preference over a short or long 

patch repair depends on the organism, cell type, type of damaged lesion and the cell cycle 

stage.90 A recent study has shown that in mammalian cells the BER intermediates can be 

mutagenic. Mutation frequency of 5ôdRP and 3ôPUA is high and comparable to parent 

abasic sites. Preference in insertion of adenine is observed across 5'dRP and 3ôPUA similar 

to abasic site.68  

 

Figure 1.4.1.1  Repair of AP sites by Base excision repair pathway 
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1.4.2 Translesion synthesis (TLS) repair 

At replication fork, transcription bubble and at telomeres DNA exist as single-

strands because of unwinding of the duplex.4 Abasic site in single-stranded DNA cannot 

be repaired by the BER pathway because in the BER pathway the DNA backbone gets 

cleaved and there is no template for repair. Also, AP endonucleases cannot work on single-

stranded AP sites.91 In this scenario, Abasic site in single-stranded DNA gets repaired by 

the error prone Translesion synthesis (TLS) pathway.92,93 TLS polymerases bypass the 

abasic site and resume extension. The TLS repair pathway is mutagenic because there is a 

lack of coding information available on the template strand of TLS polymerase which can 

easily insert a wrong base across the Ap site. In Saccharomyces cerevisiae, Pol eta and 

Rev1 bypass the AP Site.94 In humans Polɖ, Polɘ, Polə, and Rev1 serve this role.95 Insertion 

of base opposite of abasic site is done by the Y family of polymerases.96 Preferentiality of 

nucleotide insertion across the abasic site depends on the cell type and organism. 

 

 

Figure 1.4.2.1  Mutagenic Translesion synthesis (TLS) bypass of AP site in 

single stranded DNA  
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1.5 Non-Mutagenic repair pathways of AP sites 

Abasic site in single stranded DNA can be repaired by error-free pathways like 

homologous recombination, fork reversal and template switching.97ï99 Polymerases stalled 

by abasic sites during replication lead to accumulation of abasic sites in DNA and can 

initiate homologous recombination and template switching pathways. Studies have shown 

that in BER and TLS deficient cells rate of AP site repair by homologous recombination 

increased.98 In the template switching repair pathway the strands get realigned and DNA 

gets synthesized using an undamaged alternative template, which makes it an error free 

mechanism.100 In the fork reversal pathway a four-way chicken foot structure gets formed 

by template switching of nascent DNA strands.101 Later the abasic sites get repaired by the 

BER pathway. These pathways are non-mutagenic. 

 

1.6 Conclusion 

Abasic sites are the most common form of DNA damage and have profound 

biological consequences. AP sites can generate spontaneously by hydrolysis of N-

glycosidic bonds, enzymatically as an intermediate of BER pathway and loss of 

destabilized nucleobases. Unrepaired abasic sites in DNA can lead to cytotoxicity by strand 

cleavage, formation of DNA interstrand crosslinks and DNA-protein crosslinks. Repair of 

these lesions can be mutagenic. Genomic functions like replication and transcription can 

get stalled by abasic sites. Bypassing abasic sites in DNA causes mutation. Abasic site in 

cellular DNA can get multiple pathways depending on the situation. In double-stranded 

DNA, AP sites get repaired by the BER pathway. The intermediates of the BER pathway 

are mutagenic. At replication fork or transcription bubble abasic site can exist in single-
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stranded DNA, which can get repaired by mutagenic TLS pathway or non-mutagenic 

pathways like homologous recombination, fork reversal and template switching. 

Understanding the formation and consequences of abasic site in cellular DNA is extremely 

important.  
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2 Chapter 2: Unexpected Complexity in the Products Arising 

from NaOH, Heat, Amine, and Glycosylase-Induced Strand 

Cleavage at an Abasic Site in DNA  

2.1 Introduction  

Apurinic/apyrimidinic sites (AP, Scheme 2.1.1) are generated by Spontaneous1ï3 and 

enzyme catalyzed4ï7 hydrolysis of the glycosidic bonds connecting nucleobases (B in 

Scheme 2.1.1) to the deoxyribose backbone of DNA.  Chemical modification of the DNA 

bases also can accelerate hydrolysis of the glycosidic bonds to generate AP sites.3,8,9 These 

processes combine to make AP sites among the most common unavoidable lesions found 

in both cellular and synthetic DNA.8,10ï14 

AP sites exist as an equilibrium mixture of the ring-closed hemiacetal alongside 

small amounts (~1%) of the ring-opened aldehyde (Scheme 2.1.1).15,16 Much of the 

interesting chemistry associated with AP residues in DNA, as is the case for all aldose 

sugars, stems from equilibrium amounts of the reactive, ring-opened aldehyde.  The 

electrophilic nature of the AP aldehyde residue enables generation of secondary lesions 

including DNA-DNA interstrand crosslinks,17ï22 and DNA protein cross-links.23ï26  In 

addition, the acidic nature of the a-protons27 of the ring-opened AP aldehyde facilitates 

the generation of DNA strand breaks via b-elimination of the 3ô-phosphoryl group 

(Scheme 2.2.1).8,28ï33  

In neutral aqueous buffers at 37 ęC, AP sites in DNA are converted into strand 

breaks rather slowly, with half-times in the range of 200-2000 h.30,34ï36 However, the rate 

of strand cleavage at AP sites in DNA increases substantially with heating, under alkaline 
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conditions, or in the presence of amines.30,37ï43 Amine-catalyzed DNA strand cleavage 

may be biologically important because the cell nucleus is rich in low molecular weight 

polyamines such as spermine that efficiently catalyze b-elimination at AP sites.30,31,41,44ï48 

In addition, amine residues in peptides, histones, and various DNA repair proteins also can 

catalyze strand cleavage at AP sites (in enzymology, this is classified as a b- lyase 

reaction49).  

 

Scheme 2.1.1 The canonical products arising from strand cleavage at an AP site in 

DNA are the 5ô-phosphoryl terminus (5ôP) and the trans-a,b-unsaturated aldehyde 

(3ôPUA) sugar remnant generated by an initial b-elimination reaction, and the 

3ôphosphoryl terminus (3ôP) generated by subsequent g,d-elimination.a   

a The wavy lines annotated with 5ô and 3ô labels represent DNA strands. The P in this Scheme represents 

either a DNA phosphodiester linkage or a terminal phosphoryl group. 
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A series of seminal studies established that b-elimination of phosphate from an AP 

site in DNA induced by heat, NaOH, or amine catalysts initially generates a strand break 

with a phosphoryl group on the 5ô-terminus (5ôP) and a trans-a,b-unsaturated aldehyde 

residue on the 3ô-terminus (Scheme 2.1.1).31,32,37,40,41,50,51 This 3ô-sugar remnant has been 

referred to by a variety of names including trans-4-hydroxy-2-pentenal 5-phosphate,52,53 

trans-2-hydroxy-5-oxopent-3-enyl,54 bE (b-elimination product),55 3ôdRP (3ôdeoxyribose 

phosphate),56 3ôddR5P (2,3-didehydro-2,3-dideoxy-ribose-5phosphate),48,57 and 3ôPUA 

(phospho-a,b-unsaturated aldehyde).58,59 Here we will use the 3ôPUA nomenclature.  

