
 
 

 

 

 

 

Accessing and Repairing DNA Damage in the Nucleosome Core Particle 

 

 
 

By Paul J. Caffrey 

 

B.S. Northeastern University 2013 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
A Dissertation Submitted in Partial Fulfillment of the Requirements for the Degree of 

Doctor of Philosophy in the Department of Chemistry at Brown University 

 
 

Providence, Rhode Island March 2021 



 
 

© Copyright 2021 Paul J. Caffrey 



iii 
 

This dissertation by Paul J. Caffrey is accepted in its present form by the Department of 

Chemistry as satisfying the dissertation requirement for the degree of Doctor of 

Philosophy 

 

 

 

Recommended to the Graduate Council 

 

 

Date_______________________                  ___________________________________ 
 

Dr. Sarah Delaney, Advisor 

 

 

 

Date_______________________                  ___________________________________ 
 

Dr. Amit Basu, Reader 

 

 

Date_______________________                  ___________________________________ 
 

Dr. Eunsuk Kim, Reader 

 

 
 

 Approved by the Graduate Council 

 

 

 
Date_______________________                  ___________________________________ 

 

                                                           Dr. Andrew Campbell, Dean of the Graduate School 

  



iv 
 

Curriculum Vitae     
Paul Caffrey 

 (508) 685 7570 

paul_caffrey@brown.edu 

__________________________________________________________________ 
 

EDUCATION 

  

Brown University                  May 2021 (expected) 

Doctor of Philosophy in Chemistry 

Advisor: Prof. Sarah Delaney  

 

Northeastern University              May 2013 

Bachelor of Science in Chemistry 

Advisors: Dr. Graham Jones and Dr. Sune Nielsen (Woods Hole Oceanographic Institute) 

         

RESEARCH EXPERIENCE 

Brown University                                  July 2016-present 

Graduate Research Assistant 

• Designed and conducted research for several projects focused on the relationships 

between DNA repair enzymes and packaged DNA using enzymatic assays. 

 

Curadel LLC                    September 2014-May 2016 

Chemist 

• Oversaw R&D development of synthetic and analytical protocols novel 

fluorophores a startup environment for translation into cGMP environment 

 

Smithers-Viscient                        August 2013-April 2014 

Chemistry Technician II 

• Worked with biological samples to track metabolite fate of commercial products 

in accordance with EPA, FDA, and OECD GLP guidelines  

 

Woods Hole Oceanographic Institute                                July 2012-January 2013  

Undergraduate Research Assistant 

• Worked in a clean lab environment studying seawater and sediment core samples 

to evaluate thallium isotope ratios in the study of fluid fluxes through oceanic crusts 

 

 

mailto:caffrey.p@husky.neu.edu


v 
 

Sigma-Aldrich                     July 2010-December 2010 

Undergraduate Co-op Chemist                             July 2011-December 2011 

• Synthesized, optimized, and characterized bioactive small molecules for 

commercial production 

 

PUBLICATIONS 

1. Caffrey P.J., and Delaney S. Nucleosome Core Particles Lacking H2B or H3 

Tails are Altered Structurally and have Differential Base Excision Repair Fingerprints. 

Biochemistry. (2021) 60 (3): 210-218. doi: 10.1021/acs.biochem.0c00877 

2. Caffrey P.J., Kher R., Bian K., Li D., Delaney S. Comparison of the Base 

Excision and Direct Reversal Repair Pathways for Correcting 1,N6-Ethenoadenine in 

Strongly Positioned Nucleosomes. Chem. Res. Toxicol. (2020) 33 (7): 1888-1896.   doi: 

10.1021/acs.chemrestox.0c00089  

**Honored as ACS Editors’ Choice for May 1, 2020 

3. Caffrey, P. J. and Delaney S. Chromatin and Other Obstacles to Base Excision 

Repair: Potential Roles in Carcinogenesis. Mutagenesis (2020) 35 (1): 39-50.  doi: 

10.1093/mutage/gez029 

4. Kennedy E.E., Caffrey P.J., Delaney S. Initiating Base Excision Repair in 

Nucleosome Core Particles. DNA Repair (2018) 71: 97-92. doi: 

10.1016/j.dnarep.2018.08.011 

 

PATENTS 

1. Caffrey, Paul. 2017. METHOD OF PREPARING 

DIAMINOPHENOTHIAZINIUM. WO 2017/116903 Al 

 

TEACHING EXPERIENCE 

Brown University                                   July-August 2018 

           Teaching Assistant for Summer at Brown 

• Taught both in class and laboratory course for high school summer students 

• Aided in the creation and execution of laboratory experiments that demonstrated 

in-class concepts 

 

Brown University                       January 2018-May 2018 

           Teaching Assistant Organic Chemistry I  

• Taught laboratory courses for novice undergraduate students 

• Proctored exams and graded exams and laboratory reports 

 

https://doi.org/10.1021/acs.biochem.0c00877
https://doi.org/10.1021/acs.chemrestox.0c00089
https://doi.org/10.1021/acs.chemrestox.0c00089


vi 
 

 

Brown University         September 2017-December 2017 

           Teaching Assistant General Chemistry 

• Taught laboratory course for novice undergraduate students 

• Proctored exams and graded exams and laboratory reports 

 

Brown University         September 2017-December 2017 

           Teaching Assistant Chemical Biology 

• In class TA for advanced undergraduate and graduate students 

• Proctored exams, aided exam preparation, graded exams, and held office hours to 

aid students 

Brown University                          July 2017-August 2017 

           Teaching Assistant for Organic Chemistry I 

• Taught novice students in a flipped classroom environment with an accelerated 

curriculum 

• Aided in exam preparation and ran problem sessions outside of normal class time 

 

Brown University                       January 2017-May 2017 

           Teaching Assistant Organic Chemistry I  

• Taught laboratory courses for novice undergraduate students 

• Proctored exams and graded exams and laboratory reports 

 

Brown University         September 2016-December 2016 

           Teaching Assistant Organic Chemistry II  

• Taught laboratory courses for intermediate undergraduate students 

• Proctored exams and graded exams and laboratory reports 

 

INVITED SEMINARS 

  

Brown University Structural Biology Community Meeting             

November 2019  

Accessing and Repairing DNA Damage in the Nucleosome Core Particle for the Base 

Excision and Direct Repair Pathways 

 

Graduate Student Ambassador to Northeastern University       

March 2020 (postponed due to COVID-19) 

   Accessing and Repairing DNA Damage in the Nucleosome Core Particle  

 

 

 



vii 
 

 

 

CONFERENCES AND POSTER PRESENTATIONS 

  

Gordon Research Conference on Nucleosides, Nucleotides and Oligonucleotides 

Salve Regina University, June 2019 

Poster presentation: The Effect of Histone Tail Clipping on the Initiation of Base 

Excision Repair  

 

12th New Enzymology Kinetic Workshop 

University of Texas at Austin, January 2018 

 

SERVICE AND LEADERSHIP 

 

Geochemistry Research Response Committee                                                          2020 

• One of only three graduate students selected to help coordinate a safe re-opening 

of research in response to the COVID-19 pandemic through the development and 

implementation of new policies 

 

Graduate Student Coordinator for Prospective Student Visitation              2017-2020 

• Oversaw the coordination of panels and activities involving current graduate 

students and prospective students for the visitation weekend 

 

Laboratory and Radiation Safety Officer                                                        2017-2021 

• Train new lab members on laboratory safety and radiation safety concerns 

including hazards, waste disposal, and proper PPE 

• A liaison between the laboratory and Environmental Health and Safety Office at 

Brown 

 

Coordinator Stand Up for Graduate Student Employees                              2017-2020 

• Worked alongside other graduate students and the American Federation of 

Teachers to organize and win a vote for a graduate student union 

• Helped organize specific union actions to highlight issues that were of concern to 

graduate students with a particular focus on highlighting the needs of international 

students 

 

Vote Captain for Stand Up for Graduate Student Employees                                2018 

• Gathered signature on union authorization cards to trigger a vote in accordance 

with NLRB guidelines 

• Ensured that all eligible graduate student voters were informed of the date and 

polling locations for union voting 

  



viii 
 

Preface and Acknowledgements 

To my advisor, Dr. Sarah Delaney, who through example and teaching helped form me 

into a better scientist. 

 

To my fellow lab members who are also my friends. Thank you for always being there 

when times were tough and making those days feel short even when the hours were long. 

 

To my friends who have known me from before my graduate school journey. Thank you 

for always being there for support and as a reminder of life outside a graduate program. 

 

To my family for having been there for my entire life and encouraging me in whatever 

endeavors I chose to pursue. You have always been a constant source of strength and 

motivation. None of this would have been possible without you. 

 

To Alex, the one who made bad days disappear the moment I got home and always made 

sure to celebrate the good ones. You got me through all the things life threw at me during 

my graduate journey. I cannot wait to see what journeys lay ahead of us and I know with 

you by my side we can conquer any challenges yet to come. 

 

I dedicate this thesis to my father, Declan. Unfortunately, you only were able to see the 

beginning of this journey but without you I never would have traveled down this path, yet 

alone seen it to the end. You were the rock of our family and your support, determination, 

and ingenuity were an inspiration for my entire life.  



ix 
 

Table of Contents 

Signature Page ................................................................................................................... iii 

Curriculum Vitae ............................................................................................................... iv 

Preface and Acknowledgements ...................................................................................... viii 

List of Tables .................................................................................................................. xiv 

List of Figures .................................................................................................................. xv 

Chapter 1: Introduction to DNA Structure, Damage, Mutagenesis, and Repair
†
 ..... 1 

1.1 Introduction to DNA ................................................................................................... 2 

1.2 DNA Chemical Reactivity .......................................................................................... 4 

1.3 Implications of DNA Damage .................................................................................... 5 

1.4 Repair of Modified Nucleobases by the Base Excision Repair Pathway ............... 7 

1.5 Clinical implications of BER Gone Awry ............................................................... 10 

1.6 Direct Reversal Repair (DRR) of DNA ................................................................... 11 

1.7 Clinical Manifestations of DRR Abnormalities ..................................................... 14 

1.8 DNA repair and Chemotherapy .............................................................................. 15 

1.9 DNA in Eukaryotic Organisms ................................................................................ 17 

1.10 Packaged DNA as an Obstacle to BER ................................................................. 20 

1.11 Overcoming DNA packaging ................................................................................. 23 

1.12 Concluding Remarks and Gap in Knowledge ...................................................... 26 

1.13 References ................................................................................................................ 27 



x 
 

Chapter 2: Comparison of the Base Excision and Direct Reversal Repair Pathways 

for Repair of Alkylation Damage in Nucleosome Core Particles
†

 ............................. 48 

2.1 Abstract ...................................................................................................................... 49 

2.2 Introduction ............................................................................................................... 50 

2.3 Materials and Methods ............................................................................................. 55 

2.3.1 Oligonucleotide Synthesis and Purification............................................................. 55 

2.3.2 Reconstitution of Global εA Nucleosome Core Particles ........................................ 57 

2.3.3 Hydroxyl Radical Footprinting ................................................................................ 59 

2.3.4 Enzymatic Reactions ................................................................................................ 60 

2.3.5 Molecular Modeling................................................................................................. 63 

2.4 Results ........................................................................................................................ 64 

2.4.1 Preparation of NCP Containing Globally Substituted εA Lesions .......................... 64 

2.4.2 Rotational Position of DNA in NCP ........................................................................ 64 

2.4.3 Excision Activity of AAG in NCP Correlates with Rotational Position .................. 67 

2.4.4 Repair of εA by ALKBH2 is Unhindered in Duplex DNA but Suppressed in NCP . 68 

2.4.5 ALKBH2 Exhibits Greater Steric Interactions with the Histone Core than AAG ... 70 

2.5 Discussion................................................................................................................... 72 

2.6 References .................................................................................................................. 76 

Chapter 3: Histone Tails Modulate AAG Excision Activity in Nucleosome core 

Particles
†

 .......................................................................................................................... 86 



xi 
 

3.1 Abstract ...................................................................................................................... 87 

3.2 Introduction ............................................................................................................... 88 

3.3 Materials and Method .............................................................................................. 91 

3.3.1 Oligonucleotide Synthesis and Purification............................................................. 91 

3.3.2 Reconstitution of Global εA Nucleosome Core Particles ........................................ 94 

3.3.3 Hydroxyl Radical Footprinting ................................................................................ 95 

3.3.4 Enzymatic Reactions ................................................................................................ 98 

3.4 Results ...................................................................................................................... 100 

3.4.1 Preparation of NCPs Containing Globally Substituted εA Lesions ...................... 100 

3.4.2 Structural Differences in Native NCPs Compared to gH2B and gH3 NCPs ........ 101 

3.4.3 Excision of εA from Native NCPs Correlates with Rotational Orientation ........... 104 

3.4.4 Excision of εA from gH2B ...................................................................................... 106 

3.4.5 Excision of εA from gH3 NCPs .............................................................................. 107 

3.5 Discussion................................................................................................................. 107 

3.6 References ................................................................................................................ 112 

Chapter 4: Preliminary Investigations of UV-DDB and Base Excision Repair in 

Packaged DNA .............................................................................................................. 123 

4.1 Abstract .................................................................................................................... 124 

4.2 Introduction ............................................................................................................. 125 

4.3 Materials and methods ........................................................................................... 128 



xii 
 

4.3.1 Oligonucleotide Synthesis and Purification........................................................... 128 

4.3.2 Reconstitution of Nucleosome Core Particles with Global εA or Single Site εA ... 131 

4.3.3 Enzymatic Reactions on Global εA Containing NCPs ........................................... 132 

4.3.4 Enzymatic Reactions on Single Site εA Containing NCPs ..................................... 134 

4.4 Results ...................................................................................................................... 135 

4.4.1 Preparation of NCPs Containing Globally Substituted or single site εA Lesions . 135 

4.4.2 AAG Activity Titration on Global εA NCPs ........................................................... 135 

4.4.3 UV-DDB Titration on Global εA NCPs to Identify Sites of Interest ...................... 137 

4.4.4 Single Site AAG Titration ...................................................................................... 138 

4.4.5 Single Site UV-DDB Titration for εA 42 ................................................................ 140 

4.4.6 Single Site UV-DDB Titration for εA 59 ................................................................ 140 

4.4.7 Single Site UV-DDB Titration for εA 123 .............................................................. 141 

4.5 Discussion................................................................................................................. 142 

4.6 References ................................................................................................................ 147 

Chapter 5: Conclusions and Future Work ................................................................. 154 

5.1 Conclusions .............................................................................................................. 155 

5.2 Future Work ............................................................................................................ 159 

5.2.1 DNA Repair Enzymes as Epigenetic Regulators ................................................... 159 

5.2.2 The Interaction of Epigenetic Histone Variants and BER ..................................... 160 

5.2.3 Post Translational Modifications of Histone Tails ................................................ 162 



xiii 
 

5.3 Final Thoughts ........................................................................................................ 163 

5.4 References ................................................................................................................ 164 

 

 

 

 

 

 

 

 

  



xiv 
 

List of Tables 

Table 1.1 Human Glyclosylases and Major Substrates…………………………………...8 

Table 2.1 DNA Sequences used in this study……………………………………………56 

Table 2.2 Rotational Orientation of εA lesions………………………………………67-68 

Table 2.3 Sequence Context of εA lesions…………………………………………...74-75 

Table 3.1 DNA Sequences used in this study.…………………………………………...93 

Table 3.2 HRF Reactivity of εA lesions in various NCPs……………………………...103 

Table 3.3 Translational position, rotational orientation, and AAG excision activity of 

native, gH2B, and gH3 NCPs…………………………………………...…103-104 

Table 4.1 DNA Sequences used in this study…………………………………………..130 

 

 

  



xv 
 

List of Figures 

 

Figure 1.1 Structure of DNA.………………………...…………………………………...2 

Figure 1.2 Example of mutagenic potential of nucleobase lesion………………………...5 

Figure 1.3 Further reactions of εA………………………………………………………...6 

Figure 1.4 Example of base excision repair……………………………………………….7 

Figure 1.5 Mechanism of glycosidic bond cleavage……………………………………..10 

Figure 1.6 Mechanism of direct reversal repair of O6-methyl guanine………………….12 

Figure 1.7 Direct Reversal Repair of εA…………………………………………………13 

Figure 1.8 Positions of nucleobases in the NCP…………………………………………18 

Figure 1.9 Dynamic unwrapping of DNA in the NCP…………………………………...19 

Figure 1.10 General trends of glycosylase activity in the NCP………………………….22 

Figure 1.11 Differential structures of variant containing NCPs…………………………25 

Figure 2.1 Base excision repair of εA initiated by AAG….51 

Figure 2.2 Mechanism of direct repair of εA by the AlkB family of dioxygenases……..52 

Figure 2.3 Overall workflow to establish the repair profiles of AAG and ALKBH2 in 

strongly positioned NCPs………………………………………………………………..55 

Figure 2.4 Ligation scheme for complementary J strand sequence……………………...58 

Figure 2.5 Native PAGE Analysis of εA Containing NCP……………………………...59 



xvi 
 

Figure 2.6 Denaturing PAGE analysis of AAG and ALKBH2 Activity in NCPs and 

Duplex……………………………………………………………………………………63 

Figure 2.7 Hydroxyl Radical Footprinting of NCPs……………………………………..66 

Figure 2.8 Repair profiles for AAG and ALKBH2……………………………………...69 

Figure 2.9 Repair of εA lesions by ALKBH2 in duplex DNA…………………………..71 

Figure 2.10 Molecular modeling of steric interactions between ALKBH2 and AAG upon 

substrate binding…………………………………………………………………………72 

Figure 3.1 Base excision repair of 1,N6-ethenoadenine (A)……………………………90 

Figure 3.2 Global distribution of εA lesions in the NCP………………………………...91 

Figure 3.3 Ligation scheme for complementary J strand sequence……………………...94 

Figure 3.4 Native PAGE Analysis of εA Containing NCPs……………………………..96 

Figure 3.5 Hydroxyl Radical Footprinting of NCPs……………………………………..98 

Figure 3.6 Denaturing PAGE analysis of AAG activity on NCPs and Duplex………...100 

Figure 3.7 HRF profiles for native, gH2B, and gH3 NCPs ……………………………104 

Figure 3.9. AAG excision activity for native, gH2B, and gH3 NCPs…………………106 

Figure 3.10. Location of εA sites 96 and 97 in the NCP compared to their excision 

activity…………………………………………………………………………………..107 

Figure 3.11. Location and excision of selected εA sites………………………………..109 

Figure 4.1 Ligation scheme for complementary J strand sequence…………………….131 



xvii 
 

Figure 4.2 Native PAGE Analysis of εA Containing NCP…………………………….133 

Figure 4.3 Titration of AAG concentration in global εA containing NCPs……………137 

Figure 4.4 Baseline excision of εA by 6 nM AAG in global εA containing NCPs…….138 

Figure 4.5 Titration with UV-DDB of global εA containing NCPs treated with 6 nM 

AAG…………………………………………………………………………………….139 

Figure 4.6 Titration of AAG concentration for NCPs with εA at site 42………………140 

Figure 4.7 Titration of UV-DDB concentration with 100 nM AAG for NCPs with εA at 

site 42…………………………………………………………………………………...141 

Figure 4.8 Titration of UV-DDB concentration with 100 nM AAG for NCPs with εA at 

site 59…………………………………………………………………………………...142 

Figure 4.9 Titration of UV-DDB concentration with 100 nM AAG for NCPs with εA at 

site 123………………………………………………………………………………….143 

Figure 4.10 Potential mechanisms of UV-DDB stimulation of AAG excision 

activity…………………………………………………………………………………..147 

  



1 
 

Chapter 1: Introduction to DNA Structure, Damage, Mutagenesis, and Repair
†
 

 

†
Adapted from: 

Caffrey, P. J. and Delaney S.  

Chromatin and Other Obstacles to Base Excision Repair: Potential Roles in 

Carcinogenesis. Mutagenesis (2020) 35 (1): 39-50.  doi: 10.1093/mutage/gez029 

  



2 
 

1.1 Introduction to DNA 

Deoxyribonucleic acid (DNA) is the biomolecule responsible for the storage of 

genetic information. It is comprised of three main components: the phosphate backbone, 

the sugar, and the nucleobase (Figure 1.1). Nucleic acids were first isolated by Swiss 

physician Friedrich Miescher from white blood cell nuclei, from which the name nucleic 

acid is derived.1 Despite this discovery it would take decades to determine the underlying 

structure and function of DNA. The pioneering work of Albrecht Kossel between 1885 

and 1901 led to the discovery and isolation of the five main nucleobases: adenine, 

cytosine, guanine, thymine, and uracil.2 It was then the contributions of Phoebus Levene 

that identified the separate phosphate, sugar, and base components that comprised DNA.3  

 

Figure 1.1 Structure of DNA. DNA is assembled into a double helix via hydrogen 

bond interactions (dashed lines) between two complementary strands of DNA. Each 

strand of DNA is comprised of a nucleobase (blue), deoxyribose sugar (red), and 

phosphate backbone (green). Adenine (A) pairs with thymine (T) while guanine (G) 

pairs with cytosine (C). 
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After the discovery of the individual components of DNA, the scientific 

community next turned to understanding its function and elucidating its assembled 

structure. In 1927, Nikolai Koltsov proposed the nature of inherited traits as arising from 

a large biomolecule whereby “two mirror strands that would replicate in a semi-

conservative fashion using each strand as a template.”4 Despite the identification of the 

individual components of DNA and a proposal on how genetic information may be 

passed down via complementary strands, the exact structure of DNA was not yet 

ascertained. In 1953, James Watson and Francis Crick elucidated the double helical 

structure of DNA, in large part thanks to X-ray diffraction data obtained by Rosalind 

Franklin.5 Franklin’s contributions included the determination that the backbone had to 

be on the outside of the helix and that the two strands of DNA had to be antiparallel. This 

insight would lead to the discovery of hydrogen bonding between complementary bases 

as the driving force behind the double helical structure (Figure 1.1). These vital pieces of 

data allowed Watson and Crick to propose the double helical structure of DNA as 

opposed to the triple helical model with bases orientated outwards proposed by Linus 

Pauling.6  

The structure of DNA was the final component that allowed for the proposal by 

Crick in 1957 of the central dogma of biology: DNA is transcribed into RNA which is 

then translated to protein.7 The culmination of all these works revolutionized the modern 

fields of biology and biochemistry and the broader scientific understanding of genetics. 

However, as with many new scientific breakthroughs, they opened new avenues of 
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inquiry. One of these questions that arose was one that, in theory, seemed simple enough: 

how do organisms maintain the integrity of their genomes? 

1.2 DNA Chemical Reactivity  

While DNA serves as an optimal biomolecule for the storage of genetic 

information, it is also chemically reactive and susceptible to modification and 

degradation.8, 9 DNA is constantly inundated by damaging agents from both endogenous 

and exogenous sources.10, 11 Endogenous sources of damaging agents include normal 

byproducts of metabolism including reactive oxygen species (ROS), reactive nitrogen 

species (RNS), and reactive byproducts of lipid peroxidation.12 Exogenous sources 

include pollutants and UV light, but also intentional intervention as in the case of certain 

chemotherapeutic agents.13 Regardless of the exact source, all these agents may react 

with DNA and result in alteration to the chemical structure of DNA. 

 The damage resultant from reaction with these agents includes single- and 

double-strand breaks, inter- and intra-strand crosslinks, abasic sites, and modification of 

the nucleobases.14 All of these forms of damage can compromise the integrity of an 

organism’s genome. While damage like crosslinks and strand breaks result in substantial 

alteration to the canonical DNA double helix, damage to the nucleobases may not 

dramatically alter the overall structure of DNA. There is a wide array of chemical 

modifications to nucleobases that can occur including: alkylation, deamination, and 

hydrolysis. These subtle alterations to nucleobases can therefore result in difficult 

detection and repair by cellular mechanisms that subsequently result in accumulation of 

modified nucleobases. The basis of this thesis will be the investigation of the repair 

mechanisms of these modified nucleobases and developing an underlying biochemical 
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understanding of the origin of observed mutational hotspots arising from unsuccessful 

repair. 

1.3 Implications of DNA Damage 

The wide array of DNA damage our bodies experience can, if left unrepaired, 

result in mutagenesis and cellular death. While the damage itself cannot be replicated, it 

can cause a mutation in our genome that can. Accumulation of mutations throughout the 

genome, particularly in key genes like p53 or RAS, has been linked to carcinogenesis.15 

Other more cytotoxic lesions, such as crosslinks or strand breaks, can result in 

polymerase stalling and halt DNA replication inducing apoptosis.  

  

Figure 1.2 Example of mutagenic potential of nucleobase lesion. The top shows how 

the mutagenic A lesion loses the ability to correctly bond T due to Watson-Crick 

binding face alterations. The bottom shows how rotation about the glycosidic bond can 

expose the Hoogsteen pairing face that stabilizes the syn conformation of A and allows 

mispairing with G.  
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The focus of this thesis will be the repair of alkylated nucleobases. The DNA 

lesion 1,N6-ethenoadenine (A, Figure 1.2 in pink) is a mutagenic adduct16 generated by 

exposure of A to various DNA damaging agents such as vinyl chloride and aldehyde 

byproducts of lipid peroxidation.17, 18  The alteration of the Watson-Crick binding face to 

form the etheno ring results in a loss of hydrogen bonding capability (Figure 1.2, top). 

Instead of forming hydrogen bonds with T, A adopts a nonplanar arrangement that 

promotes π stacking with flanking bases to stabilize the DNA helix.19 However, further 

studies demonstrated that A can adopt a syn conformation that allows hydrogen bonding 

with anti G (Figure 1.2, bottom).20 Furthermore, εA is an unstable lesion and can 

undergo further reactions to produce highly mutagenic derivatives that produces a wide 

variety of mutations (Figure 1.3).22 These results demonstrate the molecular mechanism 

that underlies the mutagenic potential of A. 

 

Elevated A levels have been detected in numerous cancerous tissues and in 

tissues of chronic inflammatory diseases that are associated with future cancer 

development.21 The A→T transversion, possibly induced by A and its degradation 

products,22 is a common mutation observed in the P53 and RAS genes and is associated 

Figure 1.3 Further reactions of εA. εA (pink) undergoes an addition of a hydroxyl 

group to produce product B. Product B undergoes rearrangement to C that then undergoes 

deformylation to product the highly mutagenic D.  
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with carcinogenesis.23 This carcinogenic effect of A necessitates a thorough 

understanding of how cells efficiently repair and remove such damage. 

1.4 Repair of Modified Nucleobases by the Base Excision Repair Pathway 

 

There are a variety of cellular mechanisms that allow for the repair of DNA 

damage.24 The base excision repair (BER) pathway is responsible for the repair of 

modified nucleobases, hereafter termed lesions (Figure 1.4). This pathway is initiated by 

a glycosylase, which is responsible for the recognition and excision of the lesion by 

cleavage of the glycosidic bond. Each of the 11 known human glycosylases recognizes 

specific lesions that together span a variety of modifications (Table 1.1 includes major, 

but not all, lesions). Glycosylases may be classified as either bifunctional or 

monofunctional. Bifunctional glycosylases first remove the lesion and then catalyze a 

strand break 3′ to the abasic site. Monofunctional glycosylases only excise the lesion, 

resulting in an apurinic/apyrimidinic (AP) site that is further processed by AP 

endonuclease 1 (APE1), which incises the backbone to create a nick with 3'-OH and 5'-

deoxyribose phosphate (5ʹ-dRP) termini. Polymerase β (pol β) removes the 5'-dRP and 

Figure 1.4 Example of base excision repair. Base excision repair of 1,N6 -

ethenoadenine (εA). The εA lesion is colored pink along with the four steps of the 

repair catalyzed by AAG, APE1, pol β, and DNA ligase 
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catalyzes nucleotide incorporation at the 3'-OH. Finally, the repair is completed by a 

DNA ligase that seals the nick in the backbone.14  

Table 1.1 Human Glycosylases and Major Substrates. Bold indicates the lesion 

removed from a mispaired substrate. Abbreviations: 8-oxo-7,8-dihydroguanine (8-oxoG); 

thymine glycol (Tg); 5,6-dihydrouracil (5,6-DHU); hydroxymethyluracil (hmU); 5-

hydroxycytosine (5-hC); 5-formylcytosine (5-fC); 5-carboxycytosine (5-caC); 5-

fluorouracil (5-FU); 2,6-diamino-4-hydroxy-5-formamidopyrimidine G (FapyG); 4,6-

diamino-5-formamidopyrimidine A (FapyA); guanidinohydantoin (Gh); 

spiroiminodihydantoin (Sp); 3-methyladenine (3-meA); 7-methylguanine (7-meG); 7-

methyladenine (7-meA); 3-methylguanine (3-meG); 1,N6-ethenoadenine (εA); uracil (U); 

xanthine (X); hypoxanthine (Hx); 5-hydroxyuracil (5-hU). 

Glycosylase Substrate 

AAG (alkyladenine glycosylase) 3-meA, 7-meA, εA, Hx, X 

UNG (Uracil DNA Glycosylase) U; 5-FU 

SMUG1 (Single Strand Selective Monofunctional 

Uracil Glycosylase 1) 
U; hmU; 5-FU 

TDG (Thymine DNA Glycosylase) T:G; U:G; 5-caC; 5-fC; 5-FU 

MBD4 (Methyl-CpG-Binding Domain 4) T:G; U:G; hmU:G 

MUTYH (MutY DNA Glycosylase) A:8-oxoG 

OGG1 (8-Oxoguanine DNA Glycosylase) 8-oxoG:C; FapyG 

NTH1 (Endonuclease III-like Protein 1) 
FapyA; FapyG; Tg; 5,6-DHU; 5-hC; 

5-hU 

NEIL1 (Endonuclease VIII-like Protein 1) 
Sp; Gh; FapyG; FapyA; Tg; 5,6-

DHT; 5,6-DHU 

NEIL2 (Endonuclease VIII-like Protein 2) 
Sp; Gh; 5-hU; 5,6-DHT; 5,6-DHU; 

5-hC 

NEIL3 (Endonuclease VIII-like Protein 3) 
Sp; Gh; FapyG; FapyA; 5,6-DHT; 

5,6-DHU 

The eleven identified human glycosylases and are categorized based on their 

structural architecture which falls into one of six superfamilies.25 Each glycosylase has 
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specificity for the removal of a small number of lesions. Notably, given the average 

formation of 104 lesions per cell per day, a given glycosylase may have to search tens of 

thousands of base pairs (bp) to identify its target.9, 26 Certain lifestyle factors, such as 

smoking, increase the rates of lesion formation and the need efficient DNA repair. For 

εA, it has been observed that εA urinary levels in smokers are significantly higher than in 

non-smokers, specifically 56±12 pg/mL in smokers compared to 18±5 pg/mL in non-

smokers.27 Notably, this detection method requires excision of εA to be detected so any 

non-excised lesions or lesions repaired by another pathway would not be detected by this 

methodology. Therefore, it is reasonable to assume that these values represent the lower 

end of εA levels in these populations.  

Despite different glycosylases having different target lesions, a majority of 

glycosylases have a conserved mechanism.25 This mechanism utilizes a base flipping 

process to extrude the lesion from the helix, plug the resulting space left by the 

extrahelical lesion with an amino acid residue, and catalyze glycosidic bond cleavage via 

an SN1-like mechanism.28 For AAG, the loss of hydrogen bonding in εA promotes base 

flipping into the active site of the enzyme where His136 can form a hydrogen bond with 

the extruded lesion.29, 30 The resulting hole is plugged by Tyr162 to stabilize the DNA 

helix. The stabilized complex then undergoes the SN1-like cleavage of the glycosidic 

bond (Figure 1.5) at a rate of 0.04 min-1.31 The cleavage of the glycosidic bond is the 

rate-limiting step of the reaction. Notably, it was with the advent of synthetic organic 

chemistry methods to produce DNA oligomers with a single and site-specifically 

incorporated lesions that allowed for both these mechanistic studies and substrate 

specificity of glycosylases to be identified.  
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1.5 Clinical implications of BER Gone Awry 

Due to the essential role of BER in maintaining genomic integrity, a multitude of 

ramifications for human health result when any part of the pathway is deficient or 

aberrant. These errors in BER can occur at any step in the pathway, from the initiation of 

the repair event by a glycosylase to the final sealing of the nick by DNA ligase. The 

relationship between errors in the BER pathway and the development and prognosis of 

cancer have been investigated extensively. Here we will focus on how aberrations in the 

initiation of BER by glycosylases can be manifested in clinical outcomes for human 

patients. 

Mutations to human glycosylases has been observed in various cancers. Mutations 

in glycosylases responsible for the repair of oxidative damage have been observed such 

as MUTYH in colorectal cancer32-34 and cholangiocarcinoma,35  NTH1 in colorectal 

cancer, 36, 37 NEIL1 in cholangiocarcinoma,35 and NEIL2 in lung cancer.38 These 

observations are not just unique to glycosylases that repair oxidative damage as mutations 

Figure 1.5 Mechanism of glycosidic bond cleavage. After identification of εA 

(pink), AAG triggers the SN1-like cleavage of the glycosidic bond. The oxocarbenium 

intermediate is then subjected to nucleophilic attack by water leaving behind an abasic 

site. 
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in the uracil superfamily DNA glycosylases UNG  and TDG  have been implicated in 

familial colorectal cancer.39 These mutations in BER enzymes demonstrate the health 

implications of any defect in the BER pathway. 

Dysregulated expression of glycosylases can be as deleterious as mutations. 

Abnormally low expression of OGG1 has been linked to gastric cancer,40 aggressive 

breast cancer,41 ovarian cancer,42 and lung cancer.43 Abnormal NTH1 expression has 

been implicated in the development of cancer by promoting genetic instability. 44 

Combinatorial deletion of NTH1 and NEIL1 leads to the development of pulmonary and 

hepatocellular tumors in mice. 45 Similarly, combined knockout of SMUG1 and UNG 

leads to increased risk of cancer in mice. 46 Furthermore, deficiency in SMUG1 

expression has also been identified in highly aggressive breast cancers. 47 The 

overexpression of AAG has been associated with development of breast cancer. 48 

Surprisingly, while AAG-deficient mice exhibit greater sensitivity to alkylation damage, 

they do not show overt phenotypic abnormalities or an increased propensity for 

developing cancer. 49, 50 Taken together these results highlight the how abnormalities in 

the complex regulation of DNA damage and repair can lead to severe consequences. 

Fortunately, our bodies have also evolved other pathways to repair certain modified 

nucleobases. 

1.6 Direct Reversal Repair (DRR) of DNA 

In contrast to BER repair of modified nucleobases which utilize a series of 

enzymes, the direct reversal (DRR) pathway utilizes a single enzyme to repair convert a 

modified nucleobase into the correct canonical one. DRR is observed in the repair of 

alkylated nucleobases and the repair of UV induced photoproducts. The DRR pathway 
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can be characterized by three approaches to repair: methyltransferases, oxygenases, and 

photolyases. Each of these approaches utilize unique chemistry to accomplish the repair 

of their substrates. 

 

O6-alkylguanine DNA alkyltransferase (MGMT) is the protein responsible for the 

direct repair of O6-methylguanine to guanine. MGMT utilizes an SN2 mechanism to 

transfer the methyl from position 6 on O6-methylguanine to its active site to convert 

MGMT into its inactive form (Figure 1.6). MGMT does not regenerate its active site 

after it has performed this chemistry and is referred to as a “suicide” enzyme. Unlike the 

other DRR pathways, MGMT repair is stoichiometric and thus MGMT is not a true 

enzyme.  

The AlkB family of dioxygenases performs chemistry to directly transform 

several alkylated nucleobases. These enzymes utilize Fe (II), α-ketoglutarate, and 

molecular oxygen to perform DRR (Figure 1.7).51 Based on sequence homology, up to 

nine human homologs have been identified as being structurally similar to E. coli AlkB.52 

ALKBH2 and ALKBH3 are the enzymes responsible for DRR of DNA in humans.53, 54 In 

Figure 1.6 Mechanism of direct reversal repair of O6-methylguanine. The alkyl 

group from the O6 position is transferred via an SN2 mechanism to the internal Cys 

145 of the MGMT protein that is then deactivated. 
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particular, ALKBH2 is considered the “housekeeping homolog” responsible for repairing 

lesions in double-stranded DNA.55 Within the cell, ALKBH2 is distributed throughout 

the nucleoplasm with some accumulation within the nucleoli. ALKBH2 possesses a 

proliferating cell nuclear antigen (PCNA) interacting motif that relocates ALKBH2 to 

replication foci during S phase.56 In a manner similar to glycosylases, ALKBH2 flips its 

target lesion into its active site prior to chemistry.57 In contrast to other AAG, ALKBH2 

does not possess any damage-check step as the nature of its chemistry does not require it; 

only its substrates will present the correct conformation to undergo reaction in the active 

site.57, 58 AlkB homologs are ubiquitous,51 being observed in RNA viruses,59 aerobic 

bacteria,60 and metazoans.61 

 

The final class of DRR is the repair of UV induced photoproducts by a class of 

enzymes known as photolyases. These enzymes repair the 6-4 and cyclobutane 

photoproducts that result in pyrimidine dimers between cytosine or thymine on the same 

strand of DNA.62 These enzymes are expressed in living organisms exposed to sunlight, 

with the notable exceptions of placental mammals including humans.63 These enzymes 

require UV light for both their activation and chemistry as well as FADH to promote 

Figure 1.7 Direct reversal repair of εA. The Fe(II) center of the AlkB enzymes utilize 

molecular oxygen and α-ketoglutarate to generate a highly reactive Fe(IV)-oxo species 

and release succinate. This reactive species reacts with εA to generate an epoxide 

intermediate that is then hydrolyzed to release glyoxal and A. The active site returns to 

its resting Fe(II) state and can undergo additional catalysis. 
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electron transfer that allow for direct DNA repair.64 As photolyases repair damage which 

causes helical distortions and have not been observed in humans65 they are unique in our 

discussion of DRR enzymes. 

1.7 Clinical Manifestations of DRR Abnormalities 

MGMT has been well studied for a strong correlation between its expression 

levels and various cancers. The first report of a preventative role of MGMT in 

carcinogenesis was reported in 1993, when it was observed that overexpression of 

MGMT in mice prevented thymic lymphomas after treatment with the known carcinogen 

methyl-N-nitrosourea.66 This protective effect was also later observed in tissue specific 

expression for liver,67 skin,68 and lung69 tumors. The direct role of MGMT can be further 

elucidated in knockout mice that demonstrate enhanced sensitivity to alkylating agents.70 

Furthermore, hypermethylation of the MGMT promoter and subsequently lower 

expression levels have been associated with G→A transitions in KRAS71 and p5372 

genes. Taken together these results indicate a strong association between DRR of 

alkylation damage and carcinogenesis.      