Under more vigorous conditions, the 3ôtrans-PUA sugar remnant is removed from DNA 

altogether by a g,d-elimination reaction that generates a single nucleotide gap flanked by 

5ôP and 3ô-phosphoryl (3ôP) groups (Scheme 2.1.1).8,28ï30,41,50 The 3ôtrans-PUA sugar 

remnant has been detected in the DNA of cultured human cells55 and there is evidence 

from studies involving dysregulated base excision repair that AP-derived strand breaks are 

more toxic to cells than the parent abasic site.60ï63 

A small number of studies have described product mixtures derived from the 

cleavage of AP sites in DNA that are different, and in some cases more complex, than the 

canonical 3ôtrans-PUA, 3ôP, and 5ôP cleavage products.  Noncanonical 3ô-sugar remnants 

reported to arise from b-elimination at an AP site include:  3ôcisPUA,37,64,65 3ôdeoxyribose  

(3ôdR),37,64,66ï69 3ô,4ô-cyclized deoxyribose,28,30,41 and adducts arising from conjugate 

addition of nitrogen nucleophiles70ï72 or thiols39,51,73 to the 3ôtrans-PUA group (Figure 

2.1.1).  
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It is important to determine the secondary products arising from abundant lesions 

such as the AP site in synthetic and cellular DNA.  With this in mind, we investigated the 

products arising from strand cleavage induced by treatment of an AP-containing DNA 

oligonucleotide with heat, NaOH, piperidine, spermine, and the base excision repair 

glycosylases Fpg and Endo III.  Under multiple conditions, we found that noncanonical 

sugar remnants were generated on the 3ô-terminus of AP-derived strand breaks in a DNA 

oligomer.  Our results suggest that the products of strand cleavage at AP sites in DNA 

often may be more complex than commonly expected.  

 

 

Figure 2.1.1 Possible noncanonical 3ǋend groups generated by cleavage at an AP site 

in DNA. The wavy lines annotated with 5ǋ and 3ǋ labels represent DNA strands. The 

P represents a DNA phosphodiester. 
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2.2 Generation of the AP-containing 2ô-oligodeoxynucleotide.   

We examined the products arising from strand cleavage at an AP site embedded in 

a polythymidine oligodeoxynucleotide (Scheme 2.2.1).  The AP site was installed 5 

nucleotides from the 5ôend and 10 nucleotides from the 3ô-end by treatment of a 2ô-

deoxyuridine-containing precursor oligodeoxynucleotide with the enzyme uracil DNA 

glycosylase (UDG, Scheme 2.2.1).19,74ï76 The cleavage products generated under various 

conditions were characterized by reverse-phase HPLC, nanospray ESI-QTOF mass 

spectrometry, comparison to authentic synthetic standards, and by diagnostic chemical 

reactions (e.g. conjugate addition of 2mercaptoethanol).  The exact retention times varied 

slightly from run-to-run, but the products consistently eluted in the relative order:  3ôP, 

3ôdR, 3ôtrans-PUA, 3ôcis-PUA, 3ôPUA-thiol adducts, 5ôP, AP-oligo, and dU-oligo (early 

to late, Figure 2.2.1).  

 

Scheme 2.2.1 The AP-containing oligodeoxynucleotide was generated by treatment 

of a 2ôdeoxyuridine (dU) containing precursor oligodeoxynucleotide with the 

enzyme uracil DNA glycosylase (UDG).a  

a In the strand cleavage product shown here, X corresponds to the 3ô-end groups generated under various 

cleavage conditions and P corresponds to a terminal phosphoryl group. 
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Figure 2.2.1. HPLC retention times of authentic standards for AP-oligonucleotide, 

5ôP, 3ôcis- and trans-PUA, 3ôdR, 3ôP and AP-oxime. From top: the AP-containing 

oligonucleotide (5ô- TTTTTXTTTTTTTTTT, where X=AP) was generated by treatment 
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of the corresponding dU containing oligomer with UDG. The 5ô-P product (5ô-

PTTTTTTTTTT, where P = a phosphoryl group) and 3ôP (5ô-TTTTTP-3ô) were purchased 

from IDT. The 3ôtrans-PUA product was generated by heating the AP-oligo at 85 ↔C in 

HEPES buffer (50 mM, pH 7.4) containing NaCl (100 mM) for 15 min.37 The mixture of 

3ôcis- PUA and 3ôtrans-PUA was generated by incubation of the AP-containing oligo in 

Tris-borate buffer according to the method of Kushida et al.64 The 3ôdR product (5ô-

TTTTT-dR-3ô) was generated by acid-catalyzed depurination of the adenine residue in the 

precursor 5ô-TTTTTA-3ô according to the conditions of Bailly and Verly (10 mM HCl, 

65 ↔C, 1 h).39 For comparison, the AP-oxime was generated by treatment of the AP-oligo 

with CH3ONH2·HCl (2 mM) at 37 °C in HEPES buffer (50 mM, pH 7) containing NaCl 

(100 mM) for 2 h.  

 

2.3 Thermal cleavage of the AP-oligonucleotide generates 3ôPUA and 3ôP. 

Sugiyama showed that thermal treatment of an AP-containing trinucleotide at 90 

ęC in pH 7 sodium cacodylate buffer generated 3ôtrans-PUA as the major early product (20 

min).37 At longer reaction times (1 h), 10-20% yields of the 3ôcis-PUA and 3ôdR products 

were observed alongside the 3ôtrans-PUA product, while after extended heating (>1.5 h) 

the 3ôP product dominated (see Scheme 2.1.1 and Figure 2.1.1 for structures of these 

products).  

We found that heating the AP-containing oligonucleotide at 85 ęC in HEPES buffer 

(50 mM, pH 7.4) containing NaCl (100 mM) for 15 min generated two major cleavage 

products eluting at 12.4 and 14.4 min in reverse-phase HPLC analysis (Figure 2.3.1, HPLC 

trace c).  The 14.4 min peak corresponded to the 5ôP(T)10 product derived from b-
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elimination at the AP site.  Based on Sugiyamaôs work, we suspected that the 12.4 min 

peak corresponded to the 3ôtrans-PUA cleavage product.37 Evidence for the nature of the 

12.4 min peak was provided by investigating its reaction with 2-mercaptoethanol.  Thiols 

readily undergo conjugate addition to a,b-unsaturated aldehydes in neutral aqueous 

solution.77ï80 More specifically, our recent work along with earlier precedents showed that 

thiols readily add to the 3ôtrans-PUA group to generate diastereomeric 3-thio-2,3-

dideoxyribose (3-thio-ddR) adducts.39,51,73,81 Indeed, we found that addition of 2-

mercaptoethanol (5 mM) to the thermolysis reaction mixture, followed by incubation for 

15 min at 37 ęC, led to disappearance of the putative 3ôtrans-PUA group at 12.4 min, with 

concomitant appearance of two new peaks eluting at approximately 13.0 and 13.5 min 

(Figure 2.3.2).  We ascribed these new peaks to the expected diastereomeric 3-thio-ddR 

products on the 3ô-terminus of the strand break, arising from conjugate addition of the thiol 

to the 3ôtrans-PUA group (Figure 2.3.2). Similar results were observed using other thiols 

(Figure 2.3.3). 

The 3ôtrans-PUA and 3-thio-ddR end products were stable in pH 7.4 buffer at 37 

ęC.  Specifically, incubation of the 3ôtrans-PUA product for 6-12 h led to production of 

small amounts of the 3ôP product (Figure 2.3.4). The 3ôcis-PUA product was not observed 

(see below for further discussion of the 3ôcis-PUA).  The diastereomeric 3-thio-2,3-ddR 

products on the 3ô-terminus showed no decomposition over the course of 24 h (Figure 

2.3.5).  

Extended heating for 45 min at 85 ęC led to complete cleavage of the AP 

oligonucleotide, with generation of the 5ôP and 3ôP products, eluting at 10.4 and 14.4 min 

respectively (Figure 2.3.1, HPLC trace d).  A very small amount of the 3ôdR product may 

be seen eluting near 11 min (marked by an asterisk in Figure 2.3.1, HPLC trace d).  
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Figure 2.3.1. HPLC analysis of thermal cleavage of an AP site in DNA (panel A) and 

a schematic depiction of the product structures, where P represents a terminal 

phosphoryl group or a phosphodiester linkage (panel B). 
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Figure 2.3.2 HPLC analysis of the products arising from reaction of 

2mercaptoethanol with the 3ôPUA thermal cleavage product (panel A) to generate the 

diastereomeric mixture of 3-alkylthio -2,3-dideoxyribose (3-thio-ddR) products on the 

3ôterminus of the strand break with structures depicted in panel B, where P 

represents a phosphodiester linkage. 
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Figure 2.3.3. HPLC analysis of the reaction of N-acetylcysteine (NAC) with 3ôtrans-

PUA generated by thermal treatment of the AP-containing oligodeoxynucleotide. 

Panel a. Heating the AP-containing oligonucleotide in HEPES buffer (50 mM, pH 7.4) 

containing NaCl (100 mM) at 85 ↔C for 15 min generated two major cleavage products, 

3ôtrans-PUA and 5ôP. Panel b. Heating the AP-containing oligonucleotide in HEPES 

buffer (50 mM, pH 7.4) containing NaCl (100 mM) at 85 ↔C for 15 min, followed by 

addition of NAC (5 mM) and incubation for 15 min at 37 ↔C, caused disappearance of the 

3ôtrans-PUA peak and appearance of two new peaks, assigned as a diastereomeric mixture 

of 3-alkylthio-2,3-dideoxyribose (NAC-ddR) products on the 3ô- terminus of the strand 

break. Note that the NAC-ddR products elutes at a different time (retention time near 11 

min) than the diastereomeric mixture of 3-alkylthio-2,3-dideoxyribose products generated 

by 2-mercaptoethanol (with retention times near 13 min under these chromatographic 

conditions) 
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Figure 2.3.4. 3ôtrans-PUA is stable in pH 7.4 buffer (in the absence of amines and 

thiol). Panel a. 3ôtrans-PUA was generated by incubation of the AP-containing 

oligonucleotide at 85 ↔C in HEPES buffer (50 mM, pH 7.4) containing NaCl (100 mM) for 

15 min. Panel b. The product was then incubated at 37 ↔C for 6 h prior to HPLC analysis. 

Panel c. Incubation of 3ôtrans-PUA for 12 h. The 3ôtrans-PUA end group is relatively 

stable, with only small amounts of the 3ôP product produced by g-elimination over the 

course of 12 h. 
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Figure 2.3.5. The 3-thio-2,3-dideoxyribose thiol adducts on the 3ô-terminus in pH 7.4 

buffer are stable (in the absence of amines and thiol). Panel a. Thermal generation of 

the 3ôtrans-PUA cleavage product, followed by addition of 2-mercaptoethanol (5 mM) and 

incubation at 37  ↔C for 15 min generated a diastereomeric mixture of 3-alkylthio-2,3-

dideoxyribose (3-thio-ddR) products on the 3ô-terminus of the strand break. Panel b. 

Incubation at 37  ↔C for 24 h did not cause significant degradation of the of the 3-alkylthio-

2,3-dideoxyribose (3-thio-ddR) products. 
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Nanospray ESI-TOF-MS analysis provided support for the product assignments 

described above (Figures 2.3.1 and 2.3.2).  The reaction mixture at 15 min revealed strong 

signals consistent with the starting AP oligodeoxynucleotide, the 5ôP product, the 3ôtrans-

PUA product, the 3ôP product, and a weak, but distinct, signal corresponding to the 3ôdR 

product (Figure 2.3.6). The observed m/z values and relative signal intensities in the 

isotope clusters closely matched those calculated for the proposed product structures 

(Figure 2.3.6).  The reaction mixture generated by heating the AP-oligodeoxynucleotide 

at 85 ęC for 45 min showed signals for the 5ôP product and the 3ôP product consistent with 

the HPLC data (Figure 2.3.7).  Mass spectrometric analysis of the mixture generated by 

thermolysis of the AP-oligonucleotide followed by reaction with 2-mercaptoethanol 

showed a strong signal consistent with the 3-thio-ddR products on the 3ô-terminus of the 

strand break (Figure 2.3.8).  

Overall, the data indicate that heating the AP-containing oligonucleotide at 85 ęC 

in pH 7.4 buffer induces b-elimination that generates the 3ôtrans-PUA cleavage product, 

as expected.37  Extended heating generated the 3ôP product via d-elimination of the sugar 

remnant.  Under our reaction conditions, there was no evidence that the 3ôcis-PUA product 

was formed, and we observed only a trace of the 3ôdR product.  
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Figure 2.3.6. ESI(-)-QTOF-LC-MS analysis of the products generated by 

thermolysis of the AP-containing oligonucleotide after 15 min. Upper panel. Mass 

spectrometric analysis revealed deconvoluted neutral masses for the cleavage products 

3ôtrans-PUA, 3ôdR (minor) and 3ôP generated by thermal cleavage of the AP-containing 

oligo in HEPES buffer (50 mM, pH 7.4) containing NaCl (100 mM) at 85 ↔C for 15 min. 

Lower panel. Comparison of experimentally measured intensities for each peak in the 

isotope cluster (bars on the left side of each pair) and expected intensity (bars on the right 

side of each pair) calculated from the molecular formula of the 3ôtrans-PUA cleavage 

product. 
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Figure 2.3.7. ESI(-)-QTOF-LC-MS analysis of the products generated by thermolysis 

of the AP-containing oligonucleotide after 45 min. Upper panel. Mass spectrometric 

analysis revealed deconvoluted neutral masses for the cleavage product 3ôP generated by 

thermal cleavage of the AP-containing oligo in HEPES buffer (50 mM, pH 7.4) containing 

NaCl (100 mM) at 85  ↔C for 45 min. Lower panel. Comparison of experimentally measured 

intensities for each peak in the isotope cluster (bars on the left side of each pair) and 

expected intensity (bars on the right side of each pair) calculated from the molecular 

formula of the 3ôP cleavage product. 
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Figure 2.3.8. ESI(-)-QTOF-LC-MS analysis of products generated by thermolysis of 

the AP- containing oligonucleotide in the presence of 2-mercaptoethanol. Upper panel. 