MGMT is not the only DRR enzyme that has been investigated for potential roles 

in carcinogenesis. ALKBH2 knockdown in bladder cancer tissues has been demonstrated 

to limit tumor development.73 Altered expression and mutations to ALKBH2 have been 

observed in pediatric brain tumors74 and gastric cancers.75 ALKBH3 expression has been 

shown to be shown to indicate poorer post-operative outcomes for patients with 

pancreatic cancer76 and promote the survival and invasiveness of urothelial carcinoma 

cells.77  Understanding the DRR pathway and its role in carcinogenesis can help identify 

potential genotypes that are susceptible to future cancer development. Elucidating the 
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exact cellular mechanisms under which DRR works may also aid in understanding the 

inconsistent relationship between altered DRR enzymes and disease. The understanding 

of these repair pathways can also inform the creation of customized treatment options 

based on how these pathways function in a specific cancer. 

1.8 DNA repair and Chemotherapy 

While it is often tempting to think of DNA damage solely as a negative, there are 

instances where it can be harnessed for beneficial outcomes. Chemotherapeutic 

approaches generally target DNA replication due to the high levels of synthesis in 

cancerous cells. However, patients receiving chemotherapy can develop resistance to 

previously effective drugs.78 One mechanism of resistance involves DNA repair and 

several chemotherapeutic agents directly alter nucleobases and produce lesions that can 

be excised by glycosylases or repaired by DRR. Many review articles have addressed the 

connections between BER and cancer therapy.79-83 Understanding the molecular 

mechanisms of how these drugs work and their interactions with DNA repair enzymes 

could offer powerful understanding to inform future chemotherapeutic approaches. 

  The chemotherapeutic agent 5-fluorouracil (5-FU) works via several 

mechanisms. It inhibits thymidylate synthase (TS) and, as a result, dUMP levels increase 

100-fold within 3 h of treatment in cancer cells.84 This high level of dUMP may 

contribute to lethality via misincorporation of uracil (U) into DNA. Despite these high 

levels of U, UNG knockout does not confer any altered responsiveness to 5-FU.85 

However, 5-FU can be incorporated into DNA 86 and its excision by SMUG1 confers 

resistance to cells.87 Furthermore, 5-FU is a substrate for UNG, TDG, and SMUG1 in an 

overlapping system that may create a complex response to 5-FU treatment. Taken 
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together, these results demonstrate that 5-FU efficacy could be affected by the UDG 

superfamily of glycosylases, either through removal of 5-FU directly or U incorporated 

following TS inhibition. 

The chemotherapeutic temozolomide (TMZ) is an alkylating agent that produces 

lesions that are recognized by AAG. Decreased sensitivity to a variety of 

chemotherapeutic agents was observed in mouse embryonic stem cells overexpressing 

AAG, which was postulated to be derived from an enhanced ability to repair damaged 

bases.88-90 Other work has shown that overexpression of AAG in breast cancer cells 

increases sensitivity to chemotherapeutics, including TMZ, which was attributed to 

increased strand breaks via generation of AP sites.91 Furthermore, overexpression of 

AAG has been demonstrated to result in microsatellite instability, frameshift 

mutagenesis, and increased strand breaks upon exposure to alkylating agents.92 

Knockdown of AAG in human carcinoma cells showed enhanced sensitivity to 

chemotherapeutics, including TMZ in direct contradiction to the results seen in breast 

cancer cells.93  AAG-deficient mice showed enhanced resistance to some alkylating 

therapeutics but demonstrated susceptibility to others.94, 95 It is apparent from these 

studies that the relationship between AAG and chemotherapeutic response remains to be 

fully elucidated. 

AAG is not the only repair enzyme implicated in modulating the response to 

alkylating chemotherapeutic agents. Intriguingly, despite the associations between lower 

MGMT expression and carcinogenesis mentioned above there is often higher MGMT 

expression in malignant tumors.96 It is important to note that xenografts show expression 

levels of MGMT are quite heterogeneous97 so a nuanced approach should be utilized in 
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applying these conclusions. Nonetheless, MGMT expressing tumors have demonstrated 

almost complete resistance to alkylating chemotherapeutics at maximum tolerated 

dosages while MGMT deficient cells demonstrate enhanced sensitivity.98, 99 ALKBH2 

has also shown to modulate responses to chemotherapeutics as downregulation led to 

increased sensitivity to alkylating agents.73 The potential for AlkB homolog inhibitors to 

serve as anticancer agents has also been investigated.100  

The overlapping nature of these various repair pathways should also be 

investigated when trying to elucidate the role of DNA repair on chemotherapeutic 

resistance. The overlap of substrates between BER and DRR may help establish a robust, 

complementary cellular response to alkylation damage than either pathway alone. Indeed, 

a study investigating the effects of combined knockouts found evidence of epistasis 

between the three enzymes whereby while single or double knockouts of AAG, 

ALKBH2/AAG, ALKBH3/AAG were more susceptible to alkylation damage, cells were 

able to survive multiple rounds of alkylating damage but triple knockouts were not.101 

The relationships between these pathways should also consider the cellular environments 

in which they may be working, such as during different phases of cell cycle. The 

potential obstacles to the activity of these enzymes in these different cellular 

environments, such as the packaging of DNA, need to be better understood to inform 

future therapies. 

1.9 DNA in Eukaryotic Organisms 

DNA in eukaryotes is packaged extensively into chromatin. The nucleosome core 

particle (NCP) is the basic unit of packaging in eukaryotic chromatin. The NCP is 

comprised of 145-147 base pairs of DNA wrapped approximately 1.7 times around an 
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octamer core of histone proteins102 and contains a 2-fold axis of pseudosymmetry known 

as the dyad axis (Figure 1.8). The octamer core is comprised of two copies of each 

histone protein: H2A, H2B, H3, and H4,103 each containing a globular core region and a 

disordered tail.102  

  

Within an NCP, any given nucleobase is present within a unique local structural 

architecture that governs how it may be accessed by enzymes. When considering the 

activity of a glycosylase in an NCP, a variety of factors must be considered. First and 

foremost, the nature of the lesion’s unique location and environment within the NCP 

must be considered. The location of any position can be defined by two parameters: (1) 

its rotational positioning, i.e. orientation in the DNA helix facing inwards towards the 

histones (IN), outwards towards solution (OUT), or somewhere in between (MID) and (2) 

its translational position defined as its distance from the dyad axis, i.e. located more 

internally in the NCP or closer to the DNA ends. Another consideration with regards to 

translational positioning is the observed phenomenon of DNA ends near the exit/entry 

Figure 1.8 Positions of nucleobases in the NCP. Representation of the NCP with the 

dyad region indicated in red. This representation was created by merging crystal 

structures of an NCP with a histone octamer containing N-terminal tail regions (PDB 

entries 3lz0 and 1kx5, respectively). (A) Top view and (B) side view of the NCP with 

the rotational positions of nucleobases relative to the histone core indicated. Outward 

(blue), midway (purple), and inward (red) facing nucleobases are highlighted (only 

one DNA strand is shown for clarity). 
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region spontaneously and transiently dissociating from the histone core (Figure 1.9). 

This dynamic unwrapping of the DNA ends has been observed by FRET experiments104-

107 and by increased accessibility of these sites to restriction enzymes.108 Furthermore, the 

periodicity of the DNA within the NCP varies depending on its translational position.109 

Additional factors, such as the presence of superhelices and the histone tails also create 

further nuances in local NCP microenvironments.  

  

Foundational studies have demonstrated that damage formation in the NCP occurs 

differentially depending on rotational position110 and strength of association of the DNA 

to the octamer core.111 When considered as a whole, these factors illustrate that damage 

located within the NCP is a complex substrate for DNA repair. Early studies 

demonstrated that the NCP inhibits the activity of UNG and SMUG1 compared to 

unpackaged DNA at certain locations in the NCP.112 Further the repair of alkylation 

damage in regions occupied by nucleosomes exhibited slower rates of repair when 

compared to regions between nucleosomes.113, 114 Understanding the effects of DNA 

packaging on initiation of BER by glycosylases can contribute to our understanding of 

the links between DNA damage repair and carcinogenesis. 

Figure 1.9 Dynamic unwrapping of DNA in the NCP. Representation of the wrapped 

(left) and partially unwrapped (right) states of the DNA ends in the NCP. The dyad is 

highlighted in red to act as a reference point of the least dynamic region in the NCP. 
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1.10 Packaged DNA as an Obstacle to BER 

DNA repair within the NCP has been most extensively studied in the dyad region, 

a location where there is minimal transient unwrapping of the DNA. The dyad region also 

lacks adjacent DNA superhelices. To characterize initiation of BER in the dyad region, 

our laboratory investigated the activity of several glycosylases working under identical 

reaction conditions.115 Specifically, we investigated the activity of the OGG1 glycosylase 

excising 8-oxoG, UNG excising U, and AAG excising εA. The rotational orientation for 

each target lesion was varied to face OUT, MID, or IN. Both AAG and UNG exhibited 

activity that correlated with rotational orientation, with the OUT lesion being most 

readily excised, and the IN lesion the least, a result that was observed by others studying 

UNG.116 Significantly, two kinetic phases can be resolved for UDG acting on MID and 

IN sites, and it has been proposed by us117 and others118 that these biphasic kinetics 

reflect conformational changes within the NCP that expose occluded sites. In contrast to 

AAG and UNG, OGG1 had limited excision activity, regardless of rotational orientation 

of the lesion. Significantly, we have shown that the OGG1 activity is inhibited in the 

dyad region regardless of rotational positioning.117 Furthermore, others have shown that 

activity of NTH1 removing Tg is lower in the dyad region compared to an area located 

towards the DNA entry/exit area for an IN lesion.119 Decreased NCP dynamics and the 

unique periodicity of DNA near the dyad may explain the inhibition of certain 

glycosylases in this region of the NCP.  

 With its own unique architecture that lacks the dynamics observed at sites closer 

to the entry/exit region, the dyad region is not representative of the DNA throughout the 

entire NCP. We therefore expanded our investigations of rotational positioning to a 
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region close to the DNA entry/exit region with a focus on the excision activity of OGG1 

and UDG.120 The target lesions, 8-oxoG and U, were located approximately 20 bp from 

the end of the DNA. In contrast to the dyad region, glycosylase activity was observed at 

all rotational positions, albeit to varying degrees. Additionally, biphasic kinetics were 

observed for all rotational positions, reflecting that conformational changes in the NCP 

may modulate access to lesions toward the DNA ends of the NCP due to transient 

unwrapping. SMUG1 and UNG have been reported to experience fewer translational 

effects when comparing the entry/exit region and the dyad.112 However, reduction of 

unwrapping via crosslinking of the DNA to the histone octamer reduces repair by 

UNG.121, 122 Furthermore, enhanced repair activity closer to the DNA ends was 

previously observed with UNG,123 consistent with our results showing greater repair of 

the DNA closer to the entry/exit region. Additionally, both NTH1 and NEIL1 have 

shown enhanced excision activity on Tg lesions in the DNA entry/exit region.124 Lesion 

exposure rates have also been shown to be rate limiting for NTH1, further solidifying the 

importance of transient unwrapping in facilitating BER initiation.125 Experiments in yeast 

provide in vivo evidence that BER enzymes may exploit DNA unwrapping. Treatment 

with MMS reveals all nucleobase positions throughout the NCP are susceptible to 

damage. However, after a period of recovery time there is persistent damage in the dyad 

region, indicative of hindered repair, which subsequently leads to mutations.126 Further 

evidence demonstrates somatic and germline mutations follow the periodicity in the 

NCP.127 Specifically, mutations are observed in areas of the genome packaged IN 

towards the histones. These observed mutational hotspots are hypothesized to be a result 

of hindered repair at these sites.127 Taken together, these results show that DNA lesions 
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that are rotationally IN as well as those located in the dyad region are less likely to be 

repaired, perpetuating mutagenic and cytotoxic effects.  

 

Inhibition of BER in certain NCP locations may further explain how obstacles to 

glycosylase activity lead to carcinogenesis. The general trends observed for glycosylases 

show lesion in areas of increased dynamics or oriented OUT are generally repaired better 

than those in less dynamic areas or oriented IN (Figure 1.10). DNA packaging in NCPs 

leads to differential repair based on the unique NCP architecture location of the lesion, 

with some sites being easier to access for repair than others. Therefore, certain types of 

damage in certain locations within the NCP are far less likely to be removed than others. 

However, even for damage that is recognized and removed by a glycosylase, the 

downstream BER processes still need to be completed. The multiple enzymes needed for 

complete BER repair represent a distinct disadvantage in the difficult architecture of the 

NCP when compared to DRR. 

Figure 1.10 General trends of glycosylase activity in the NCP. (A) Investigation of 

glycosylase activity on lesions in different translational locations reveal how increased 

dynamics toward the DNA entry/exit region (green) show higher excision than less 

dynamic areas like the dyad axis (red). (B) Investigation of glycosylase activity on 

lesions in different rotational locations reveal that lesions oriented OUT (green) are 

excised better than IN sites (red). The red highlighted dyad remains a general exception 

to the correlation between rotational position and excision activity. 
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1.11 Overcoming DNA packaging 

 Chromatin remodeling is the dynamic alteration of chromatin architecture that 

allows for greater access to DNA enzymes. The main mechanisms of remodeling are post 

translational modifications to the histones and ATP dependent remodeling complexes. 

Reversible modifications are known to alter chromatin structure, such as the formation of 

more accessible euchromatin by acetylation that helps promote gene transcription.128 

Besides reversible PTMs such as methylation, phosphorylation, and acetylation, 

proteolytic clipping of the histone tails has been identified as an irreversible 

modification.129, 130 Remodeling complexes catalyze more vigorous alterations to 

nucleosome structure including octamer sliding,131 octamer disassembly,132 and histone 

variant exchanges.133 

Remodeling complexes allow for broader changes to nucleosomes than those 

caused by PTMs, including histone eviction and histone exchange. Complexes like 

SWI/SNF134 and Chd1135 dock onto the histone tails and use ATP hydrolysis to drive 

octamer sliding and ejection of some or all histone proteins within the octamer. Some 

remodeling complexes such as SWR1133 and INO80136 also promote the exchange of 

canonical histones for variants. Variant histones are histone proteins that can be 

substituted for the canonical proteins in the NCP and can confer unique function and 

structure. The histones that possess the most variants are H2A and H3. H2A variants 

include H2A.X, H2A.Z, macroH2A, and H2A.Bbd which have specific localization that 

implicates their role(s) in defined biological processes including DNA repair. For 

example, H2A.X is distributed throughout the genome and is associated with double-

strand break repair 137 and H2A.Z mediates an essential chromatin remodeling step for 
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the repair of DSBs. 138 The macro domain of macroH2A reduces the recruitment of DNA 

repair machinery while also compacting chromatin following poly(ADP-ribose) 

polymerase 1 (PARP1) activation.139 Similarly, the H3 variant CENP-A interacts with 

PARP2140 and CENP-A is found in nuclear foci and depletion of CENP-A results in 

increased apoptosis following irradiation.141 CENP-A recruitment is also observed upon 

induction of DSBs in both human and mouse cells.142 The unique architecture imparted 

by variants to the NCP via alterations in DNA-histone contacts and changes in histone 

size (Figure 1.11) may allow for altered access to DNA enzymes. Indeed, chromatin 

remodeling is one of the first parts of the cellular response to DNA damage143 and we 

have seen enhanced BER in NCPs containing H2A variants.144 The occurrence of 

remodeling in response to DNA damage highlights the need to overcome DNA packaging 

for DNA repair to occur efficiently. 
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 Newer investigations of nucleotide excision repair (NER) proteins have revealed 

their roles in BER and overcoming the problems of DNA packaging. It has been 

demonstrated that NER lesions packaged into chromatin result in differential repair by 

the NER pathway.145 UV-DNA damage binding protein (UV-DDB) is a heterodimeric 

protein consisting of DDB1 and DDB2 that has been shown to act as a damage sensor for 

lesions in the context of chromatin.146 Intriguingly, more recent work has shown the 

involvement of UV-DDB with the BER pathway. In short duplexes, UV-DDB has been 

shown the stimulate the activity of OGG1 on 8-oxoG, APE1 incision of abasic sites, and 

pol β nucleotide incorporation.147 Furthermore, UV-DDB binding to abasic sites has been 

observed in cryo-EM structures to induce a register shift of occluded IN lesions 

independent of ATP.148 This may explain earlier work which had identified a “factor” 

from human cellular extracts that promoted ATP independent BER activity in 

Figure 1.11 Differential structures of variant containing NCPs. The dyad region is 

highlighted in red, H3 variants in blue, and H2A variants in yellow. The canonical NCP 

(PDB 3lz0), CENP-A (PDB 3AN2), and H2A.Z (PDB 1F66) are shown. The 

macroH2A structure consists of an NCP with the histone domain (PDB 1U35), the 

macro domain (PDB 6FY5), and a cartoon representation of the unstructured linker. 

Top panels represent top views and bottom panels represent side views. 
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nucleosomes.149 These exciting results implicate UV-DDB as another potential 

mechanism of promoting BER in chromatin. 

1.12 Concluding Remarks and Gap in Knowledge 

 DNA repair is essential to the protection of an organism’s genetic code as well as 

its survival. While there is a vast array of DNA damage that can occur, there are also 

numerous pathways to repair this damage. The BER and DRR pathways are the major 

pathways involved in the repair of damage to DNA nucleobases. However, the packaging 

of DNA into chromatin presents these cells with a paradox. While sequestration of DNA 

can help protect the genome, it can also exclude DNA repair enzymes from accessing and 

repairing damage. The work of this thesis elucidates how BER and DRR enzymes are 

affected by DNA packaging. 

 The proceeding work will investigate BER and DRR in packaged DNA and how 

it can be modulated by the alteration of the histone proteins or addition of other proteins. 

Chapter 2 focuses on a comparison of the BER and DRR pathways in the repair of 

alkylated DNA distributed throughout various geometric positions within the base unit of 

DNA packaging, the NCP. A comparison of AAG and ALKBH2 reveals the effects of 

DNA packaging on each repair pathway. Chapter 3 investigates the effects of histone tail 

removal on NCP structure and AAG excision activity. Finally, chapter 4 explores the role 

of UV-DDB in conjunction with AAG to initiate BER in the NCP. Together these studies 

aim to elucidate how the repair of damaged nucleobases occurs in chromatin and the 

various potential cellular strategies to overcome inhibition by this packaging.  
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2.1 Abstract  

1,N6-ethenoadenine (A) is a mutagenic lesion and biomarker observed in numerous 

cancerous tissues. Two pathways are responsible for its repair: base excision repair (BER) 

and direct reversal repair (DRR). Alkyladenine DNA glycosylase (AAG) is the primary 

enzyme that excises A in BER, generating stable intermediates that are processed by 

downstream enzymes. For DRR, the Fe(II)/α-ketoglutarate-dependent ALKBH2 enzyme 

repairs A by direct conversion of A to A. While the molecular mechanism of each 

enzyme is well understood on unpackaged duplex DNA, less is known about their actions 

on packaged DNA. The nucleosome core particle (NCP) forms the minimal packaging unit 

of DNA in eukaryotic organisms and is comprised of 145-147 base pairs wrapped around 

a core of eight histone proteins. In this work, we investigated the activity of AAG and 

ALKBH2 on A lesions globally distributed at positions throughout a strongly positioned 

NCP. Overall, we examined repair of A at 23 unique locations in packaged DNA. We 

observed a strong correlation between rotational positioning of A and AAG activity, but 

not ALKBH2 activity. ALKBH2 was more effective than AAG at repairing occluded A 

lesions but only AAG was capable of full repair of any A in the NCP. However, notable 

exceptions to these trends were observed, highlighting the complexity of the NCP as a 

substrate for DNA repair. Modeling of binding of the repair enzymes to NCPs revealed 

that some of these observations can be explained by steric interference caused by DNA 

packaging. Specifically, interactions between ALKBH2 and the histone proteins obstruct 

binding to DNA and leads to diminished activity. Taken together, these results support in 

vivo observations of alkylation damage profiles and contribute to our understanding of 

mutational hotspots. 
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2.2 Introduction 

The DNA lesion 1,N6-ethenoadenine (A, Figure 2.1) is a mutagenic adduct1 

generated by exposure of A to various DNA damaging agents such as vinyl chloride and 

aldehyde byproducts of lipid peroxidation.2, 3  Elevated A levels have been detected in a 

number of cancerous tissues and in tissues of chronic inflammatory diseases.4 The A•T to 

T•A transversion, possibly induced by A, is a common mutation observed in the P53 

and RAS genes and is associated with carcinogenesis.5 This carcinogenic effect of A 

necessitates a thorough understanding of how cells efficiently repair and remove such 

damage. 