Mass spectrometric analysis revealed deconvoluted neutral masses for the cleavage 

products 3-alkylthio- 2,3-dideoxyribose (3-thio-ddR) products on the 3ô-terminus of the 

strand break generated by thermal cleavage of the AP-containing oligo in HEPES buffer 

(50 mM, pH 7.4) containing NaCl (100 mM) at 85  ↔C for 15 min, followed by incubation 

with 2-mercaptoethanol (5 mM) for 15 min. Lower panel. Comparison of experimentally 

measured intensities for each peak in the isotope cluster (bars on the left side of each pair) 

and expected intensity (bars on the right side of each pair) calculated from the molecular 

formula of the cleavage product bearing the 3-thio-ddR end group on the 3ô-terminus of 

the strand break. 
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2.4 Cleavage of the AP Oligonucleotide with NaOH Generates 3ǋtrans-PUA, 3ǋP, 

and the Noncanonical 3ǋdR Product. 

Sodium hydroxide is often used to cleave DNA AP sites in biochemical assays.  For 

example, assays designed to measure the activity of monofunctional DNA glycosylases 

often feature a NaOH workup.42,43  The general expectation is that mild NaOH treatment 

generates the 3ôtrans-PUA group by b-elimination at the AP sites.8 For example, 

Mazumdar et al. reported (based on HPLC retention time) that the 3ôtransPUA group was 

generated by mild NaOH cleavage of a single-stranded, AP-containing, undecameric 

oligodeoxynucleotide (100 mM NaOH, pH 13, 4 ęC).40 More vigorous NaOH treatments 

reportedly generated the 5ôP and 3ôP products via sequential a,b- and g,d-elimination 

reactions (Scheme 2.1.1).38ï40 

We characterized the products generated by NaOH-mediated cleavage of the AP-

containing oligodeoxynucleotide under several different conditions.  We found that a very 

mild treatment of the AP-containing oligonucleotide with NaOH (5 mM, 37 ęC, 1 h) 

generated low yields of strand cleavage with the 3ôtrans-PUA (12.4 min) and 5ôP (14.4 

min) termini at the strand break (Figure 2.4.1, HPLC trace d).  Interestingly, a somewhat 

more vigorous NaOH treatment (200 mM, 37 ęC, 20 min) generated a product eluting at 

11.2 min, clearly distinct from the 3ôtrans-PUA product (Figure 2.4.1, HPLC trace c).  We 

assigned the material eluting at 11.2 min as the 3ôdR product, based on its co-elution with 

an authentic standard of 5ô-TTTTT-dR-3ô prepared by acid depurination of a 5ôTTTTTA-

3ô precursor according to the method of Bailly and Verly (10 mM HCl, 1 h, 65 ęC).39 

To the best of our knowledge, generation of the 3ôdR terminus via NaOH mediated 

cleavage of an AP site in DNA has not been reported previously.  However, a chemical 

precedent for the formation of this product can be found in the conjugate addition of water 
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to the low molecular weight a,b-unsaturated aldehyde, acrolein, in neutral aqueous 

solution.82  Accordingly, we suspected that the 3ôdR product generated by treatment of the 

AP oligonucleotide with 5 mM NaOH arose via addition of water to the 3ôtrans-PUA 

cleavage product.  Consistent with this idea, a control experiment showed that an authentic 

sample of the 3ôtrans-PUA product generated by thermolysis of the AP-oligonucleotide 

was, indeed, converted to a mixture of 3ôP and 3ôdR upon treatment with 5 mM NaOH, 37 

ęC for 6 h (Figure 2.4.2)  

Treatment of the AP-containing DNA with 200 mM NaOH at 37 ęC for 5 h cleanly 

generated the 5ôP and 3ôP products resulting from sequential a,b- and g,d-elimination 

reactions (Figure 2.4.1, HPLC trace b).  We also examined an NaOH workup commonly 

used in the study of monofunctional base excision repair DNA glycosylases,42 involving 

addition of an equal volume of 500 mM NaOH to the AP-oligonucleotide in 20 mM 

HEPES pH 7.4 containing 100 mM NaCl, followed by heating at 95 ęC for 2 min.  As 

expected, this procedure gave the expected 5ôP and 3ôP cleavage products (Figure 2.4.1, 

HPLC trace a).  
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Figure 2.4.1. HPLC analysis of the products generated by the NaOH- mediated 

strand cleavage of an AP site in DNA (A) and a schematic depiction of the product 

structures, where P represents a terminal phosphoryl group or a phosphodiester 

linkage (B).  
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Figure 2.4.2. 3ôtrans-PUA is converted to 3ôdR by treatment with 5 mM NaOH. The 

3ôtrans- PUA product isolated from the thermolysis of the AP-containing oligonucleotide 

(upper panel) was converted to a mixture of 3ôP and 3ôdR by treatment with 5 mM NaOH, 

37  ↔C for 6 h (lower panel). 
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Mass spectrometric analyses supported the structural assignments described above.  

The mixture generated by mild NaOH treatment (5 mM, 1 h, 37 ęC) showed strong signals 

for the starting AP-oligonucleotide, the 5ôP product, and the 3ôtrans-PUA product (Figure 

2.4.3).  Analysis of the AP-oligodeoxynucleotide treated with 200 mM NaOH, 20 min, 37 

ęC revealed strong signals consistent with 5ôP, 3ôdR, and 3ôP (Figure 2.4.4).  The product 

mixture generated by addition of 500 mM NaOH to the AP oligonucleotide in 20 mM 

HEPES pH 7.4 containing 100 mM NaCl, followed by heating at 95 ęC for 2 min gave 

strong signals for the 5ôP and 3ôP cleavage products (Figure 2.4.5).   

Overall, the results show that treatment of an AP-containing oligodeoxynucleotide 

with very mild NaOH (5 mM NaOH, 1 h, 37 ęC) generates low yields of strand cleavage 

with 5ôP and 3ôtrans-PUA at the termini of the break.  Slightly more vigorous conditions 

(200 mM NaOH, 20 min, 37 ęC) gave complete cleavage of the AP site and, unexpectedly, 

generated a mixture of the 3ôdR and 3ôP products.  An NaOH workup commonly used to 

detect AP sites in typical DNA glycosylase assays cleanly generated the 3ôP cleavage 

product. 
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Figure 2.4.3. ESI(-)-QTOF-LC-MS analysis of products generated treatment of the 

AP- containing oligonucleotide with 5 mM NaOH. Upper panel. Mass spectrometric 

analysis revealed deconvoluted neutral masses for the cleavage products 3ôtrans-PUA 

(major) and 3ôdR (minor) generated by treatment of the AP-containing oligonucleotide 

with mild NaOH (5 mM, 1 h, 37  ↔C). Lower panel. Comparison of experimentally 

measured intensities for each peak in the isotope cluster (bars on the left side of each pair) 

and expected intensity (bars on the right side of each pair) calculated from the molecular 

formula of the 3ôtrans-PUA cleavage product. 
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Figure 2.4.4. ESI(-)-QTOF-LC-MS analysis of products generated treatment of the 

AP- containing oligonucleotide with NaOH (200 mM). Upper panel. Mass spectrometric 

analysis revealed deconvoluted neutral masses for the cleavage products 3ôdR and 3ôP 

generated by treatment of the AP-containing oligonucleotide with NaOH (200 mM, 20 min, 

37  ↔C). Lower panel. Comparison of experimentally measured intensities for each peak in 

the isotope cluster (bars on the left side of each pair) and expected intensity (bars on the 

right side of each pair) calculated from the molecular formula of the 3ôdR cleavage product. 
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Figure 2.4.5. ESI(-)-QTOF-LC-MS analysis of products generated by addition of an 

equal volume of 500 mM NaOH to the AP-oligonucleotide in 20 mM HEPES pH 7.4 

containing 100 mM NaCl, followed by heating at 95  ↔C for 2 min. Upper panel. Mass 

spectrometric analysis revealed deconvoluted neutral masses for the cleavage product 3ôP 

generated by treatment of the AP-containing oligonucleotide with NaOH (500 mM, 2 min, 

95  ↔C). Lower panel. Comparison of experimentally measured intensities for each peak in 

the isotope cluster (bars on the left side of each pair) and expected intensity (bars on the 

right side of each pair) calculated from the molecular formula of the 3ôP cleavage product. 
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2.5 Cleavage of the AP oligonucleotide with piperidine generates 3ôtrans-PUA, 

3ôP, and a noncanonical 3ô-piperidinyl adduct .   

Treatment with hot piperidine (0.1-1 M, 90-95 ęC, 15-30 min) is a standard method 

to convert various DNA modifications into strand cleavages that can easily be detected 

using gel electrophoresis.3,83,84 For example, piperidine workup is employed in classical 

Maxam-Gilbert sequencing reactions.85 Piperidine workup of a DNA oligonucleotide 

containing an AP site is expected to generate a strand break with 5ôP and 3ôP termini via 

sequential a,b- and g,d-elimination reactions.3,41,83ï85  

We examined the products generated by treatment of the AP-containing 

oligodeoxynucleotide with piperidine under several different conditions.  We found that 

heating the AP-oligonucleotide under standard Maxam-Gilbert conditions85 involving 

piperidine (1 M) at 95 ęC for 30 min in either HEPES (50 mM, pH 7.4 containing 100 mM 

NaCl) or water cleanly generated the expected 3ôP and 5ôP cleavage products eluting at 

10.4 and 14.4 min, respectively (Figure 2.5.1, HPLC trace a).  Electrospray mass 

spectrometric analysis of the mixtures generated under these conditions showed the 

expected signals for the 5ôP and 3ôP products (Figure 2.5.2).  For comparison, treatment 

of the AP-oligonucleotide under the same conditions (95 ęC for 30 min) without piperidine 

generated a cleavage mixture composed of 3ôtrans-PUA, 3ôdR, and 3ôP (Figure 2.5.3).  



 

 56 

 

 

 

Figure 2.5.1. HPLC analysis of the products generated by piperidine-mediated strand 

cleavage of an AP in DNA (panel A) and schematic depiction of the product 

structures, where P represents a terminal phosphoryl group or a phosphodiester 

linkage (panel B). 
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Figure 2.5.2. ESI(-)-QTOF-LC-MS analysis of products generated by treatment of 

the AP- oligonucleotide with piperidine (1 M) at 95  ↔C for 30 min (Maxam-Gilbert 

workup). Upper panel. Mass spectrometric analysis revealed deconvoluted neutral masses 

for the cleavage products 3ôP generated by treatment of the AP-containing oligonucleotide 

with piperidine (1 M) at 95  ↔C for 30 min. Lower panel. Comparison of experimentally 

measured intensities for each peak in the isotope cluster (bars on the left side of each pair) 

and expected intensity (bars on the right side of each pair) calculated from the molecular 

formula of the 3ôP cleavage product. 
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Figure 2.5.3. HPLC analysis of a control reaction involving heating the AP 

oligonucleotide at 95 ↔C for 30 min (no piperidine). Heating the AP-containing DNA 

oligomer at 95 ↔C for 30 min in water without piperidine generated a mixture of 3ôPUA, 

3ôdR, and 3ôP. 

 

A milder condition involving treatment of the AP-containing oligonucleotide with 

1 M piperidine in HEPES (50 mM) and NaCl (100 mM) at 50 ęC for 20 min gave complete 

cleavage of the AP-oligonucleotide but generated an unexpected product alongside the 

typical 5ôP elimination product (Figure 2.5.1, HPLC trace b).  The retention time of the 

unknown product was clearly distinct from that of either the 3ôP or 3ôtransPUA products, 

eluting at about 12.9 min, slightly, but consistently, later than 3ôtransPUA.  The retention 

time of this material was not altered by addition of 2mercaptoethanol (5 mM, 15 min), 
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indicating that the product was not an a,b-unsaturated aldehyde or iminium ion.  

Nanospray ESI-TOF mass spectrometric analysis of the reaction products showed a strong 

signal consistent with a cleavage product bearing a 3-piperidinyl-2,3-dideoxyribose adduct 

on the 3ô-terminus (3-pip-ddR, Figure 2.5.1, Figure 2.5.4).  We recently characterized the 

analogous product generated by a nucleoside model system that mimics amine-catalyzed 

strand cleavage.81 In addition, similar 1,4-addition products previously have been 

proposed to arise from the putrescine- and 9-aminoellipticine-mediated cleavage of AP-

containing oligonucleotides.70,72 

A very mild piperidine workup (5 mM piperidine, 1 h, 37 ęC) produced low yields 

of cleavage at the AP site, with 5ôP and 3ôtrans-PUA groups at the termini of the strand 

break (Figure 2.5.1, HPLC trace c).  

Overall, the results show that typical Maxam-Gilbert workup of the AP-containing 

oligodeoxynucleotide (1 M, 95 ęC, 30 min) generates a strand break with the expected 3ôP 

and 5ôP termini at the gap.  Less vigorous conditions (1 M, 50 ęC, 20 min), induced 

cleavage at the AP site, with generation of an unexpected 3-piperidino-2,3dideoxyribose 

adduct (3-pip-ddR) on the 3ô-terminus of the strand break.  
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Figure 2.5.4. ESI(-)-QTOF-LC-MS analysis products generated by treatment of the 

AP oligonucleotide with piperidine (1 M) at 50 ↔C for 20 min. Upper panel. Mass 

spectrometric analysis revealed deconvoluted neutral masses for the cleavage product 

bearing a 3-piperidinyl- 2,3-dideoxyribose adduct (3-pip-ddR) on the 3ô-terminus of the 

strand break generated by treatment of the AP-containing oligonucleotide with piperidine 

(1 M) at 50  ↔C for 30 min. Lower panel. Comparison of experimentally measured 

intensities for each peak in the isotope cluster (bars on the left side of each pair) and 

expected intensity (bars on the right side of each pair) calculated from the molecular 

formula of the 3-pip-ddR cleavage product. 
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2.6 Spermine-mediated cleavage of the AP-oligonucleotide generates a dynamic 

mixture of 3ôtrans-PUA, 3ôcis-PUA, and 3ôdR end products that ultimately converge 

on 3ôP as the final cleavage product.   