 

 

Two repair pathways recognize and repair the A lesion: base excision repair 

(BER) and direct reversal repair (DRR). BER of A is initiated by alkyladenine 

glycosylase (AAG) removing the lesion (Figure 2.1), generating an 

apurinic/apyrimidinic (AP) site.6-7 Downstream BER enzymes process this AP site and 

complete the repair. AAG repairs alkylated nucleobases in bacteria,8 yeast,9 and 

mammalian cells.10 A key component of recognition and removal of A is the base-

flipping mechanism.11 Furthermore, while AAG only removes εA from double-stranded 

Figure 2.1 Base excision repair of εA (red) initiated by AAG 
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substrates, it only requires contact with the lesion-containing strand for substrate 

recognition.12 

 

 

The repair of εA lesions by DRR is carried out by the AlkB family of 

dioxygenases, which performs chemistry to directly transform A to canonical A with a 

single enzyme (Figure 2.2).13-16 Based on sequence homology, up to nine human 

homologs have been identified as being structurally similar to E. coli AlkB.17 ALKBH2 

and ALKBH3 are the enzymes responsible for DRR of A to A in humans18, 19 with 

ALKBH2 primarily responsible for repairing lesions in double-stranded DNA.20 AlkB 

homologs are ubiquitous,21 being observed in RNA viruses,22 aerobic bacteria,23 and 

metazoans.24 In a manner similar to AAG, ALKBH2 flips its target lesion into its active 

site prior to chemistry.25 Unlike AAG, ALKBH2 requires contact with both strands of 

DNA to ensure its substrate specificity.25 

While BER and DRR have been studied extensively in unpackaged DNA, they 

are not as well understood in the context of chromatin. The nucleosome core particle 

(NCP) is the basic packaging unit in eukaryotic chromatin and is comprised of 145-147 

base pairs of DNA wrapped approximately 1.7 times around a histone protein core.26 The 

Figure 2.2 Mechanism of direct repair of εA by the AlkB family of dioxygenases 
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histone core is formed by two copies of each of the histone proteins H2A, H2B, H3, and 

H4.27 Each histone contains a highly structured globular core and a disordered tail.26 The 

location of any nucleobase within the NCP can be characterized according to two 

parameters: rotational positioning and translational positioning. The rotational can be 

defined as outwards towards the solution (OUT), inwards towards the histone core (IN), 

or a position somewhere in between (MID). The translational position of a nucleobase is 

based on its distance from the dyad axis. It is known that DNA located further from the 

dyad axis and closer to the entry-exit points is subject to spontaneous and transient 

dissociation from the histone core.28, 29 Furthermore, lesions with different rotational and 

translational positions exist in varied microenvironments within an NCP which can 

influence DNA repair.  

Most literature reports have investigated how AAG and ALKBH2 function on 

unpackaged DNA substrates. To the best of our knowledge, no work has been reported on 

DRR in the context of an NCP. The BER and DRR pathways may differ in their ability to 

work in certain cellular environments, including when DNA is packaged or unpackaged. 

The overlapping lesion substrates of AAG and ALKBH2 may help balance the need to 

repair mutagenic lesions against the generation of potentially mutagenic and/or cytotoxic 

intermediates such as AP sites and nicks. For example, DRR avoids the creation of the 

AP site generated by BER which has been shown to react with histone lysines leading to 

a strand break.30 However, it remains unknown the context in which each repair pathway 

operates within the cellular environment. 

 In this study, we used a global population of NCP with εA lesions in a variety of 

translational and rotational positions to investigate and compare the activities of AAG 
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and ALKBH2. We utilized a combinatorial approach of hydroxyl radical footprinting 

(HRF) and enzymatic reactions to evaluate the repair profiles of both AAG and ALKBH2 

in strongly positioned nucleosomes (Figure 2.3). We found that while only AAG has, at 

some sites, full activity on εA in the NCP, ALKBH2 is better at repairing occluded εA 

lesions. Through molecular modeling, we hypothesize that these differential repair 

profiles may be the result of steric interactions with the histone core and some of the 

structural distortions caused by these two enzymes. 
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Figure 2.3 Overall workflow to establish the repair profiles of AAG and ALKBH2 in 

strongly positioned NCPs. NCPs with εA distributed globally throughout the NCP 

were assembled. Notably, each NCP contains only a single εA lesion but the 

population of NCP has εA in a variety of locations. The NCP were treated in three 

ways. The top shows establishing the solution accessibility of the εA lesions by 

hydroxyl radical footprinting. The middle shows the treatment of NCPs with AAG to 

reveal the εA sites that are repaired by BER. The bottom shows the two-step process 

for revealing DRR by ALKBH2. First, the NCPs are treated with ALKBH2 and its 

cofactors. The histone proteins are then extracted and the liberated DNA is treated 

with AAG to reveal sites that were not repaired, and by comparison to controls, the 

εA sites that were repaired by ALKBH2. The data is quantitated and combined to 

reveal the repair profile of εA in strongly positioned NCPs. 
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2.3 Materials and Methods 

2.3.1 Oligonucleotide Synthesis and Purification 

All oligonucleotides used in this study were synthesized on a MerMade 4 DNA 

synthesizer (BioAutomation). All reagents were purchased from Glen Research. We used 

the 145 bp Widom 601 nucleosome positioning sequence (Table 2.1) as the 

unincorporated duplex control and to assemble NCP. Base pairs are numbered starting 

with the first base of the 5′-end of the “I” strand. The 145 mer oligonucleotide containing 

εA was synthesized on 1400 Å controlled pore glass beads using phosphoramidites with 

ultramild protecting groups and deprotected according to the manufacturer’s 

specifications. A Poisson distribution was utilized to substitute εA for A throughout the 

“I” strand, similar to recent reports.31-33 We accomplished this distribution by using an εA 

and A phosphoramidite mixture during the synthesis, with the molar ratio determined by 

the Poisson distribution (λ= 0.355). The resulting DNA population contains either 0 or 1 

εA lesion per 145 mer oligonucleotide with only 5% containing two or more lesions. The 

final trityl group was removed on the synthesizer and the DNA cleaved from the beads by 

incubation in NH4OH at room temperature for 2 h. The DNA was then purified by 8% 

denaturing polyacrylamide gel electrophoresis (PAGE).  

Table 2.1 DNA sequences used in this study 

Name Length Sequence (5ʹ to 3ʹ) 

“I” strand 145mer ATCAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAG

CTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTT

TAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCA

GATATATACATCGAT 

“J” strand 145mer ATCGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAA

TCCCCTTGGCGGTTAAAACGCGGGGGACAGCGCGTACGTGCGT

TTAAGCGGTGCTAGAGCTGTCTACGACCAATTGAGCGGCCTCG

GCACCGGGATTCTGAT 
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IS1 23mer ATCAGAATCCCGGTGCCGAGGCC 

IS2 92mer ATCAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAG

CTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTT

TAACC 

J1 45mer ATCGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAA

TC 

J2 65mer CCCTTGGCGGTTAAAACGCGGGGGACAGCGCGTACGTGCGTTT

AAGCGGTGCTAGAGCTGTCTAC 

J3 35mer GACCAATTGAGCGGCCTCGGCACCGGGATTCTGAT 

JS12 30mer TTTAACCGCCAAGGGGATTACTCCCTAGTC 

JS23 32mer GCCGCTCAATTGGTCGTAGACAGCTCTAGCAC 

The complementary 145 mer was prepared using a ligation strategy (Figure 2.4). 

The component oligonucleotides for ligation were synthesized using standard 

phosphoramidite protecting groups and the final trityl group was retained. Reverse-phase 

HPLC purification at 90 °C was used to purify the oligonucleotides with a trityl group 

(Agilent PLRP-S column, 250 mm × 4.6 mm; A = 100 mM triethylammonium acetate 

[TEAA] in 5% aqueous MeCN, B = 100 mM TEAA in MeCN; 5:95 to 35:65 of A:B over 

30 min, 35:65 to 5:95 of A:B over 5 min at 1 mL/min, retention times ranged from 24-29 

minutes). Incubation in 20% v/v aqueous glacial acetic acid for 1 h at room temperature 

removed the trityl group and a second HPLC purification at 90 °C was performed 

(Agilent PLRP-S column, 250 mm × 4.6 mm; A = 100 mM triethylammonium acetate 

[TEAA] in 5% aqueous MeCN, B = 100 mM TEAA in MeCN; 0:100 to 15:85 of A:B 

over 35 min, 15:85 to 35:65 of A:B over 5 min at 1 mL/min, retention times ranged from 

28-32 minutes). Electrospray ionization mass spectrometry was used to verify the identity 

of the component oligonucleotides. Five nmol of each component oligonucleotide J2 and 

J3 (Scheme S2) were 5ʹ-phosphorylated using 2 mM ATP and 30 units T4 kinase (New 

England Biolabs). These phosphorylated components were then combined in equal molar 
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amounts with component J1 and 10% excess of two scaffolding oligonucleotides, JS12 

and JS23, and annealed by heating to 95°C for 5 min and cooling at 1°C per min to room 

temperature in 50 mM NaCl and 20 mM Tris (pH 8.0). These annealed oligonucleotides 

were then ligated at room temperature overnight using 4800 units T4 DNA ligase (New 

England Biolabs). The product of the ligation reaction was then purified using 8% 

denaturing PAGE.  

 

The two single-stranded internal standards, IS1 and IS2, used for normalizing band 

quantification in the AAG and ALKBH2 analyses, were designed as a 23 mer and a 92 

mer (Table 2.1) such that they would not co-migrate with any εA cleavage product. They 

were synthesized as described above and purified by 12% and 8% denaturing PAGE, 

respectively.  

2.3.2 Reconstitution of Global εA Nucleosome Core Particles 

Recombinant Xenopus laevis histones were individually expressed and purified, 

and subsequently assembled into octamers.34, 35 NCPs were reconstituted by dialyzing the 

radiolabeled εA-containing duplex population and histone octamer together via salt 

gradient, as described previously.34 Briefly, a 7% molar excess of histone octamer (0.535 

μM octamer)  was added to radiolabeled εA containing 145 bp duplex (0.5 μM DNA) in 

Figure 2.4 Ligation scheme for complementary J strand sequence. Five nmol of 

phosphorylated J2 and J3 was mixed with 5 nmol J1 and 5.5 nmol JS12 and JS23 and 

annealed. The annealed sample was then treated with ligase to assemble 145 mer 

complementary DNA. The ligation reaction was purified by 8% denaturing PAGE. 
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buffer (10 mM Tris-HCl [pH 7.5], 1 mM EDTA, 1 mM dithiothreitol [DTT], 2 M NaCl, 

500 μg/mL BSA) in a Slide-a-Lyzer dialysis device (0.1 mL capacity, 3.5 kDa MWCO; 

Thermo Fisher Scientific). The dialysis device started in a buffer of 10 mM Tris-HCl (pH 

7.5), 1 mM EDTA, 1 mM DTT, 2 M NaCl at 4 °C. The device was placed in buffers 

containing decreasing concentrations of NaCl (1.2 M, 1.0 M, 0.6 M, 0 M) at hourly 

intervals. The final dialysis proceeded for 3 h and then the NCPs were filtered with a 0.22 

μm cellulose acetate centrifuge tube filter (Corning Costar) to remove insoluble particles. 

NCP formation and relative purity were analyzed using a 7% native PAGE (60:1 

acrylamide:bisacrylamide; 0.25x TBE) run for 3 h at 160 V at 4 °C (Figure 2.5). Only 

NCPs containing ≤ 5% duplex DNA were used in further studies.  

 

 

Figure 2.5 Native PAGE Analysis of εA Containing NCP. Representative native PAGE 

showing successful NCP formation as indicated by slower band migration in the NCP 

lane relative to the unincorporated duplex (dsDNA) lane. Only NCPs containing <5% 

dsDNA were used in these studies. 
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2.3.3 Hydroxyl Radical Footprinting  

Hydroxyl radical footprinting was utilized to determine the relative solution 

accessibility of nucleobases in the NCP. A modified version of the method of Tullius36, 37 

was used to ensure single-hit conditions. Briefly, 7.5 μL of each 1 mM Fe(II)-EDTA, 10 

mM sodium ascorbate, and 0.12% w/v aqueous hydrogen peroxide were combined with 5 

pmol NCPs in 52.5 μL buffer (10 mM Tris-HCl [pH 7.5], 1 mM EDTA). This mixture 

was incubated in the dark at room temperature for 10 min and then quenched with 16 μL 

1 mM EDTA in 25% v/v glycerol. This quenched sample was immediately loaded onto a 

7% native PAGE (60:1 acrylamide:bisacrylamide; 0.25x TBE) and run for 3 h at 155 V at 

4 °C. The gel bands containing NCPs were excised and eluted into buffer (0.3 M NaOAc, 

1 mM Tris-HCl [pH 8.0], 1 mM EDTA) for 18-24 h at 37°C with gentle shaking (60 

rpm). The eluent was then concentrated using a centrifugal concentrator (Sartorius 

Viaspin Turbo 15, 5 kDa MWCO) and filtered using a 0.22 μm cellulose acetate syringe 

filter. The samples was extracted with equal volume addition of 25:24:1 

phenol:chloroform:isoamyl alcohol (PCI) and the aqueous layer was concentrated by 

SpeedVac evaporation. Following the addition of 40 μL co-precipitation agent (0.5 

mg/mL tRNA in 300 mM NaOAc [pH 8.0], 1 mM EDTA), samples were desalted with 

ethanol precipitation. Samples were resuspended in a 1:1 mixture of formamide and 

water for denaturing PAGE. Cleavage fragments were resolved by 8% denaturing PAGE 

and quantitated using SAFA38 gel analysis software.  

The determination of solution accessibilities of nucleobases was achieved by 

normalization to the highest band intensity within a helical turn. Briefly, the band 

intensities were plotted against base position to identify the peaks and valleys 
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corresponding to OUT and IN locations respectively. The identified peaks with the 

highest band intensity were assigned as the most OUT position within a helical turn and 

assigned a value of 1. The band intensity of the five bases flanking each side of this OUT 

position were then normalized to this value to give the solution accessibility within the 

helical turn. This normalization allows for direct comparison of rotational positioning 

throughout all bases in the NCP. Highly solution-accessible (OUT) positions were 

defined as those with a ratio greater than or equal to 0.7; medium solution-accessible 

(MID) positions with a ratio range from 0.3-0.7; low solution accessibility (IN) positions 

were defined as those with a ratio less than 0.3. 

2.3.4 Enzymatic Reactions 

 Human AAG was purchased from New England Biolabs, and the total enzyme 

concentration was determined by Bradford assay using γ-globulin standards (Bio-Rad 

Laboratories). Human ALKBH2 was expressed, purified and quantified as previously 

described.39, 40 To assess the activity of ALKBH2 or AAG, 1 pmol substrate (either duplex 

DNA or NCPs) were mixed with 40 pmol ALKBH2 or AAG in a total volume of 20 μL of 

the reaction buffer (20 mM Tris, 50 mM NaCl, 150 mM KCl, 1 mM DTT, 100 μg/mL 

BSA, 1.5 mM α-ketoglutarate disodium salt, 3 mM sodium ascorbate, 50 mM HEPES (pH 

8), and 100 μM Fe(NH4)2(SO4)2•(H2O)6). The reaction buffer was the same for both 

enzymes to ensure a direct comparison of repair with the same biophysical characteristics 

of the NCP in each instance. The samples were incubated for 1 h at 37 °C along with a 

negative control sample (no enzyme). After the incubation, AAG treated samples were 

quenched with 20 μL of 1M NaOH which had been spiked with the radiolabeled internal 

standards and heated to at 90 °C for 3 min. The internal standards were added based on 
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radioactive counts. Briefly, the counts per each εA site were calculated and multiplied by 

1.7 to determine how many counts of the internal standards were added. ALKBH2 treated 

samples were quenched with a final concentration 25 mM EDTA and heated at 95 °C for 

5 min. For both the AAG and ALKBH2 samples, the protein and DNA were then separated 

using an extraction with PCI. For AAG treated samples, the aqueous layer was 

supplemented with 40 μL co-precipitation agent (0.5 mg/mL tRNA in 300 mM NaOAc 

[pH 8.0], 1 mM EDTA) and 600 μL ethanol before being placed on dry ice for 30 min. For 

the ALKBH2 treated samples, the aqueous phase was supplemented with 40 μL 0.5 M 

sodium acetate and 600 μL ethanol and placed on dry ice for 30 min. The ALKBH2 treated 

samples were then reconstituted in 20 mM Tris (pH 8.0), 50 mM NaCl, 150 mM KCl, 1 

mM DTT, 100 μg/mL BSA, 40 pmol of AAG was added, and the sample was incubated 

for 1 h at 37 °C. Another sample was kept as a negative control to reveal background 

damage during workup and was not treated with AAG. These samples were then quenched 

by 0.5 M NaOH, heated to 90 °C for 3 min. These samples were then supplemented with 

40 μL co-precipitation agent (0.5 mg/mL tRNA in 300 mM NaOAc [pH 8.0], 1 mM EDTA) 

and 600 μL ethanol before being placed on dry ice for 30 min. All samples were 

resuspended in 50% v/v formamide:water, split in half, and loaded onto an 8% gel (Figure 

2.6). One half of the samples were loaded to resolve bands 19-64, run 2 h at 80 W. The 

other half of the samples were loaded to resolve of bands 89-132, run 4 h at 80 W.  



62 
 

 

 

Figure 2.6 Denaturing PAGE analysis of AAG and ALKBH2 Activity in NCPs 

and Duplex. Evaluation of ALKBH2 activity on NCPs and Duplex containing 

globally substituted εA lesions. Samples were incubated with 2000 nM ALKBH2 

for 1 h at 37 °C. The proteins were extracted, and samples were incubated with 

2000 nM AAG for 1 h at 37 °C. NaOH catalyzed strand breaks were used to 

visualize εA still present for AAG treatment. Each data set consists of the 

following lanes: three replicates of ALKBH2 treated NCPs, duplex liberated from 

NCPs and treated with AAG, a no enzyme NCP sample, duplex treated with 

ALKBH2 and then AAG, and duplex treated with only AAG. The internal 

standards are indicated by the asterisks on the gel.     
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The gels were visualized by phosphorimagery and the bands were quantified 

using SAFA software. The band intensities were normalized using the internal standards. 

Sites 19-64 were normalized with the 23 mer standard, and sites 89-132 were normalized 

using the 92 mer standard. The no enzyme control was used to subtract background from 

enzyme-treated samples. For each site, the ratio of corrected band intensity in the NCPs 

to the duplex was used to determine the NCP/Duplex (NCP/DUP) ratio for AAG activity. 

An NCP/DUP value of 1 indicates activity that is comparable to duplex, while a value 

below one indicates lower activity relative to duplex. As a result of A repair to A by 

ALKBH2, the DNA is no longer a substrate for AAG and does not generate a strand 

break under strongly basic conditions. Thus, we measured the loss of density in bands in 

ALKBH2-treated samples as compared to AAG only treatments. As ALKBH2 activity 

increased, we found that there was a corresponding drop in band density after AAG 

treatment. For ALKBH2, a value of 1 indicates a lack of repair while a value lower than 1 

indicates repair by ALKBH2. To allow a direct comparison to AAG, this NCP/DUP 

value was then subtracted from 1 to convert to ALKBH2 repair. The standard error (SE) 

of NCP/DUP was calculated using 𝑆𝐸 = 𝜎/√(𝑛), where σ is the standard deviation of 

the population and n is the sample size. For both AAG and ALKBH2, sites 19-123, n=5 

and for sites 130 and 132, n=3. 

2.3.5 Molecular Modeling 

Molecular models were used to approximate enzyme binding to NCPs. The 

crystal structure of DNA-bound AAG (PDB: 1EWN, resolution 2.1 Å) or ALKBH2 

(PDB 3RZK, resolution 2.8 Å) were aligned with the NCP crystal structure (PDB: 3LZ0, 

resolution 2.5 Å) using PyMOL. The alignment was performed using the phosphate 
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atoms of the five base pairs on either side of the lesion aligned with the five base pairs on 

either side of the site of interest (either site 42 or 64) using the “pair_fit” function of 

PyMOL. Color ramps were then applied to the surface representation of each enzyme to 

map the proximity to the histone core. 

2.4 Results 

2.4.1 Preparation of NCP Containing Globally Substituted εA Lesions  

To investigate the εA repair profiles of AAG and ALKBH2, we prepared NCPs 

using the Widom 601 DNA sequence.41 The 601 sequence is a strong positioning 

sequence which binds the histone octamer in a single translational and rotational position 

and provides a homogeneous population of NCPs for repair studies. Crystal structures of 

the 601 NCP are also available for reference.41 Using methods we reported previously,31-

33 εA lesions were incorporated at A sites in the “I” strand of the 601 DNA to create εA:T 

base pairs throughout the sequence. We utilized a Poisson distribution to determine the 

molar ratio of A to εA building blocks such that 95% of the synthesized DNA sequences 

contain no more than one A.  

2.4.2 Rotational Position of DNA in NCP  

We utilized HRF to establish the rotational position of each nucleobase and εA 

lesion.37 The hydroxyl radical abstracts preferentially the C5' hydrogen of the sugar-

phosphate backbone, which is located in the minor groove. For DNA packaged in NCPs, 

the regions of most intense strand cleavage indicate that the minor groove is solvent 

exposed and, thus, the major groove is facing the histone core and is protected from 

hydroxyl radicals.  Therefore, a characteristic of DNA packaged in NCPs is an oscillating 
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pattern of high and low reactivity towards hydroxyl radicals. This pattern is observed in 

Figure 2.7.  

 

Figure 2.7 Hydroxyl Radical Footprinting of NCPs. Representative HRF 

denaturing PAGE used to assign solution accessibilities to each base position in 

the NCPs. The oscillatory pattern of bands in the HRF lane reflects the rotational 

position of DNA in the NCP. Areas with dark bands are not protected by the 

histone proteins and are thus OUT towards solution. Areas with no bands are 

areas protected from cleavage and are located IN. MID sites are lighter bands 

between the areas of very dark and very light bands. Lane A/G is the Maxam-

Gilbert sequencing reaction (A+G). 

 



66 
 

Quantitation of the HRF confirms variable levels of solution accessibility 

throughout the DNA (Table 2.2). At OUT sites, defined here as having solution 

accessibility of greater than or equal to 0.7 when normalized within a helical turn, 

nucleobases are most solution accessible to hydroxyl radicals. The IN sites are defined as 

having solution accessibility less than 0.3; these sites are the least susceptible to cleavage 

by hydroxyl radicals because they are protected by the proximity of the histone proteins. 

The MID sites have solution accessibility between 0.3 and 0.7, exhibiting moderate 

protection by the histone proteins. The εA lesions are in a variety of rotational and 

translational positions that allows for a global analysis of the effects of geometric 

position on repair. Of the εA sites evaluated in this work, 8 are OUT, 4 are MID, and 11 

are IN; these 23 lesion sites are also distributed throughout various translation positions 

in the NCP.  

Table 2.2 Rotational Position of εA lesions. HRF reactivity used to assign rotational 

positions. These values are derived from band intensities measured from gels provided in 

Figure 2.6. 

εA 

Position 

Solution Accessibility Normalized 

within Helical Turn 
Relative Rotational Position 

90 0.02 

IN 

89 0.07 

48 0.11 

38 0.12 

112 0.18 

28 0.18 

59 0.20 

29 0.22 

58 0.23 

60 0.23 

119 0.25 
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19 0.30 

MID 
40 0.31 

51 0.45 

105 0.45 

132 0.70 

OUT 

102 0.70 

42 0.78 

123 0.88 

97 0.93 

64 1.00 

96 1.00 

130 1.00 

2.4.3 Excision Activity of AAG in NCP Correlates with Rotational Position 

AAG is known to remove εA from duplex DNA that is not incorporated into an 

NCP (unincorporated duplex).42-44 Therefore, at each εA site, the ratio of excision from 

NCP relative to unincorporated duplex (NCP/DUP) is plotted (Figure 2.8A, striped bars). 

A ratio of 1 reflects comparable excision activity in NCP and unincorporated duplex 

DNA. We find that AAG glycosylase activity in NCP correlates strongly with rotational 

position (Figure 2.8B, open circles), in agreement with previous reports.31 Most OUT 

sites (42, 64, 96, 123, 130, 132) exhibit high AAG activity as defined by NCP/DUP > 

0.6. The only notable exceptions are sites 97 and 102 where relatively low levels of 

excision below 0.4 are observed in NCP. Consistent with the correlation between 

rotational position and excision activity, IN sites (19, 38, 48, 58, 59, 89, 90, 112) exhibit 

low AAG activity with NCP/DUP < 0.2. AAG exhibits a wider range of activity at MID 

sites with most NCP/DUP ranging from 0.1-0.6. However, site 105 exhibits a much 

higher activity, reaching 1. Furthermore, sites located towards the 3′-end of the “I” 

strand, near the DNA entry/exit region, generally exhibit higher levels of AAG activity 

than observed at other locations in the NCP. Importantly, native PAGE analysis 
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demonstrates that NCPs remain intact after incubation with AAG and that the glycosylase 

does not act by removing DNA from histones.  

 

 

2.4.4 Repair of εA by ALKBH2 is Unhindered in Duplex DNA but Suppressed in NCP  

The ability of ALKBH2 to repair εA was markedly different between 

unincorporated duplex and NCP. εA was repaired at all 23 sites evaluated in 

Figure 2.8 Repair profiles for AAG and ALKBH2. (A) The amount of εA excision for 

AAG (striped bars) and repair by ALKBH2 (solid bars) are plotted with solution 

accessibility as established by HRF (gray area) (B) Excision of εA by AAG (open 

circles) and repair by ALKBH2 (solid circles) plotted as a function of increasing 

solution accessibility.  
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unincorporated duplex, with all εA lesions repaired at least 70% (Figure 2.9). In contrast, 

only sites 19, 130, and 132 in the NCP have NCP/DUP ≥ 0.5 and no εA lesions are 

repaired as readily as in unincorporated duplex (Figure 2.8A, black bars). Furthermore, 

while OUT sites (such as sites 42, 64, and 96) show somewhat higher repair activity than 

MID or IN sites, this correlation with rotational position is much weaker than observed 

for AAG and was not observed at all OUT sites (Figure 2.8B, black circles). It is notable 

that at site 97, the decrease in activity for AAG upon incorporation of the DNA into an 

NCP is not observed for ALKBH2 and, therefore, direct repair is comparable to AAG 

excision at this OUT site. In comparison to AAG, ALKBH2 exhibits greater activity at 

IN sites with all 11 IN sites exhibiting NCP/DUP ≥ 0.2. However, none of these IN sites 

reached NCP/DUP ≥ 0.4. Similar to AAG, native PAGE analysis demonstrates that NCPs 

remain intact after incubation with ALKBH2.  
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2.4.5 ALKBH2 Exhibits Greater Steric Interactions with the Histone Core than AAG  

The εA lesions at OUT sites 42 and 64 were chosen for more in-depth molecular 

modeling because despite having the same rotational orientation, AAG exhibits higher 

repair activity at site 42, while ALKBH2 has higher repair at site 64. Our enzyme 

docking analysis shows that for sites 42 and 64, steric influences play a pronounced role 

in enzymatic activity, particularly for ALKBH2 (Figure 2.10). Minimal steric clash is 

observed between the histone core and AAG when binding at site 42 where excision of 

A is complete as evidenced by the near lack of yellow and red in the proximity map 

(Figure 2.10D, top). In fact, no AAG amino acid residues are within 5 Å of the histone 

Figure 2.9 Repair of εA lesions by ALKBH2 in duplex DNA. ALKBH2 repair of εA 

in unincorporated duplex at various positions. The repair total was determined by 

subtracting AAG activity after ALKBH2 treatment from the same amount of duplex 

DNA treated only with AAG. This value was then subtracted from 1 to represent the 

repair activity of ALKBH2. A value of 1 indicates full repair and a value of 0 

represents a total lack of ALKBH2 repair. 
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octamer at site 42. In comparison, a steric clash between the histone core and AAG is 

seen when AAG is docked at site 64 as observed by the 13 amino acid residues within 5 

Å of the histone core (Figure 2.10D, bottom); notably, AAG still demonstrates a 

NCP/DUP of 0.84.  

 

 

Figure 2.10 Molecular modeling of steric interactions between ALKBH2 and AAG 

upon substrate binding. (A) ALKBH2-duplex co-crystal structure (PDB: 3RZK) (left 

is side view; right is view down helical axis of DNA). εA is in red and can be seen 

flipped into the active site. The long loop is highlighted in orange. (B) ALKBH2-

duplex co-crystal structure (PDB: 3RZK) merged with the NCP (PDB: 3LZ0) at εA 

sites 42 (top) and 64 (bottom). ALKBH2 surface models are rotated and enlarged to 

show the NCP binding face and colored according to the distance to the histone core. 

Amino acids within 5 Å of the histones are in yellow, those between 5 and 10Å are in 

red, and further distances are in blue. (C) AAG-duplex co-crystal structure (PDB: 

1EWN) (left is side view; right is view down helical axis of DNA). εA is in red and 

can be seen flipped into the active site. (D) AAG-duplex co-crystal structure (PDB: 

1EWN) merged with the NCP (PDB: 3LZ0) at εA sites 42 (top) and 64 (bottom). AAG 

surface models are rotated and enlarged to show the NCP binding face and colored 

according to the distance to the histone core.   
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In contrast, ALKBH2 has a NCP/DUP of only 0.25 at site 42 where there is 

substantial steric clash of 15 amino acid residues within 5Å of the octamer core, all 

residing within the long loop of ALKBH2 (Figure 2.10B, top).25 At site 64, where there 

is only a single amino acid from the long loop within 5Å of the histones (Figure 2.10B, 

bottom), there is enhanced repair activity that increases NCP/DUP to 0.40.  

2.5 Discussion 

In this work, we compare the global repair profiles of AAG and ALKBH2 acting 

on A lesions distributed throughout a strongly positioned NCP, encompassing different 

microenvironments with varying geometric positions. As observed previously, εA 

removal by AAG is highly correlated with rotational position.31 This result is consistent 

with the general trend that has been observed previously for other glycosylases acting on 

strongly positioned NCPs. We have reported that OGG1,33, 45 UDG,32, 45 TDG,46 and 

AAG31, 45 exhibit activity at sites facing OUT from the histone core. These findings are 

also consistent with results reported by other groups.47-50 An alternate approach to repair 

A lesions is DRR by the AlkB family enzymes. Overall, we found substantial inhibition 

of ALKBH2 across the NCP, even at OUT sites. Intriguingly, all but one IN site (site 28) 

exhibit higher activity by ALKBH2 than AAG, albeit modest activity. These data suggest 

that while the ALKBH2 repair is more broadly inhibited in NCPs compared to AAG, 

ALKBH2 has higher activity on occluded sites that are poorly excised by AAG. Notably, 

ALKBH2 does not greatly distort DNA upon binding (Figure 2.10A) and may be easier 

to accommodate than the 22° angle pinching of the DNA observed for AAG12 (Figure 

2.10C, left). We hypothesize that the lesser distortion of the DNA helix by ALKBH2 

leads to its higher activity at occluded sites compared to AAG. However, neither enzyme 
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demonstrates an ability to completely repair occluded lesions, indicating that these sites 

may represent mutational hotspots in the absence of structural changes to the NCP or 

external factors to enhance accessibility.  

Our NCP system with A in a variety of positions also allows us to consider the 

role of DNA sequence context on the activity of AAG and ALKBH2. We did not observe 

any significant sequence context effects for either AAG or ALKBH2, although it should 

be noted that these results are not a comprehensive study of all possible sequence 

contexts of A (Table 2.3). This result is consistent with previous reports of AAG 

excision of A being independent of sequence context.11 Rather than sequence context, 

the rotational orientation of εA seems to be the dominant factor in predicting both 

enzymes’ ability to initiate repair. 

Table 2.3 Sequence Context of εA lesions. 

εA Position 

AAG 

Excision 

(NCP/DUP) 

ALKBH2 

Repair 

(NCP/DUP) 

Sequence 

Context  

(X= εA) 

Rotational 

Position 

29 0.07±0.02 0.22±0.11 5'-AXT-3' IN 

59 0.00±0.03 0.23±0.04 AXA IN 

60 0.00±0.03 0.23±0.08 AXC IN 

90 0.00±0.04 0.33±0.07 AXC IN 

97 0.37±0.05 0.36±0.08 AXG OUT 

28 0.03±0.01 0.29±0.05 CXA IN 

42 1.02±0.03 0.26±0.06 CXG OUT 

51 0.47±0.02 0.33±0.08 CXC MID 

64 0.84±0.02 0.47±0.07 CXC OUT 

96 1.02±0.07 0.44±0.07 CXA OUT 

119 0.13±0.07 0.22±0.10 CXG IN 

123 0.77±0.17 0.29±0.10 CXC OUT 

130 1.08±0.20 0.72±0.11 CXG OUT 

19 0.21±0.04 0.51±0.09 GXG MID 

40 0.19±0.04 0.34±0.04 GXC MID 
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102 0.04±0.04 0.10±0.09 GXT OUT 

132 0.95±0.10 0.83±0.07 GXT OUT 

38 0.06±0.02 0.20±0.06 TXG IN 

48 0.00±0.01 0.25±0.05 TXG IN 

58 0.00±0.01 0.39±0.07 TXA IN 

89 0.02±0.04 0.26±0.09 TXA IN 

105 1.11±0.13 0.26±0.09 TXC MID 

112 0.02±0.12 0.37±0.12 TXG IN 

Modelling of AAG and ALKBH2 docked at OUT sites provides insight into 

binding of these two enzymes to NCP substrates. Steric interactions between the histone 

core and the long loop of ALKBH2 (Figure 2.10, highlighted in orange), which is known 

to play an essential role in substrate binding,25 modulate binding to the NCP. The 

stronger steric interactions with the long loop at OUT sites lead to diminished ALKBH2 

activity as can be seen by comparing sites 42 and 64. Notably, this modeling does not 

account for the dynamic histone tails that could also modulate binding of repair enzymes. 

It is intriguing to consider that the H2B and H4 tails near site 97 may contribute to the 

unexpectedly low amount of excision by AAG at this location as histone tails have been 

shown to alter the structure and dynamics of damaged DNA.51, 52 The H2B tail is also 

near site 102 and may account for the unexpected lower levels of εA excision by AAG. 

However, the unexpectedly high excision at site 105 indicates that the microenvironment 

generated by the H2B tail may have more complex and nuanced effects that include local 

structural changes, sterics, and electrostatics. These effects may be beneficial or 

inhibitory for different nucleobases that exist in a similar microenvironment. 

DNA located near the entry/exit region of the NCP is known to transiently and 

spontaneously unwrap and expose otherwise occluded lesion sites. In particular, the 3′-

end of the Widom 601 “I” strand has been shown to unwrap preferentially.53 The high 
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levels of activity for both enzymes at sites 123, 130, and 132 is likely due to this 

asymmetric unwrapping. While the kinetics of unwrapping have not been measured in the 

presence of a DNA binding enzyme, the histone chaperone Nap1 has been shown to 

exploit unwrapping to promote H2A-H2B dimer eviction.54 Furthermore, it has been 

demonstrated that unwrapping is rate-limiting for endonuclease III-like protein 1 

(NTH1).55, 56  These results agree with our earlier reports that solution accessibility does 

not correlate with glycosylase activity in certain translational regions.32, 33, 45 Specifically, 

excision of U by UDG32 and excision of 8-oxo-G by OGG133 are enhanced at the DNA 

entry/exit regions and was attributed to the unwrapping of the DNA. However, this 

observation is not universal and is dependent upon the specific glycosylase, as NEIL1 has 

been reported to be unable to exploit this unwrapping due to its high affinity for 

undamaged bases.55 

Our results are also consistent with reports that demonstrated accumulation of 

alkylation damage in yeast at IN sites in genomic DNA.57 Decreased repair at these sites 

is further indicated in an analysis of human tumors, in which mutational hotspots were 

observed at IN sites.58 Taken together these data suggest that an alternate means of 

accessing occluded lesions, such as chromatin remodelers or histone modifications, may 

be required. Indeed, H2B59 and H360 acetylation has been shown to enhance DNA 

unwrapping and acetylation has been observed to occur as part of the DNA damage 

response.61 Furthermore, incorporation of histone variants has been demonstrated to 

enhance the initiation of BER of uracil lesions.32 Finally, it was recently shown that AAG 

forms a complex with RNA polymerase II and may utilize localized chromatin 

decondensation to access otherwise occluded lesions.62  
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Further understanding of the molecular mechanisms of εA repair is essential to 

understand and inform clinical impacts. Abnormal expression of both AAG and 

ALKBH2 have been observed in cancer pathologies. Overexpression of AAG has been 

associated with both decreased sensitivity to various chemotherapeutic agents in mouse 

embryonic stem cells and increased sensitivity in breast cancer cells.10, 63 ALKBH2 also 

has clinical significance, as its knockdown in bladder cancer tissues limited tumor 

development, while downregulation led to increased sensitivity to alkylating agents and 

chemotherapeutics.64 The potential for AlkB homolog inhibitors to serve as anticancer 

agents has also been investigated.40 However, the potential obstacles to the activity of 

these enzymes, such as the packaging of DNA into the NCP, need to be better understood 

to inform future therapies. 
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3.1 Abstract  

A recently discovered post-translational modification of histone proteins is the irreversible 

proteolytic clipping of the histone N-terminal tail domains. This modification is involved 

in regulation of various biological process, including the DNA damage response. In this 

work, we use chemical footprinting to characterize the structural alterations to nucleosome 

core particles (NCPs) that result from lack of the histone H2B or H3 tails. We also examine 

the influence of these histone tails on excision of the mutagenic lesion 1,N6-ethenoadenine 

(A) by the repair enzyme alkyladenine DNA glycosylase (AAG).  We found that absence 

of the H2B or H3 tail results in altered DNA periodicity relative to native NCPs. We 

correlated these structural alterations to εA excision by utilizing a global analysis of 21 εA 

sites in NCPs and unincorporated duplex DNA. In comparison to native NCPs, there is 

enhanced excision of εA in tailless H2B NCPs in regions which undergo DNA unwrapping. 