Spermine is a biogenic amine that is present in the cell at millimolar 

concentrations.44 This polyamine efficiently catalyzes strand cleavage at AP sites in DNA 

via conversion of the AP aldehyde to the corresponding iminium ion.38,39,45,48,86 

Elimination of the 3ô-phosphoryl group is facilitated by the dramatic increase in the acidity 

of the a-protons of the iminium ion compared to those of the corresponding aldehyde 

(Scheme 2.6.1).87,88 The b-elimination reaction generates an a,b-unsaturated iminium ion 

intermediate that is substantially more reactive than the corresponding a,b-unsaturated 

aldehyde, with respect to both the conjugate addition of nucleophiles and the acidity of the 

g-proton (Scheme 2.6.1).89ï91 

The products generated by spermine-catalyzed cleavage at an AP in DNA have not 

previously been characterized by any means other than their gel electrophoretic 

mobility.38,39,41,48,86 Early work provided evidence that the amine-containing tripeptide, 

Lys-Trp-Lys, generates the 3ôtrans-PUA and 3ôP products.40 However, our recent results 

obtained using a nucleoside model system suggested that amine-catalyzed strand cleavage 

at an AP site has the potential to generate complex mixtures including the 3ôtrans-PUA, 

3ôcis-PUA, and 3ôdR products (Scheme 2.6.2).81 
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Scheme 2.6.1. Conversion of the AP aldehyde residue to the corresponding iminium 

ion facilitates elimination via increased acidity of the Ŭ-Protons.a 

a The resulting Ŭ,ɓ-unsaturated iminium has the potential to undergo conjugate addition of water (or other 

nucleophiles, red arrow) or ɔ,ŭ-elimination (blue arrow) to generate the 3ǋP end group. For brevity, the amine 

catalyst is shown as a simple dialkylamine (the actual structure of spermine is shown in Figure 2.6.1). The 

wavy lines annotated with 5ǋ and 3ǋ labels represent DNA strands. The P in this scheme represents either a 

DNA phosphodiester linkage or a terminal phosphoryl group. 
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Scheme 2.6.2. Proposed equilibria involved in the evolution of 3ǋ-end groups following 

spermine-catalyzed cleavage of an AP site in DNA.a 

a All of the reactions and equilibria shown here are subject to catalysis by amines. For brevity, the amine 

catalyst is shown as a simple dialkylamine (the actual structure of spermine is shown in Figure 2.6.1). 

 

Indeed, we found that spermine-induced cleavage of the AP-containing 

oligodeoxynucleotide under physiologically relevant conditions (5 mM spermine, pH 7.4 

buffer, 37 °C) generated a complex mixture of products that evolves over time. At early 

times (15 min), we observed the intact AP-containing oligodeoxynucleotide, the 5ǋP 

elimination product, and two closely spaced peaks eluting near 12.5 min in the HPLC 

chromatogram (Figure 2.6.1, HPLC trace a). Based upon our recent work,81 we suspected 

that these two closely spaced peaks might correspond to the 3ǋtrans-PUA and 3ǋcis-PUA 

isomers. 
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Figure 2.6.1. HPLC analysis of products generated from spermine-mediated strand 

cleavage at an AP site in DNA (panel A) and a schematic depiction of the product 

structures, where P represents a terminal phosphoryl group or a phosphodiester 

linkage (panel B). The chemical structure of spermine is shown in (panel C). 
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Addition of 2-mercaptoethanol to this early product mixture caused disappearance 

of the earlier peak in the doublet, with concomitant generation of two new peaks 

corresponding to the diastereomeric mixture of 3-thio-2,3-ddR isomers arising from 

conjugate addition of the 2-mercaptoethanol to the 3ôtrans-PUA group (Figure 2.6.2).  This 

suggested that the first peak in the doublet was the 3ô trans-PUA product.  The later-eluting 

peak in the doublet was unaffected by addition of 2-mercaptoethanol, consistent with the 

less reactive nature of the 3ôcis-PUA group.81  Supporting the idea that 3ôcis-PUA arises 

from amine-catalyzed isomerization of the initially-formed 3ôtrans-PUA, a separate 

experiment showed that the authentic 3ôtrans-PUA product generated by thermolysis of 

the AP-oligonucleotide was converted to the doublet of HPLC peaks corresponding to the 

cis- and trans-PUA isomers upon treatment with spermine (Figure 2.6.3).  

ESI-MS analysis of the reaction mixture generated by spermine-catalyzed cleavage 

of the AP oligonucleotide at early times supported these product assignments. Specifically, 

when the reaction was allowed to proceed for 30 min, followed by workup with 2-

mercaptoethanol (5 mM, 15 min), we observed strong signals consistent with the intact AP 

oligonucleotide, 5ǋP, the 3-thio-ddR isomers, and the 3ǋcis-PUA product. Note that the 

3ǋcis-PUA product is isobaric with 3ǋtrans-PUA but is resistant to reaction with the added 

thiol under these conditions (Figure 2.6.4). 
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Figure 2.6.2. Addition of 2-mercaptoethanol to the product mixture generated by the 

spermine-catalyzed cleavage of an AP-containing oligodeoxynucleotide leads to the 

disappearance of one component of the doublet eluting at approximately 12.5 min, 

with concomitant generation of the 3-thio-ddR adduct on the 3ǋ-terminus. 
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Figure 2.6.3. 3ôtrans-PUA is converted to a mixture of 3ôtrans-PUA and 3ôcis-PUA 

by treatment with spermine (5 mM). The 3ôtrans-PUA product isolated from the 

thermolysis of the AP-containing DNA oligomer (panel a) was converted to a mixture of 

3ôtrans-PUA and 3ôcis- PUA by treatment with 5 mM Spermine, 37  ↔C for 10 min (panel 

b) and to a single peak ascribed to the 3ôcis-PUA cleavage product after 30 min at 37  ↔C 

(panel c). 
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Figure 2.6.4. ESI(-)-QTOF-LC-MS analysis of the products generated by spermine-

mediated cleavage of the AP oligonucleotide in the presence of 2-mercaptoethanol. 

Mass spectrometric analysis revealed deconvoluted neutral masses for the cleavage 

products 3ôP, 3ôcis-PUA, 3ôdR, and 3-thio-ddR generated by treatment of the AP-

containing DNA oligomer with spermine (5 mM) in HEPES buffer (50 mM, pH 7.4) 

containing NaCl (100 mM) at 37  ↔C for 30 min, followed by addition of 2-mercaptoethanol 

(5 mM) and incubation for 15 min. Lower panel left side. Comparison of experimentally 

measured peak intensities for each peak in the isotope cluster (bars on the left side of each 

pair) and expected intensity (bars on the right side of each pair) calculated from the 

molecular formula of the 3ôcis-PUA cleavage product. Lower panel right side. Comparison 

of experimentally measured intensities for each peak in the isotope cluster (bars on the left 
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side of each pair) and expected intensity (bars on the right side of each pair) calculated 

from the molecular formula of the 3-thio-ddR adduct. 

 

To further support our assignment that the closely-spaced peaks eluting near 12.5 

minutes in our HPLC analyses were the cis- and trans-PUA cleavage products we used a 

literature protocol to generate an authentic sample of these products.  Specifically, Kushida 

et al. showed that heating an AP-containing oligodeoxynucleotide in Tris-borate buffer 

(pH 7.5) generated a 4:1 mixture of the cis- and trans-PUA cleavage products, alongside 

the 3ôdR cleavage product.64  In our hands, HPLC analysis of the product mixture 

generated by heating our AP-containing oligonucleotide using the Kushida conditions did 

indeed reveal a closely-spaced doublet of peaks eluting near 12.5 min in which the later-

eluting (3ôcis-PUA) product dominated.  The 3ôdR cleavage product, eluting near 11.5 

min, was also evident in this reaction mixture, as expected.  Addition of 2-mercaptoethanol 

to this product mixture caused disappearance of the early eluting (3ôtrans-PUA) 

component of the doublet along with the appearance of characteristic peaks corresponding 

to the mixture of 3-thio-ddR isomers arising from conjugate addition of the thiol to the 

3ôtrans-PUA group (Figure 2.6.5).  Again, the later eluting 3ôcis-PUA component of the 

doublet, with its aldehyde residue masked as a cyclic hemiacetal, was resistant to reaction 

with 2-mercaptoethanol.81 The results support our conclusion that the early products of 

spermine-mediated strand cleavage of the AP-oligonucleotide are an approximately 1:1 

mixture of 3ôcis- and 3ôtrans-PUA end groups.  



 

 70 

  

Figure 2.6.5. HPLC analysis of authentic cis- and trans-PUA. Upper HPLC trace 

shows an authentic mixture of 3ôP, 3ôdR, 3ôPUA, and 3ôcis-PUA generated by 

incubation of the AP-containing oligonucleotide in Tris-borate buffer according to 

the method of Kushida et al.64 The lower HPLC trace shows that 2- mercaptoethanol 

reacts with the later-eluting component 3ôtrans-PUA to generate a characteristic 3-

thio-2,3-ddR residue on the 3ô-terminus, while the early-eluting 3ôcis- PUA is 

resistant to reaction with the thiol. 
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The products generated by spermine-mediated strand cleavage of the AP-

containing DNA oligomer continued to evolve into more complex mixtures at intermediate 

reaction times.  After 1-6 h, the amount of the 3ôtrans-PUA product decreased, 3ôcis-PUA 

persisted, and the amounts of the 3ôdR and 3ôP products increased (Figure 2.6.1, HPLC 

traces c and d).  The identity of the 3ôdR product eluting at 11.2 min was confirmed based 

on co-elution with an authentic standard of the 5ôTTTTT-dR-3ô prepared by acid treatment 

of a 5ô-TTTTTA-3ô precursor (10 mM HCl, 1 h, 65 ęC).39  Similarly, the identity of the 

3ôP product was confirmed based on co-elution with an authentic sample of the material. 

From 12-24 h 3ôdR, and 3ôP were the major products (Figure 2.6.1, HPLC traces e 

and f) and, by 48 h, the 3ôP and 5ôP were the only products remaining from the spermine-

mediated strand cleavage process (Figure 2.6.1, HPLC trace g).  In separate experiment 

modeling the final stages of this product evolution, we showed that an authentic sample of 

3ôdR is stable in pH 7.4 buffer (in the absence of amines) but is converted to the 3ôP 

product by incubation with spermine (5 mM) for 24 h at 37 ę C (Figure 2.6.6).  ESI-MS 

analysis of the reaction at 24 h supported the product assignments shown in Figure 2.6.1 

(Figure 2.6.7).  

Scheme 2.6.2 shows the putative equilibria involved in the evolution of the product 

mixture generated by the spermine-catalyzed cleavage of the AP-containing DNA 

oligomer. Iminium ion catalysis is central to the formation, interconversion, and ultimate 

disappearance of the various 3ǋ-sugar remnants observed in this experiment (illustrated for 

the reversible formation of 3ǋdR and its ultimate conversion to 3ǋP in Scheme 2.6.3). 
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Figure 2.6.6. Reactivity of 3ôdR under various conditions. Panel A, upper: Stability of 

authentic 3ôdR in pH 7.4 buffer. The authentic 3ôdR material was generated from by acid-

catalyzed depurination (10 mM HCl, 65  ↔C, 1 h) of the adenine residue in the precursor 

DNA oligomer 5ô- TTTTTA. Panel A, lower: Incubation of 3ôdR at 37  ↔C in pH 7.4 HEPES 

buffer (50 mM, containing 100 mM NaCl) for 24 h showed generation of only a small 

amount of the 3ôP product. Panel B: Incubation of 3ôdR at 37  ↔C in pH 7.4 HEPES buffer 

(50 mM, with 100 mM NaCl) containing spermine (5 mM) for 24 h showed significant 
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conversion of 3ôdR to the 3ôP product. Panel C: Incubation of 3ôdR at 37  ↔C in pH 7.4 

HEPES buffer (50 mM, with 100 mM NaCl) containing 2-mercaptoethanol (5 mM) for 24 

h, showed no significant conversion of 3ôdR to new products. Panel D: Incubation of 3ôdR 

at 37  ↔C in pH 7.4 HEPES buffer (50 mM, with 100 mM NaCl) containing 2-

mercaptoethanol (5 mM) and spermine (5 mM) for 24 h, showed significant conversion of 

3ôdR to the 3ôP product. 

 

 

Figure 2.6.7. ESI(-)-QTOF-LC-MS analysis products generated by spermine-

mediated cleavage of the AP-containing oligonucleotide at 24 h. Upper panel. Mass 

spectrometric analysis revealed deconvoluted neutral masses for the cleavage products 

3ôdR and 3ôP generated by treatment of the AP-containing DNA oligomer in HEPES buffer 

(50 mM, pH 7.4) containing NaCl (100 mM) with spermine (5 mM) at 37  ↔C for 24 h. 

Lower panel. Comparison of experimentally measured intensities for each peak in the 
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isotope cluster (bars on the left side of each pair) and expected intensity (bars on the right 

side of each pair) calculated from the molecular formula of the 3ôdR cleavage product. 

 

 

 

Scheme 2.6.3. Iminium Ion Intermediates Are Central to the Formation, 

Decomposition, and Interconversion of Various 3ǋ-Sugar Remnants Generated in 

Amine-Catalyzed Strand Cleavage.a 

a Reactions involved in the amine-catalyzed reversible formation of various 3ǋ-sugar remnants are shown 

here in the context of the 3ǋdR end group. For brevity, the amine catalyst is shown as a simple dialkylamine. 

The wavy lines annotated with 5ǋ and 3ǋ labels represent DNA strands. 
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2.7 Modeling Cleavage of an AP Site in DNA under Cellular Conditions: Amine-

Catalyzed Strand Cleavage in the Presence of Thiol 

Cells contain millimolar concentrations of thiols including protein thiols and the 

low-molecular-weight thiol, glutathione.92ï95 Accordingly, we felt that it would be 

interesting to examine spermine-mediated cleavage of the AP oligonucleotide in the 

presence of thiol. These reactions may model one of the possible chemical fates of DNA 

AP sites in the cellular environment. 

We treated the AP-containing oligodeoxynucleotide with spermine (5 mM) in the 

presence of 2-mercaptoethanol (5 mM) in pH 7.4 HEPES buffer (50 mM, containing 100 

mM NaCl). At an early reaction time (1 h), the only products observed were 5ǋP and the 

characteristic adducts resulting from the addition of 2-mercaptoethanol to the 3ǋ-Ŭ,ɓ-

unsaturated iminium ion (Scheme 2.7.1, Figure 2.7.1). 

By 24 h, the product mixture contained a subset of the diastereomeric thiol adducts, 

along with 3ǋcis-PUA, 3ǋdR, and 3ǋP. We infer that the species eluting near 12.5 min must 

be the 3ǋcis-PUA cleavage product because the 3ǋtrans-PUA does not persist in the 

presence of thiols. It is uncertain why a subset of the diastereomeric thiol adducts is more 

persistent than the others (only one of the two HPLC peaks corresponding to the 

diastereomeric thiol adducts remains at 24 h). 

At 48 h, the only significant products remaining were 3ǋdR and 3ǋP end products. 