This enhanced excision is not observed for tailless H3 NCPs, rather, excision is inhibited 

in more static areas of the NCP not prone to unwrapping. Our results support in vivo 

observations of alkylation damage profiles and the potential role of tail clipping as a 

mechanism to overcome physical obstructions caused by packaging in NCPs, but also 

reveal potential inhibition of repair by tail clipping in some locations. Taken together these 

results further our understanding of how base excision repair can be facilitated or 

diminished by histone tail removal and contributes to understanding the underlying 

mechanism that lead to mutational hotspots. 



88 
 

3.2 Introduction  

In most eukaryotic organisms, DNA is organized into chromatin. The base unit of 

packaging in chromatin is the nucleosome core particle (NCP). The NCP is comprised of 

145-147 base pairs of DNA wrapped approximately 1.7 times around a histone protein 

core.1 The histone core is formed by two copies of each of the proteins H2A, H2B, H3, 

and H4.2 Each histone contains a highly structured globular core and an N-terminal 

disordered tail.1 There is also a 2-fold rotational axis of pseudosymmetry in the NCP 

known as the dyad axis. Notably, an NCP is not a static structure but rather a dynamic 

one where DNA is transiently exposed through unwrapping at the entry/exit points,3, 4 

histone variants can be exchanged for the canonical versions,5 and histones undergo 

posttranslational modifications (PTMs).6, 7 Besides reversible PTMs such as methylation, 

phosphorylation, and acetylation, proteolytic clipping of the histone tails has been 

identified as an irreversible modification.8, 9 

Clipping of the histone tails, particularly H2B and H3, alters the NCP structure 

and DNA accessibility. It has been shown that the absence of the H3 tail promotes DNA 

unwrapping and H2A/H2B dimer eviction.10, 11 Absence of the H2B tail has also been 

demonstrated to promote DNA unwrapping,10 putatively via elimination of interactions 

between the H2B and H3 tails that inhibit unwrapping.12 Trypsin catalyzed removal of 

histone tails enhances binding of the GAL4 transcription factor and DNA digestion by 

restriction enzymes,13 demonstrating an increase in physical accessibility of DNA in the 

absence of histone tails. Furthermore, tail removal has been shown to alter the 

translational positioning of DNA, even when removal was conducted after NCP 

assembly.13, 14  
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By altering chromatin structure and DNA accessibility, histone tails can play key 

roles in regulating biological processes. One result of tail clipping is the erasure of PTMs. 

Moreover, histone clipping itself serves to activate gene expression in yeast,15 promote 

cell differentiation,16 increase the rate of transcriptional elongation by RNA 

polymerase,17 alleviate pausing at promoter regions,18 and serves as an epigenetic 

marker.19 H3 clipping has also been shown to occur under DNA damaging conditions, 

implicating histone clipping in the DNA damage response.20  

Single- and double-strand breaks, inter- and intra-strand crosslinks, abasic sites, 

and modification of the bases are all potential consequences of DNA damaging agents.21 

These various forms of damage are repaired by different pathways. Modified bases, 

referred to here as lesions, are repaired by the base excision repair (BER) pathway. One 

mutagenic lesion repaired by the BER pathway is 1,N6-ethenoadenine (A, Figure 1).22, 23 

A is generated both as a byproduct of endogenous lipid peroxidation and exogenous 

exposure to vinyl chloride.24, 25  A levels are elevated in tissues from individuals with 

chronic inflammatory diseases associated with carcinogenesis as well as cancerous 

tissues.26  

 

Figure 3.1 Base excision repair of 1,N6-ethenoadenine (A). The A lesion is 

shown in pink along with the four steps of the repair catalyzed by AAG, APE1, 

pol β, and DNA ligase, respectively. 
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The BER pathway is comprised of several enzymes that catalyze the excision of a 

lesion and subsequent insertion of an unmodified nucleotide. Alkyladenine glycosylase 

(AAG) is responsible for excision of alkylated bases, including A.27 Excision of A by 

AAG results in an apurinic/apyrimidinic (AP) site which is then processed by 

downstream enzymes that complete the repair.21 

  

When considering the activity of BER enzymes in an NCP, unlike unpackaged 

duplex DNA, the geometric positioning of the lesion is important. The dyad axis acts as a 

reference point in defining the translational position of a lesion (Figure 3.2). Besides 

translational positioning, a lesion can be defined by its rotational orientation which can be 

described as outwards towards solution (OUT), inwards towards the histone core (IN), or 

somewhere in between (MID). Further microenvironments are created by the DNA 

Figure 3.2 Global distribution of εA lesions in the NCP. The image was created by 

merging the crystal structure of a 601 NCP lacking histone tails (PDB: 3lz0) with one 

including tails but with a different DNA sequence (PDB: 1kx5). The location of εA 

lesions are highlighted in pink. The globular domains of the histones are in gray. The 

N-terminal tails of each histone are highlighted: H2A (yellow), H2B (red), H3 (blue) 

and H4 (green). On the left is a top-down view of the NCP with the dyad axis 

indicated with a dashed line. On the right is a side view after rotating the NCP 90. 

Rotational position of bases is shown with examples of IN, MID, and OUT bases 

provided.    
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superhelices, histone tails, and areas of transient unwrapping of DNA from the histone 

core. 

In this work, we use chemical footprinting techniques to show that NCPs lacking 

either the H2B or H3 tail have structures distinct from NCPs with intact tails. We also 

demonstrate that these structural differences manifest in differential excision of εA by 

AAG. Excision is enhanced in the entry/exit regions of NCPs lacking H2B tails, but 

inhibition is seen in less dynamic areas of the NCPs lacking H3 tails. Taken together, 

these results implicate tail removal as a potential modulator of BER initiation in 

chromatin.  

3.3 Materials and Method 

3.3.1 Oligonucleotide Synthesis and Purification 

All oligonucleotides used in this study were synthesized on a MerMade 4 DNA 

synthesizer (BioAutomation). We used the 145 bp Widom 601 nucleosome positioning 

sequence (Table 3.1) as the unincorporated duplex control and to assemble NCPs. 

Synthesis of the 145 mer oligonucleotide containing εA was conducted on 1,400 Å 

controlled pore glass beads (BioAutomation) using phosphoramidites with ultramild 

protecting groups (Glen Research). Deprotection was performed according to the 

manufacturer’s specifications. εA substitution for A throughout the “I” strand was 

conducted utilizing a Poisson distribution, as described in recent reports.28-30 The molar 

ratio determined by the Poisson distribution (λ= 0.355) was used to determine the correct 

mixture of A and εA phosphoramidites. This synthetic strategy yields a DNA population 

containing either 0 or 1 εA lesion per 145 mer oligonucleotide while minimizing strands 

containing two or more lesions to 5% of the population. Numbering starts with the first 
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base of the 5′-end of the “I” strand. The final trityl group was removed on the synthesizer, 

and the DNA cleaved from the solid support by incubation in NH4OH at room 

temperature for 2 h. The DNA was then purified via the crush and soak method utilizing 

8% denaturing polyacrylamide gel electrophoresis (PAGE).  

Table 3.1 DNA Sequences used in this study 

Name Length Sequence (5ʹ to 3ʹ) 

“I” strand 145mer ATCAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAG

CTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTT

TAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCA

GATATATACATCGAT 

“J” strand 145mer ATCGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAA

TCCCCTTGGCGGTTAAAACGCGGGGGACAGCGCGTACGTGCGT

TTAAGCGGTGCTAGAGCTGTCTACGACCAATTGAGCGGCCTCG

GCACCGGGATTCTGAT 

IS1 23mer ATCAGAATCCCGGTGCCGAGGCC 

IS2 92mer ATCAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAG

CTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTT

TAACC 

J1 45mer ATCGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAA

TC 

J2 65mer CCCTTGGCGGTTAAAACGCGGGGGACAGCGCGTACGTGCGTTT

AAGCGGTGCTAGAGCTGTCTAC 

J3 35mer GACCAATTGAGCGGCCTCGGCACCGGGATTCTGAT 

JS12 30mer TTTAACCGCCAAGGGGATTACTCCCTAGTC 

JS23 32mer GCCGCTCAATTGGTCGTAGACAGCTCTAGCAC 

A ligation strategy was utilized to prepare the complementary 145 mer (Figure 

3.3). The component oligonucleotides for ligation were synthesized using standard 

phosphoramidite protecting groups with the final trityl group retained. Reverse-phase 

HPLC purification at 90 °C was used to purify the oligonucleotides (Agilent PLRP-S 

column, 250 mm × 4.6 mm; A = 100 mM triethylammonium acetate [TEAA] in 5% 

aqueous MeCN, B = 100 mM TEAA in MeCN; 5:95 to 35:65 A:B over 30 min, 35:65 to 
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5:95 A:B over 5 min at 1 mL/min). Removal of the trityl group was accomplished by 

incubation in 20% v/v aqueous glacial acetic acid for 1 h at room temperature. 

Subsequently, a second HPLC purification at 90 °C was performed (Agilent PLRP-S 

column, 250 mm × 4.6 mm; A = 100 mM triethylammonium acetate [TEAA] in 5% 

aqueous MeCN, B = 100 mM TEAA in MeCN; 0:100 to 15:85 A:B over 35 min, 15:85 to 

35:65 A:B over 5 min at 1 mL/min). Electrospray ionization mass spectrometry was used 

to verify the identity of the component oligonucleotides. Five nmol of each component 

oligonucleotide J2 and J3 were 5ʹ-phosphorylated using 2 mM ATP and T4 kinase (New 

England Biolabs). These phosphorylated components were then combined in equal molar 

amounts with component J1 and 10% excess of two scaffolding oligonucleotides, JS12 

and JS23, and annealed by heating to 95 °C for 5 min and cooling at 1°C per min in 50 

mM NaCl and 20 mM Tris (pH 8.0). These annealed oligonucleotides were then ligated 

at room temperature overnight using 4,800 units T4 DNA ligase in buffer (50 mM Tris-

HCl, 10 mM NaCl, 10 mM MgCl2, 10 mM DTT, 1 mM ATP, pH: 7.5). The product of 

the ligation reaction was then purified using 8% denaturing PAGE.  

 

 

For normalization of AAG glycosylase excision data (vide infra), a 23 mer (IS1) 

and a 92 mer (IS2) were designed as internal standards such that they would not co-

Figure 3.3 Ligation scheme for complementary J strand sequence. Five nmol of 

phosphorylated J2 and J3 was mixed with 5 nmol J1 and 5.5 nmol JS12 and JS23 and 

annealed. The annealed sample was then treated with ligase to assemble 145 mer 

complementary DNA. The ligation reaction was purified by 8% denaturing PAGE. 
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migrate with any εA cleavage product. They were synthesized as described above and 

purified by 12% and 8% denaturing PAGE, respectively.  

3.3.2 Reconstitution of Global εA Nucleosome Core Particles 

Recombinant Xenopus laevis histones were expressed and purified individually 

before assembly into octamers.31, 32 The globular X. laevis H2B protein (residues 24-122) 

and H3 protein (residues 38-135) were purchased from The Histone Source (Colorado 

State University). NCPs were reconstituted as described previously31 via salt gradient 

dialysis of the radiolabeled εA-containing duplex population and histone octamer. 

Briefly, a molar excess of histone octamer was added to εA containing 145 bp duplex 

with a 32P radiolabel attached at the 5'-end (10.05 pmol octamer to 10.00 pmol DNA for 

gH3 NCP, 10.10:10.00 pmol for native NCP, and 10.15:10.00 pmol for gH2B NCP) in 

buffer (10 mM Tris-HCl [pH 7.5], 1 mM EDTA, 1 mM dithiothreitol [DTT], 2 M NaCl, 

500 μg/mL BSA) in a Slide-a-Lyzer dialysis device (0.1 mL capacity, 3.5 kDa MWCO; 

Thermo Fisher Scientific). The dialysis device started in a buffer of 10 mM Tris-HCl (pH 

7.5), 1 mM EDTA, 1mM dithiothreitol (DTT), 2 M NaCl at 4 °C before transfer to 

buffers containing decreasing concentrations of NaCl (1.2 M, 1.0 M, 0.6 M, 0 M) at 

hourly intervals. The final dialysis in 0 M buffer was conducted for 3 h and then the 

NCPs were filtered with a 0.45 μm cellulose acetate centrifuge tube filter (Corning 

Costar) to remove insoluble particles. NCP formation and relative purity were analyzed 

using a 7% native PAGE (60:1 acrylamide: bisacrylamide; 0.25X TBE) run for 3 h at 160 

V in 4 °C (Figure 3.4). Only NCPs containing < 5% duplex were used in these studies. 
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3.3.3 Hydroxyl Radical Footprinting  

To determine the rotational orientation of bases in the NCPs we utilized hydroxyl 

radical footprinting. To ensure single hit conditions we used a modified version of the 

method of Tullius.33, 34 Briefly, 7.5 μL of each 1 mM Fe(II)-EDTA, 10 mM sodium 

ascorbate, and 0.12% w/v aqueous hydrogen peroxide were combined with 5 pmol NCPs 

in a total of 52.5 μL buffer (10 mM Tris-HCl [pH 7.5], 1 mM EDTA). This mixture was 

incubated in the dark at room temperature for 10 min and then quenched with 16 μL 1 

mM EDTA in 25% v/v glycerol and immediately loaded onto a 7% native PAGE (60:1 

acrylamide: bisacrylamide; 0.25x TBE) which was run for 3 h at 155 V at 4 °C. The gel 

Figure 3.4 Native PAGE Analysis of εA Containing NCPs. Representative native 

PAGE gels showing successful NCP formation as indicated by slower band 

migration in the NCP lane relative to the unincorporated duplex (ds) lane. Separate 

gels were run for the native, gH2B, and gH3 NCPs respectively. Only NCPs 

containing <5% dsDNA were used in these studies. 
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bands containing NCPs were excised and eluted into buffer (0.3 M NaOAc, 1 mM Tris-

HCl [pH 8.0], 1 mM EDTA) for 18-24 h at 37°C with gentle shaking (60 rpm). The 

eluent was then concentrated using a centrifugal concentrator (Sartorius Viaspin Turbo 

15, 5 kDa MWCO) and filtered using a 0.22 μm cellulose acetate syringe filter. The 

samples were extracted with equal volume addition of 25:24:1 

phenol:chloroform:isoamyl alcohol (PCI) and the aqueous layer was concentrated by 

SpeedVac evaporation. Following the addition of 40 μL co-precipitation agent (0.5 

mg/mL tRNA in 300 mM NaOAc [pH 8.0], 1 mM EDTA), samples were desalted with 

ethanol precipitation. Samples were resuspended in a 1:1 mixture of formamide and 

water for denaturing PAGE. Cleavage fragments were resolved by 8% denaturing PAGE 

(Figure 3.5) and quantitated using SAFA35 gel analysis software. The highest band 

intensity within a helical turn was used to normalize the data and correct for loss of 

smaller DNA fragments during workup. To accomplish this normalization, the band 

intensities were plotted against base position to identify the maxima and minima 

corresponding to OUT and IN locations, respectively. The five bases flanking to each 

side of a maximum were divided by the maximum band intensity to normalize the values 

within each helical turn. A three-point smooth was then applied and MATLAB used for a 

single term Fourier fitting of bases 20-80 for each NCP to the following general 

equation: 𝑓(𝑥) = 𝑎0 + 𝑎1 ∗ cos(𝑥 ∗ 𝑤) + 𝑏1 ∗ sin (𝑥 ∗ 𝑤) where 𝑎0, 𝑎1, and 𝑏1  are 

the Fourier coefficients and w is the fundamental frequency, w. Only fits with an R 

squared value of ≥ 0.7 were used for period determination. The period was determined 

using the following equation: 𝑇 = 2𝜋/𝑤. 
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Figure 3.5 Hydroxyl Radical Footprinting of NCPs. Representative HRF denaturing 

PAGE gels from which rotational orientation of nucleobases was assigned. The 

oscillatory pattern of bands in the HRF lanes reflects the rotational position of DNA 

in the NCP. Quantitation of band intensity is provided in Figure 3. Lane A/G is the 

Maxam-Gilbert sequencing reaction (A+G) use for sequence alignment. 
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3.3.4 Enzymatic Reactions 

 Human AAG was purchased from New England Biolabs, and the total enzyme 

concentration determined by Bradford assay using γ-globulin standards (Bio-Rad 

Laboratories). AAG excision was assessed by mixing 1 pmol substrate (either duplex DNA 

or native, gH2B, or gH3 NCPs) with 40 pmol AAG in a total volume of 20 μL of the 

reaction buffer (20 mM Tris, 50 mM NaCl, 150 mM KCl, 1 mM DTT, 100 μg/mL BSA) 

and incubated for 1 h at 37 °C along with a negative control sample (no enzyme). After 1 

h, samples were quenched with 20 μL of 1M NaOH which had been spiked with the 

radiolabeled internal standards and heated to at 90 °C for 3 min. PCI extraction separated 

the DNA from protein and the aqueous layer was supplemented with 40 μL co-precipitation 

agent (0.5 mg/mL tRNA in 300 mM NaOAc [pH 8.0], 1 mM EDTA) and 600 μL of ethanol 

before being placed on dry ice for 30 min. The ethanol was then separated from the DNA 

via centrifugation, removed with a pipette, and all samples were resuspended in 50% v/v 

formamide:water, split in half, and loaded onto an 0.6 mm, 8% PAGE gel (Figure 3.6). 

One half of the samples were loaded to resolve bands 19-64, run 2 h at 80 W. The other 

half of the samples were loaded to resolve of bands 89-123, run 4 h at 80 W.  
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After phosphorimaging of the gels, SAFA software was used to quantitate band 

intensity. The internal standards were used for band normalization, sites 19-64 with the 

23 mer standard and sites 89-123 with the 92 mer standard. The no enzyme control was 

used to subtract background from enzyme-treated samples. For each site, the ratio of 

corrected band intensity in the NCPs to the duplex was used to determine the 

Figure 3.6 Denaturing PAGE analysis of AAG activity on NCPs and Duplex. 

Evaluation of AAG activity on NCPs and Duplex containing globally substituted εA 

lesions. All samples were incubated with 2000 nM AAG and 50 nM of either ds or 

NCP substrate for 1 h at 37 °C and then strand breaks were catalyzed by incubation 

with 0.5 M NaOH at 90 °C for 3 min to visualize successful εA excision. Each data 

set consists of the following lanes: a no enzyme duplex sample, duplex treated with 

AAG, a no enzyme NCP sample, and three replicates of AAG treated NCPs. The 

internal standards are indicated by the asterisks on the gel with a single asterisk and 

double asterisk corresponding to the 23 mer and 92 mer standards, respectively. The 

gels were aligned using SAFA software to allow for analysis of any slanted gels.     
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NCP/Duplex (NCP/DUP) ratio for AAG activity. An NCP/DUP value of 1 indicates 

excision that is comparable to duplex, while a value below one indicates lower excision 

in NCPs relative to duplex. The standard error (SE) of NCP/DUP was calculated using 

𝑆𝐸 = 𝜎/√(𝑛), where σ is the standard deviation of the population and n is the sample 

size. For all NCPs n=3. A two-tailed Welch’s t test (α=0.05) was performed to obtain the 

p value at each εA site for NCP/DUP for each tailless NCP in comparison to native 

NCP/DUP. All statistical analyses were conducted using R. We considered p < 0.05 to be 

significant. 

3.4 Results 

3.4.1 Preparation of NCPs Containing Globally Substituted εA Lesions  

To examine the effects of H2B and H3 tail deletion on the excision activity of 

AAG, NCPs were assembled using the Widom 601 DNA sequence and recombinant 

histones.36 The NCPs had three combinations of histones: all full length histones (native 

NCP); native H2A, H3, H4 and globular (tailless) H2B domain (gH2B NCP); or native 

H2A, H2B, H4 and globular (tailless) H3 domain (gH3 NCP). Using the 601 DNA 

creates a homogenous population of NCPs as a substrate for biochemical studies, since it 

is a strong positioning sequence that reproducibly binds the histone octamer in a single 

translational and rotational position.36 Furthermore, crystal structures of 601 NCPs, albeit 

without histone tails, are available for reference.36  

εA lesions were incorporated throughout the “I” strand of the Widom 601 

sequence to create a population of DNA containing εA:T base pairs, utilizing methods we 

reported previously.28-30, 37  (The “I” strand designation is based on nomenclature used in 

the reported crystal structure of the 601 NCP.36) Briefly, a Poisson distribution was used 
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to determine the molar ratio of A to εA phosphoramidite building blocks used during 

chemical synthesis such that 95% of the synthesized DNA contain no more than a single 

A. Overall, we examined excision of A from 21 sites to define the repair fingerprint of 

AAG in native, gH2B, and gH3 NCPs. 

3.4.2 Structural Differences in Native NCPs Compared to gH2B and gH3 NCPs 

We utilized hydroxyl radical footprinting (HRF) to establish the rotational 

orientation of each base and determine the periodicity of DNA in the NCPs.34 When 

DNA is packaged in an NCP, an oscillatory pattern of high and low reactivity towards 

hydroxyl radicals is observed. This pattern emerges from the preferential abstraction of 

C5' hydrogens of the sugar-phosphate backbone facing away from the histone core,38 

while C5' hydrogens facing towards the histone core are shielded and protected from 

hydroxyl radicals. 

 Quantitation of the HRF for each NCP confirms varying levels of solution 

accessibility throughout the DNA and establishes the rotational orientation of each base 

(Figure 3.5, Figure 3.7, Table 3.2). OUT sites, defined here as a maximum in the HRF 

profile, demonstrate the highest HRF reactivity. IN sites, defined here as a minimum in 

the HRF profile, exhibit the lowest HRF reactivity. MID sites, defined here as a being 

between a minimum and maximum in the HRF profile, demonstrate intermediate HRF 

reactivity. The distribution of rotational orientation of εA lesions varied and we examined 

AAG activity at 5 OUT, 5 MID, and 11 IN lesion sites (Table 3.3). 
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Table 3.2 HRF reactivity of εA lesions in various NCPs. These values are derived from 

band intensities quantitated in gels provided in Figure 3.5. 

εA Position 
Rotational 

Orientation Native NCP gH2B NCP gH3 NCP 

19 IN 0.30 0.23 0.44 

28 IN 0.11 0.06 0.05 

29 IN 0.14 0.00 0.05 

38 IN 0.09 0.28 0.10 

40 MID 0.25 0.19 0.34 

42 OUT 0.69 0.51 0.75 

48 IN 0.08 0.01 0.00 

51 MID 0.35 0.43 0.44 

58 IN 0.24 0.24 0.19 

59 IN 0.20 0.40 0.13 

60 IN 0.18 0.47 0.23 

64 OUT 0.78 0.64 0.77 

89 IN 0.04 0.28 0.44 

90 IN 0.01 0.24 0.36 

96 OUT 0.80 0.57 0.77 

97 OUT 0.92 0.72 0.79 

102 MID 0.64 0.59 0.24 

105 MID 0.49 0.65 0.65 

112 MID 0.43 0.14 0.52 

119 IN 0.35 0.32 N/A 

123 OUT 0.80 0.45 N/A 

Table 3.3 Translational position, rotational orientation, and AAG excision activity for 

native, gH2B, and gH3 NCPs. Statistical significance (p < 0.05) of εA excision relative to 

native NCP is indicated by *. 

Translational 

Base 

Position 

Rotational 

Orientation 

AAG Excision Activity  

(NCP/DUP) 

 Native NCP gH2B NCP gH3 NCP 

19 IN 0.21 0.21 0.02* 

28 IN 0.03 0.08* 0.03 

29 IN 0.07 0.07 0.02 

38 IN 0.06 0.02 0.02 

40 MID 0.19 0.01 0.03 
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42 OUT 1.02 0.91 0.63 

48 IN 0.00 0.01 0.02 

51 MID 0.47 0.55 0.12* 

58 IN 0.00 0.04* 0.02 

59 IN 0.00 0.03 0.04 

60 IN 0.00 0.02 0.08 

64 OUT 0.84 1.04* 0.67 

89 IN 0.02 0.05 0.00 

90 IN 0.00 0.01 0.00 

96 OUT 1.02 0.78 0.33* 

97 OUT 0.37 0.17 0.13 

102 MID 0.04 0.27 0.12 

105 MID 1.11 1.00 0.62 

112 MID 0.02 0.44* 0.25 

119 IN 0.13 0.61* 0.40 

123 OUT 0.77 0.81 0.95 

 

 

Comparison of the HRF profiles of the native (black), gH2B (red), and gH3 (blue) 

NCPs reveals structural differences (Figure 3.7). The profiles of all three NCPs exhibit 

Figure 3.7 HRF profiles for native (black), gH2B (red), and gH3 (blue) NCPs with 

dashed vertical lines indicating maximum locations. The yellow highlighting 

indicates DNA near the entry/exit region in the NCP. Gray highlighting indicates the 

dyad region. The average periodicity (T) from bases 20-80 for each NCP is indicated. 
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the expected oscillatory pattern. However, there are differences in locations of the 

maxima and minima for many helical turns. For example, the native NCP has a maximum 

at position 33 (vertical black dashed line) while gH2B (red dashed) is at 32 and gH3 (blue 

dashed) at 34. Differences in locations of maxima and minima can be seen throughout the 

NCP, with the only shared maxima for all three NCPs at 54. Other shared maxima can be 

seen for gH2B and gH3 NCPs at 107; gH2B and native NCPs at 65; and gH3 and native 

NCPs at 97. Differences in the location of maxima and minima indicate differential 

stretching and compaction of the DNA in these NCPs. 

Alterations to the shape of the HRF profiles are observed near the dyad axis 

(Figure 3.7, gray shaded region). The native NCP has a broad maximum while the gH2B 

and gH3 NCPs display narrower peaks. The broader maximum indicates an area facing 

OUT that is underwound in the native NCP relative to the gH2B and gH3 NCPs. Changes 

continue towards the 3'-end for all NCPs. A Fourier fit of bases 20-80 reveals that the 

average periodicity, the number of base pairs per helical turn, differs between the three 

NCPs: 10.6 bp/turn for native NCP, 10.1 bp/turn for gH2B NCP, and 10.4 bp/turn for the 

gH3 NCP. Poor fits for bases 90-130 and lack of data for gH2B NCPs beyond base 115 

prevented a periodicity analysis for the 3'-end. 

3.4.3 Excision of εA from Native NCPs Correlates with Rotational Orientation    

AAG is known to remove εA from duplex DNA not packaged into NCPs 

(unincorporated duplex).23, 39, 40 To determine the effects of incorporation into an NCP on 

εA excision we compared excision from each NCP as a ratio relative to unincorporated 

duplex (NCP/DUP). A ratio of 1 indicates that excision from NCPs is comparable to 
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unincorporated duplex, while a ratio less than 1 indicates inhibition of excision from 

NCPs.  

The repair fingerprint of native NCPs demonstrates a strong correlation between 

rotational orientation and AAG excision (Figure 3.8, black bars; Table 3.3). Low AAG 

excision (NCP/DUP <0.2) is observed for IN sites. In contrast, high excision (NCP/DUP 

>0.6) is observed for most OUT sites with the notable exception being site 97 (Figure 

3.9, black bars), with NCP/DUP of <0.4. MID sites demonstrate much more variability, 

with most NCP/DUP ranging between 0.1-0.6, except site 105 which reaches 1. This 

correlation between rotational orientation and excision is in agreement with previous 

reports.28, 37 

 

Figure 3.9. AAG excision activity for native (black), gH2B (red), and gH3 (blue) 

NCPs. Stars indicate rotational orientation: OUT (blue), MID (purple) and IN (dark 

red) as determined by HRF. The yellow highlighting indicates the region outside of 

the central DNA in the NCP. 
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3.4.4 Excision of εA from gH2B 

For the majority of εA lesions, excision is comparable or enhanced in gH2B 

compared to native NCPs (Figure 3.9, red bars; Table 3.3). Enhancement is particularly 

notable in the DNA entry/exit region (Figure 3.9, yellow shaded region). Like the native 

NCPs, there is a general correlation between rotational position and εA excision in the 

central region of the NCP (bases 19-97), with OUT sites exhibiting generally higher 

NCP/DUP values than IN or MID sites. There is a small, but significant enhancement of 

εA excision at OUT site 64 and IN sites 28 and 58 in the gH2B NCP. However, in 

contrast to native NCPs, the IN and MID sites located towards the 3'-end of the sequence 

(112 and 119) show 5 to 22-fold enhancement in excision (Figure 3.11, red bars). Sites 

42, 48, and 51 are on the same DNA superhelix but on the opposite side of the H2B tail 

Figure 3.10. Location of εA sites 96 and 97 in the NCP compared to their excision 

activity. (Top) The side perspective (left) and down barrel perspective (right) of εA 

sites 96 and 97 are highlighted in the NCP. (Bottom) The AAG excision activity are 

shown for each NCP: native (black), gH2B (red), and gH3 (blue). 
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but do not exhibit similar enhancement of excision. There are no sites that show 

significant inhibition in the gH2B NCP compared to native NCP.  

3.4.5 Excision of εA from gH3 NCPs  

 Unlike the gH2B NCPs, which show a few sites of enhanced excision compared 

to native NCPs, gH3 NCPs show no significant enhancement at any site (Figure 3.9, blue 

bars; Table 3.3). In contrast, the AAG repair profile for gH3 NCPs displays inhibitory 

effects in the central part of the NCP compared to native NCPs (Figure 3.9, blue bars). 

Excision at IN (19), MID (51), and OUT (96; Figure 3.10) sites is inhibited and varies 

from 3 to 10-fold.  

3.5 Discussion 

In this work, we compare the global repair profiles of AAG on A lesions 

distributed throughout native NCPs or those lacking H2B or H3 tails. As observed 

previously, εA removal by AAG is highly correlated with rotational orientation in the 

central region of the DNA in native NCPs.28, 37 We also reported a similar trend for the 

glycosylases 8-oxo-7,8-dihydroguanine glycosylases (OGG1),30, 41 uracil DNA 

glycosylase (UDG),29, 41 and thymine DNA glycosylase (TDG).42 A correlation between 

rotational orientation of a lesion and glycosylase activity has also been reported by other 

groups.43-46 



108 
 

 

There have been limited studies of the effects of histone tails on BER. Digestion 

of histone tails by trypsin had a minimal effect on UDG activity.47, 48 APE1 incision 

activity was also not affected.48 When a portion of the H2B tail, known as the histone 

H2B repression (HBR) domain, is deleted, enhanced UDG and pol β activity are 

observed in the entry/exit regions.49 This enhanced activity was attributed to DNA 

unwrapping in the absence of the HBR domain. Finally, DNA ligase 1 activity was 

reported to be enhanced in the dyad region following trypsin digestion of the histone 

tails.50  

Examination of BER of alkylation damage in yeast with H2A or H3 tail deletions 

demonstrated the roles of the tails in the regulation of glycosylase expression, DNA 

damage signaling, and post replicative repair.51 The removal of tails resulted in 

Figure 3.11. Location and excision of selected εA sites. (Top) The location of 

selected εA sites and histone tails are highlighted. (Bottom) The AAG excision 

activity for each NCP: native (black), gH2B (red), and gH3 (blue). 

 



109 
 

diminished cell survival upon treatment with alkylating agents, even when the 

glycosylase responsible for excision of alkylation damage in yeast, Mag1 (the homolog 

of AAG), was overexpressed. 

When interpreting the repair fingerprint of AAG activity on native, gH2B, and 

gH3 NCPs we considered that removal of the H2B or H3 could eliminate a steric block 

and lead to increased accessibility of nearby lesions. Sites 42, 48, 51, 102, 112, and 119 

are located near the H2B tail (Figure 3.11) and distributed both in the central region of 

the DNA as well as the DNA entry/exit region. No significant enhancement in excision of 

lesions in the central region of the DNA was observed in the absence of the H2B or H3 

tails. In fact, gH3 NCPs demonstrate inhibited εA excision relative to native NCPs at site 

51. While the lesions near the DNA entry/exit region exhibit enhanced excision by AAG 

in gH2B NCPs, we do not ascribe this increase to removal of a steric block caused by the 

tail, but rather altered DNA structure and dynamics as discussed below. 

Changes in the DNA periodicity in the absence of histone tails may affect εA 

excision. The excision at site 51 in the native NCP compared to the gH3 NCP 

demonstrates this potential effect. Despite being a MID site in both NCPs, there is 

significant inhibition of εA excision in the gH3 NCP. There are no tails in the crystal 

structure that interact with directly this position, so it is unlikely to be a steric effect from 

tail removal. The underwinding of the DNA helix in the gH3 NCP relative to the native 

NCP within this helical turn may help explain this result. The altered periodicity may be 

inhibitory to binding or substrate recognition by AAG. This effect of altered periodicity 

of the DNA in the central part of the NCP may, in part, explain more broadly the 

inhibitory effects of tail removal in this region.   
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While the DNA in the central part of the NCP does not unwrap, the DNA located 

in the entry/exit region of native NCPs is known to unwrap transiently and spontaneously 

to expose sites that would be otherwise occluded. For the Widom 601 “I” strand it has 

been shown that the 3'-end preferentially unwraps.56 We have reported previously that 

glycosylase activity, including AAG, does not correlate with rotational orientation in 

certain translational locations prone to unwrapping.29, 30, 41 Unwrapping has also been 

reported to be rate-limiting for the activity of endonuclease III-like protein 1 (NTH1) 

glycosylase 57, 58 and to be exploited by Nap1 during H2A/H2B dimer eviction.59  

We find that lesions located near the DNA entry/exit region are better excised in 

NCPs lacking the H2B but not the H3 tail. Computational studies have predicted 

enhanced unwrapping when histone tail charges are neutralized, which is particularly 

pronounced for the H2B and H3 tails.12, 60 This charge neutralization stabilizes 

unwrapped states out to 40 base pairs for H2B and 30 base pairs for H3 under salt 

conditions similar to those used in our study. For comparison, native NCPs demonstrate 

unwrapping of ~20 base pairs. Crystal structures have revealed that H2B and H3 tail 

deletion weakens histone interactions with DNA and undermines the stability of the 

NCP.10 Similar observations were made by SAXS61 and FRET62, 63 which demonstrated 

enhanced dynamics and nucleosomal instability upon tail removal. Our results are 

consistent with the notion that removal of the H2B tail promotes greater DNA 

unwrapping from the histone proteins and this unwrapping allows for excision of 

otherwise occluded εA lesions by AAG. However, the removal of the H3 tail does not 

promote similar enhancement of εA excision, possibly due to a lesser degree of 

unwrapping than observed upon H2B tail removal. 
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While structural alterations and enhanced unwrapping of the DNA in the NCP 

explain the observations above, it is also important to consider interactions between the 

histone protein themselves. Interactions between the histone tails may explain some of 

the inhibition of AAG activity. Histone tails are essential for formation of nucleosomal 

arrays through extensive intra- and inter-nucleosomal contacts.52 Even the presence of a 

bulky lesion in the DNA near the H2B tail has been simulated to change tail 

conformation.53 Removal of εA at site 96, near the H2B and H4 tails (Figure 3.10), is 

significantly inhibited by H3 tail removal but not H2B tail removal. Surprisingly, the 

shift of the HRF maximum in this region to position 97, making it more OUT, for the 

gH3 NCP does not enhance εA excision. The H4 tail, important for inter-nucleosomal 

interactions,54 in this region may undergo a conformational change in the absence of the 

H3 tail that inhibits AAG binding or excision activity. These potential synergistic tail-tail 

interactions are not unexpected as computational studies have shown that the acetylation 

of the H4 tail impacts the ability of the H3 tail to interaction with other proteins.55 

Similarly, the maximum shift from position 65 to position 64, making it a more OUT 

lesion, in the gH3 NCP does not confer enhanced εA excision. In contrast, the gH2B 

NCPs show a small enhancement of activity while retaining the same maximum at 

position 65 seen in native NCPs. The enhancement of excision at site 64 in the gH2B 

without a change in DNA periodicity and absent any steric interactions with the H2B tail 

indicate other modulating protein-protein interactions. Taken together these results 

indicate that it is not only DNA-protein contacts that affect εA excision in NCPs, but also 

protein-protein interactions. Only by taking all these factors cumulatively can the repair 

fingerprint of AAG in these varied NCPs be understood. 
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Biological observations of mutational hotspots and accumulation of alkylation 

damage can also be considered in light the results obtained here. In yeast, it has been 

reported that alkylation damage accumulates at IN lesions.64 Such sites were also 

observed to be mutational hotspots in the analysis of human tumors.65 These data 

suggests the need for alternate mechanisms to access these IN sites for repair, such 

enhanced unwrapping of DNA from histones. Indeed, H2B60 and H36 acetylation has 

been shown to enhance DNA unwrapping and acetylation has been observed to occur as 

part of the DNA damage response.66 More intriguingly, it has been recently reported that 

a complex is formed between AAG and RNA polymerase II that may access occluded 

lesions by utilization of chromatin decondensation.67 This complex, along with the 

observation that the H3 tail protease JMJD5 relieves RNA polymerase II pausing18 and 

the protease is active under DNA damaging conditions,20 implicates tail clipping as a 

mechanism to repair DNA damage during transcription. Together with these findings, our 

results indicate a potential mechanism to access DNA damage by the BER pathway: 

utilizing tail clipping to promote DNA accessibility through unwrapping from the histone 

octamer. 
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Chapter 4: Preliminary Investigations of UV-DDB and Base Excision Repair in 

Packaged DNA 

  



124 
 

4.1 Abstract 

 UV-DNA damage binding protein (UV-DDB) binds tightly to the intermediate 

apurinic/apyrimidinic (AP) site generated during base excision repair (BER). While 

previous studies have found UV-DDB promotes BER in short oligonucleotides, little is 

known about the relationship between UV-DDB and BER in the packaged environment 

in which most cellular DNA exists. The basic unit of DNA packaging is the nucleosome 

core particle (NCP) which consists of 145-147 bp of DNA wrapped 1.7 times around a 

histone octamer core. Cryo-EM structures and DNaseI footprinting demonstrate UV-

DDB binds occluded AP sites in NCPs and induces a register shift to generate a more 

accessible position. In this study, we investigated whether UV-DDB can stimulate the 

repair of the mutagenic 1,N6- ethenoadenine (εA) lesion by the BER enzyme 

alkyladenine glycosylase (AAG). We first conducted a global screening of εA excision in 

the presence of UV-DDB that evaluated 21 unique locations within the NCP. After 

identifying several sites of interest, we conducted further in-depth single site evaluations. 