By 72 h, the mixture evolved to 3ǋP and 5ǋP as the final, stable end products. In a control 

experiment designed to model the final stages of product evolution under these conditions, 

we showed that an authentic sample of the 3ǋdR cleavage product was stable in pH 7.4 

buffer containing 2-mercaptoethanol but does, in fact, generate the 3ǋP end group as the 
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major product when incubated in the presence of spermine (5 mM) and 2-mercaptoethanol 

(5 mM) for 24 h (Figure 2.6.6, Scheme 2.6.3). 

It is noteworthy that the presence of thiol in the reaction mixture substantially 

slows the generation of the final 3ǋP product relative to the same conditions without the 

thiol (compare Figure 2.6.1 and Figure 2.7.1). Scheme 2.7.1 shows the putative equilibria 

involved in the evolution of products generated by the spermine-catalyzed cleavage of the 

DNA AP site in the presence of thiol. 

 

 

Scheme 2.7.1. Proposed Equilibria Involved in the Evolution of Various 3ǋ-End 

Groups Following Spermine-Mediated Cleavage of an AP Site in the Presence of 

Thiol .a 

a All of the reactions and equilibria shown are subject to amine catalysis. For brevity, the 

amine catalyst is shown as a simple dialkylamine (the actual structure of spermine is 

shown in Figure 2.6.1). 
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Figure 2.7.1. HPLC analysis of the time course for the evolution of products resulting 

from the cleavage of the AP-containing oligodeoxynucleotide in the pH 7.4 buffer 

induced by spermine (5 mM) in the presence of 2-mercaptoethanol (5 mM). 
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2.8 AP Lyase Activity of the DNA Glycosylase Endo III Generates 3ǋdR (Not 

3ǋPUA) as the Major Strand-Cleavage Product 

 The AP-lyase activity of bifunctional DNA glycosylase enzymes induces strand 

cleavage at AP sites and may be important in cellular DNA repair.96ï98 The typical 

expectation is that these lyase reactions generate either the 3ǋtrans-PUA product via ɓ-

elimination or the 3ǋP product by sequential Ŭ,ɓ- and ɔ,ŭ-elimination reactions.4,40,50,51,99ï

101 Here, we examined the AP lyase activity of two well-studied glycosylases, Fpg and 

Endo III. 

The lyase activity of Fpg on AP-containing DNA was expected to generate a one 

nucleotide gap flanked by 3ôP and 5ôP groups via sequential a,b- and g,d-elimination 

reactions.4,102 On the other hand, the expectations surrounding the lyase activity of Endo 

III were somewhat less clear.  It is widely believed that Endo III generates the 3ôtrans-

PUA product.  For example, the New England Biolabs catalog notes that Endo III ñcleaves 

3ô to the AP site leaving a 5ô-phosphate and a 3ôphospho-a,b-unsaturated aldehydeò (p. 

109, 2019-20 catalog).103  This expectation was born in the early reports characterizing the 

enzyme31,32,40,104,105 and is now well entrenched in the literature of base excision repair.  

Interestingly, however, the Sowers and Cadet groups independently presented MALDI-

MS evidence indicating that the combined glycosylase-AP lyase action of E. coli Endo III 

generates the 3ôdR cleavage product ï not 3ôtrans-PUA ï following removal of 5,6-

dihydrothymine, 5hydroxycytosine, or 5-fluorouracil from DNA oligomers.66,67 In 

addition, more recent studies showed that the lyase action of Endo III on AP-containing 

 duplexes generates the 3ôdR cleavage product.68,69  
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Scheme 2.8.1 AP-Lyase Action of the DNA Glycosylase Endo III Generates 3ǋdRƄNot 

3ǋPUAƄas the Major Product.a 

aThe wavy lines annotated with 5ǋ and 3ǋ labels represent DNA strands and P represents a phosphodiester 

linkage. 

 

The amplified reactivity of the 3ôPUA-lysine-120 iminium ion intermediate 

generated in the catalytic cycle of Endo III may enable conjugate addition of water that 

produces 3ôdR (Scheme 2.8.1).  In this regard, formation of the 3ôdR cleavage product by 

Endo III may be mechanistically analogous to the spermine-catalyzed generation of 3ôdR 

described above.  The exact reasons for the apparently discordant results in the literature 

regarding the nature of the 3ô-end group generated by the lyase action of E. coli Endo III 

are not completely clear but may arise from difficulties in separating the 3ôdR and 3ôPUA 

cleavage products by gel electrophoretic and chromatographic methods.68,69 For example, 

when analyzed using denaturing 20% polyacrylamide gels, the 3ôdR and 3ôPUA products 

on a 5ô-Cy3-labeled 11 mer displayed only slightly different mobilities69 while in a 5ô-32P-
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phosphorylated 17 mer, no clear resolution of these products was observed.68 In addition, 

the ability of the 3ôdR and 3ôPUA end groups to interconvert under some conditions (as 

seen in Figure 2.4.2 and 2.6.6) may present a confounding factor in some analyses.105 

We found that the treatment of an AP-containing duplex with Fpg cleanly 

generated the expected 3ǋP and 5ǋP cleavage products (Figure 2.8.1, HPLC trace c). The 

treatment of an AP-containing duplex for 15 min with Endo III primarily generated the 

3ǋdR product alongside a small amount of a 3ǋPUA product (Figure 2.8.1, HPLC trace a). 

Mass spectrometric analysis of the mixture supported these structural assignments (Figure 

2.8.2). When the AP oligonucleotide was incubated for 2 h with Endo III in the presence 

of 2-mercaptoethanol (5 mM), 3ǋdR was still the major product (Figure 2.8.3). This control 

reaction provided evidence that 3ǋdR is produced directly by the AP-lyase activity ñon the 

enzymeò rather than by the conversion of an initially generated 3ǋtrans-PUA product to 

3ǋdR. At 2 h, 3ǋdR is the only product observed (Figure 2.8.1, HPLC trace b). It may be 

interesting to note that the products generated by the AP-lyase hydration reactions 

catalyzed by spermine and Endo III are formally equivalent to those resulting from the 

hydrolysis of the phosphoryl group on the 3ôside of the AP site.  
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Figure 2.8.1. HPLC analysis of products generated by Fpg- and Endo III - mediated 

strand cleavage of an AP site in duplex DNA (panel A). The AP-containing strand is 

5ôTTTTTXTTTTTTTTTT3ô, where X=AP. The large peak labeled with (*) 

corresponds to the complementary strand 5ôTTA16TT. Panel B provides a schematic 

depiction of the product structures, where P represents a terminal phosphoryl group 

or a phosphodiester linkage. 
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Figure 2.8.2. ESI(-)-QTOF-LC-MS analysis of the products generated by cleavage of 

the AP- containing oligonucleotide duplex by Endo III. Upper panel. Mass 

spectrometric analysis revealed deconvoluted neutral masses for the cleavage products 

3ôdR and 3ôP generated by treatment of the AP-containing DNA duplex in Endo III (20 

units) in 20 mM Tris-HCl, 1 mM EDTA, 1 mM DTT, at 37  ↔C for 2 h. Lower panel. 

Comparison of experimentally measured intensities for each peak in the isotope cluster 

(bars on the left side of each pair) and expected intensity (bars on the right side of each 

pair) calculated from the molecular formula of the 3ôdR cleavage product. The duplex was 

composed of an AP-containing strand 5ôTTTTTXTTTTTTTTTT3ô, where X=AP and the 

complementary strand, 5ôTTA16TT. 