Our preliminary data suggest that while UV-DDB did not stimulate activity at sites facing 

outwards away from the histone proteins, it may stimulate activity at sites facing inwards, 

as well as sites that experience dynamic unwrapping of the DNA from the histone core. 

Taken together, our results suggest that UV-DDB acts as a first responder that locates 

inaccessible εA damage and alters its location to allow for easier repair by AAG. 
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4.2 Introduction  

If left unrepaired, DNA damage can result in genomic alterations and disease 

development. Modified bases, termed here as lesions, are repaired by the base excision 

repair (BER) pathway. As previously discussed in this work, one mutagenic lesion 

repaired by the BER pathway is 1,N6-ethenoadenine (A)1, 2 generated both as a 

byproduct of endogenous lipid peroxidation and exogenous exposure to vinyl chloride.3, 4  

A levels are elevated in tissues from individuals with chronic inflammatory diseases 

associated with carcinogenesis as well as cancerous tissues.5 The BER pathway is 

comprised of several enzymes that catalyze the excision of a lesion and subsequent 

insertion of an unmodified nucleotide. Alkyladenine glycosylase (AAG) is responsible 

for excision of alkylated bases, including A.6 AAG mediated εA excision results in an 

apurinic/apyrimidinic (AP) site. This AP site is then incised by AP endonuclease 1 

(APE1), creating a nick with 3'-OH and 5'-deoxyribose phosphate (5'-dRP) termini. 

Polymerase β (pol β) removes the 5'-dRP and incorporates the correct nucleotide at the 3'-

OH. Finally, a DNA ligase completes the repair by sealing the nick in the backbone.7 

The packaging of a lesion into chromatin serves as a hinderance to εA excision. 

The nucleosome core particle (NCP) is the basic unit of packaging in chromatin. The 

NCP is comprised of 145-147 base pairs of DNA wrapped approximately 1.7 times 

around an octamer core of histone proteins8 and contains a 2-fold axis of 

pseudosymmetry known as the dyad axis. The octamer core is comprised of two copies of 

each histone protein: H2A, H2B, H3, and H4,9 each containing a globular core region and 

a disordered tail.8 Within an NCP, any given nucleobase is located in a unique geometric 

positioning. The two types of positioning are (1) rotational position, which defines the 

orientation of the base relative to the histone protein and (2) translational position, which 
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characterizes the location relative to the dyad axis. Rotational position is further defined 

as one of three orientations: outwards towards the solution (OUT), inwards towards the 

histone core (IN), or a position somewhere in between (MID).   For translational 

positioning it is notable that the NCP is not a static structure but rather a dynamic one 

where DNA is transiently exposed through unwrapping at the entry/exit points located far 

from the dyad.10, 11 Understanding the geometric positioning of lesions aids in 

understanding the factors that impact glycosylase activity. 

The study of εA removal by AAG in NCPs has demonstrated the effects of 

geometric lesion positioning on excision activity. Specifically, εA removal by AAG is 

highly correlated with rotational position, with OUT positions excised more efficiently 

than IN, and MID positions lying somewhere in between these two.12-14 These results are 

consistent with the general trends that have been observed previously for other 

glycosylases acting on NCPs such as OGG1,12, 15 UDG,12, 16 and TDG,17 which exhibit 

activity at sites facing OUT from the histone core. Still, excision activity does not 

correlate as strongly with glycosylase activity in certain translational regions.13, 18 This 

exception has been observed for AAG13, 14 as well as UDG16 and OGG1,15 where 

enhanced activity at the DNA entry/exit regions is observed and attributed to the 

unwrapping of the DNA. However, this observation is not universal and is dependent 

upon the specific glycosylase. For example, NEIL1 has been reported to be unable to 

exploit this unwrapping due to its high affinity for undamaged bases.19 We have earlier 

discussed how alterations to the histone tail domains can also promote this unwrapping 

and allow greater AAG excision activity. While opportunistic exploitation of unwrapped 

DNA can allow for the repair of otherwise occluded lesions, the limited amount of DNA 
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subject to this unwrapping necessitates an alternative mechanism of repair for occluded 

sites. 

Newer investigations of nucleotide excision repair (NER) proteins, responsible for 

the repair of larger, helical distorting lesions, have revealed their roles in BER and 

overcoming the problems of DNA packaging. NER utilizes a multistep process to 

identify and remove damage. Damage recognition is the rate limiting step of NER20 and 

is the key difference between the two NER pathways: global genomic (GG) and 

transcription coupled (TC). While TC-NER utilizes a stalled polymerase to detect 

damage, GG-NER utilizes specific DNA damage binding proteins to identify damage.21  

It has been demonstrated that NER lesions packaged into chromatin result in differential 

repair by the NER pathway.22 UV-DNA damage binding protein (UV-DDB) is a 

heterodimeric protein consisting of DDB1 and DDB2 that has been shown to act as a 

damage sensor for lesions in the context of chromatin-packaged lesions.23 Intriguingly, 

more recent work has shown the involvement of UV-DDB with the BER pathway. In 

short duplexes, UV-DDB has been shown the stimulate the activity of OGG1 on 8-oxoG, 

APE1 incision of AP sites, and pol β nucleotide incorporation.24 Furthermore, UV-DDB 

binding to AP sites has been observed in cryo-EM structures to induce a register shift of 

occluded lesions independent of ATP.25 Briefly, this study investigated the binding to 6-4 

photoproducts or a THF abasic site analog located in NCPs. When these lesions were 

oriented OUT, cryo-EM revealed UV-DDB binding with minimal disruption to the 

translational positioning of the DNA. However, when these lesions were oriented IN, a 

three bp shift to a MID position was observed in both cryo-EM structures and DNase I 

footprinting. This study demonstrated the ability of UV-DDB alone to change the 



128 
 

rotational orientation of a lesion packaged IN within the NCP. This may explain earlier 

work that identified a “factor” in human cellular extracts that promoted ATP dependent 

BER activity in nucleosomes.26 These results implicate UV-DDB as another potential 

factor for promoting BER in chromatin.  

Until now, there have been no studies investigating UV-DDB’s stimulation of 

BER in NCPs. Our results indicate UV-DDB can stimulate activity of AAG excision of 

εA at sites located IN or in areas of the NCP that are prone to DNA unwrapping. 

However, UV-DDB did not stimulate activity at OUT facing sites where AAG excision is 

higher. Taken together, these observations indicate a role for UV-DDB as a first 

responder to εA damage that can make otherwise occluded lesions more accessible to 

repair machinery. 

4.3 Materials and methods 

4.3.1 Oligonucleotide Synthesis and Purification 

All oligonucleotides used in this study were synthesized on a MerMade 4 DNA 

synthesizer (BioAutomation). We used the 145 bp Widom 601 nucleosome positioning 

sequence (Table 4.1) as the unincorporated duplex control and to assemble NCPs. 

Synthesis of the 145 mer oligonucleotide containing εA was conducted on 1,400 Å 

controlled pore glass beads (BioAutomation) using phosphoramidites with ultramild 

protecting groups (Glen Research). Deprotection was performed according to the 

manufacturer’s specifications. For global εA substitution for A throughout the “I” strand, 

a Poisson distribution was utilized, as described in recent reports.15, 16, 27 The molar ratio 

determined by the Poisson distribution (λ= 0.355) was used to determine the correct 

mixture of A and εA phosphoramidites. This synthetic strategy yields a DNA population 
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containing either 0 or 1 εA lesion per 145 mer oligonucleotide while minimizing strands 

containing two or more lesions to 5% of the population. For single site incorporation, εA 

phosphoramidite alone was used to incorporate at any given site. For both types of 

incorporation, the final trityl group was removed on the synthesizer, and the DNA was 

cleaved from the solid support by incubation in NH4OH at room temperature for 2 h. The 

DNA was then purified via the crush and soak method utilizing 8% denaturing 

polyacrylamide gel electrophoresis (PAGE).  

Table 4.1 DNA Sequences used in this study 

Name Length Sequence (5ʹ to 3ʹ) 

“I” strand 145mer ATCAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAG

CTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTT

TAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCA

GATATATACATCGAT 

“J” strand 145mer ATCGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAA

TCCCCTTGGCGGTTAAAACGCGGGGGACAGCGCGTACGTGCGT

TTAAGCGGTGCTAGAGCTGTCTACGACCAATTGAGCGGCCTCG

GCACCGGGATTCTGAT 

IS1 23mer ATCAGAATCCCGGTGCCGAGGCC 

IS2 92mer ATCAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAG

CTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTT

TAACC 

J1 45mer ATCGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAA

TC 

J2 65mer CCCTTGGCGGTTAAAACGCGGGGGACAGCGCGTACGTGCGTTT

AAGCGGTGCTAGAGCTGTCTAC 

J3 35mer GACCAATTGAGCGGCCTCGGCACCGGGATTCTGAT 

JS12 30mer TTTAACCGCCAAGGGGATTACTCCCTAGTC 

JS23 32mer GCCGCTCAATTGGTCGTAGACAGCTCTAGCAC 

A ligation strategy was utilized to prepare the complementary “J” strand 145 mer 

(Figure 4.1). The component oligonucleotides for ligation were synthesized using 

standard phosphoramidite protecting groups with the final trityl group retained. Reverse-
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phase HPLC purification at 90 °C was used to purify the oligonucleotides (Agilent 

PLRP-S column, 250 mm × 4.6 mm; A = 100 mM triethylammonium acetate [TEAA] in 

5% aqueous MeCN, B = 100 mM TEAA in MeCN; 5:95 to 35:65 A:B over 30 min, 

35:65 to 5:95 A:B over 5 min at 1 mL/min). Removal of the trityl group was 

accomplished by incubation in 20% v/v aqueous glacial acetic acid for 1 h at room 

temperature. Subsequently, a second HPLC purification at 90 °C was performed (Agilent 

PLRP-S column, 250 mm × 4.6 mm; A = 100 mM triethylammonium acetate [TEAA] in 

5% aqueous MeCN, B = 100 mM TEAA in MeCN; 0:100 to 15:85 A:B over 35 min, 

15:85 to 35:65 A:B over 5 min at 1 mL/min). Electrospray ionization mass spectrometry 

was used to verify the identity of the component oligonucleotides. Five nmol of each 

component oligonucleotide J2 and J3 were 5ʹ-phosphorylated using 2 mM ATP and T4 

kinase (New England Biolabs). These phosphorylated components were then combined 

in equal molar amounts with component J1 and 10% excess of two scaffolding 

oligonucleotides, JS12 and JS23, and annealed by heating to 95 °C for 5 min and cooling 

at 1°C per min in 50 mM NaCl and 20 mM Tris (pH 8.0). These annealed 

oligonucleotides were then ligated at room temperature overnight using 4,800 units T4 

DNA ligase in buffer (50 mM Tris-HCl, 10 mM NaCl, 10 mM MgCl2, 10 mM DTT, 1 

mM ATP, pH: 7.5) The product of the ligation reaction was then purified using 8% 

denaturing PAGE.  

 

 

Figure 4.1 Ligation scheme for complementary J strand sequence. Five nmol of 

phosphorylated J2 and J3 was mixed with 5 nmol J1 and 5.5 nmol JS12 and JS23 and 

annealed. The annealed sample was then treated with ligase to assemble 145 mer 

complementary DNA. The ligation reaction was purified by 8% denaturing PAGE. 
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For normalization of AAG glycosylase excision data (vide infra), a 23 mer and a 

92 mer were designed as internal standards such that they would not co-migrate with any 

εA cleavage product. They were synthesized as described above and purified by 12% and 

8% denaturing PAGE, respectively.  

4.3.2 Reconstitution of Nucleosome Core Particles with Global εA or Single Site εA 

Recombinant Xenopus laevis histones were expressed and purified individually 

before assembly into octamers.28, 29 NCPs were reconstituted as described previously28 

via salt gradient dialysis of the radiolabeled εA-containing duplex population and histone 

octamer. Briefly, a 5-10% molar excess of histone octamer was added to εA containing 

145 bp duplex with a 32P radiolabel attached at the 5'-end in buffer (10 mM Tris-HCl [pH 

7.5], 1 mM EDTA, 1 mM dithiothreitol [DTT], 2 M NaCl, 500 μg/mL BSA) in a Slide-a-

Lyzer dialysis device (0.1 mL capacity, 3.5 kDa MWCO; Thermo Fisher Scientific). The 

dialysis device was started in a buffer of 10 mM Tris-HCl (pH 7.5), 1 mM EDTA, 1mM 

dithiothreitol (DTT), 2 M NaCl at 4 °C before transfer to buffers containing decreasing 

concentrations of NaCl (1.2 M, 1.0 M, 0.6 M, 0 M) at hourly intervals. The final dialysis 

in 0 M buffer was conducted for 3 h and then the NCPs were filtered with a 0.45 μm 

cellulose acetate centrifuge tube filter (Corning Costar) to remove insoluble particles. 

NCP formation and relative purity were analyzed using a 7% native PAGE (60:1 

acrylamide: bisacrylamide; 0.25X TBE) run for 3 h at 160 V in 4 °C (Figure 4.2). Only 

NCPs containing < 15% duplex were used in these studies.  
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4.3.3 Enzymatic Reactions on Global εA Containing NCPs 

 Human AAG was purchased from New England Biolabs, and the total enzyme 

concentration determined by Bradford assay using γ-globulin standards (Bio-Rad 

Laboratories). Recombinant UV-DDB was provided by Bennett van Houten and prepared 

as previously described.30 Baseline AAG excision was assessed by mixing 0.75 pmol NCP 

substrate with varying concentrations of AAG in a total volume of 15 μL of the reaction 

buffer (50 mM HEPES [pH: 7.5] 50 mM NaCl, 5 mM DTT, 1 mM EDTA, 100 μg/mL 

BSA) and incubated at 37 °C along with a negative control sample (no enzyme). For lower 

concentrations of AAG, dilutions were made by diluting AAG in the reaction buffer. 

Figure 4.2 Native PAGE Analysis of εA Containing NCP. Representative native PAGE 

showing successful NCP formation as indicated by slower band migration in the NCP 

lane relative to the unincorporated duplex (dsDNA) lane. Only NCPs containing <15% 

dsDNA were used in these studies. 
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Duplex containing global εA were treated in the same manner but with a set amount of 40 

pmol of AAG. After 1 or 3 h, samples were quenched with 15 μL of 1M NaOH which had 

been spiked with the radiolabeled internal standards and heated to at 90 °C for 3 min. 

25:24:1 phenol:chloroform:isoamyl alcohol (PCI) extraction separated the DNA from 

protein and the aqueous layer was supplemented with 40 μL co-precipitation agent (0.5 

mg/mL tRNA in 300 mM NaOAc [pH 8.0], 1 mM EDTA) and 600 μL of ethanol before 

being placed on dry ice for 30 min. The ethanol was then separated from the DNA via 

centrifugation, removed with a pipette, and all samples were resuspended in 50% v/v 

formamide:water, split in half, and loaded onto an 0.6 mm, 8% PAGE gel (Figure S3). One 

half of the samples were loaded to resolve bands 19-64, run 2 h at 80 W. The other half of 

the samples were loaded to resolve of bands 89-123, run 4 h at 80 W. For the UV-DDB 

titrations, the NCP reactions were conducted as above but with varying amounts of UV-

DDB added before AAG. All samples were pre-incubated with UV-DDB for 2 min at 37°C 

before the addition of AAG. 

After phosphorimaging of the gels, SAFA software was used to quantitate band 

intensity. The internal standards were used for band normalization. Sites 19-64 were 

normalized with the 23 mer standard and sites 89-123 with the 92 mer standard. The no 

enzyme control was used to subtract background from enzyme-treated samples. For each 

site, the ratio of corrected band intensity in the NCPs to the duplex was used to determine 

the NCP/Duplex (NCP/DUP) ratio for AAG activity. An NCP/DUP value of 1 indicates 

excision that is comparable to duplex, while a value below one indicates lower excision 

in NCPs relative to duplex. The standard error (SE) of NCP/DUP was calculated using 
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𝑆𝐸 = 𝜎/√(𝑛), where σ is the standard deviation of the population and n is the sample 

size. For global screening experiments, n=2. 

4.3.4 Enzymatic Reactions on Single Site εA Containing NCPs 

Baseline AAG excision was assessed by mixing 0.75 pmol NCP substrate with 

varying concentrations of AAG in a total volume of 15 μL of the reaction buffer (50 mM 

HEPES [pH: 7.5] 50 mM NaCl, 1 mM DTT, 5 mM EDTA, 100 μg/mL BSA) and incubated 

at 37 °C along with a negative control sample (no enzyme). For lower concentrations of 

AAG, dilutions were made by diluting AAG in the reaction buffer. After 1 or 3 h, samples 

were quenched with 20 μL of 1M NaOH. PCI extraction separated the DNA from protein 

and the aqueous layer was supplemented with 40 μL co-precipitation agent (0.5 mg/mL 

tRNA in 300 mM NaOAc [pH 8.0], 1 mM EDTA) and 600 μL of ethanol before being 

placed on dry ice for 30 min. The ethanol was then separated from the DNA via 

centrifugation, removed with a pipette, and all samples were resuspended in 50% v/v 

formamide:water. Products were resolved by 8% denaturing PAGE, imaged by 

phosphorimagery (BioRad PharosFX), and quantitated by densitometry (Bio-Rad Quantity 

One). The fraction product at each time, Fp(t), was determined by the formula: 

𝐹𝑝 =  
𝛿𝑃(𝑡)

𝛿𝑃(𝑡) + 𝛿𝑆(𝑡)
 

where δP(t) and δs(t) are the densities of product and substrate bands, respectively, at time 

t. The time-dependent product yield, P(t), was corrected for incidental substrate damage 

using the formula: 

𝑃𝑡 =  
𝐹𝑃(𝑡) − 𝐹𝑃(0)

1 − 𝐹𝑃(0)
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Where Fp(0) is the fraction product observed in the no enzyme control. Pt was 

then multiplied by 100% to give excision percentage. The standard error (SE) of 

NCP/DUP was calculated using 𝑆𝐸 = 𝜎/√(𝑛), where σ is the standard deviation of the 

population and n is the sample size. For εA excision in the absence of UV-DDB at site 

42, n=5. For εA excision in the presence of UV-DDB at sites 42, 59, and 123 n = 4, 3, 

and 2, respectively. 

4.4 Results 

4.4.1 Preparation of NCPs Containing Globally Substituted or single site εA Lesions  

NCPs using the Widom 601 DNA sequence were prepared to examine the effects 

of UV-DDB on AAG excision activity.31 The usage of the Widom 601 sequence creates a 

homogenous NCP population, as it is a strong positioning sequence that binds the histone 

octamer in a single translational and rotational position. Furthermore, crystal structures of 

the 601 NCP, are also available for reference.31 For the global screening experiments, εA 

lesions were incorporated at A sites in the “I” strand of the 601 DNA to create εA:T base 

pairs throughout the sequence utilizing methods we have previously reported. 14-16, 27 

Briefly, a Poisson distribution was used to determine the molar ratio of A to εA 

phosphoramidite building blocks such that 95% of the synthesized DNA sequences 

would incorporate no more than a single A. For single site experiments, εA was used as 

an individual building block to incorporate at the site of interest (either site 42, 59, or 

123) in the full population. 

4.4.2 AAG Activity Titration on Global εA NCPs 

 To reveal stimulatory activity of AAG excision activity in global εA NCPs we 

titrated our AAG concentration to a level of 0.1-0.3 NCP/DUP. This level of εA excision 
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is detectable but also allows for improvement if UV-DDB can stimulate AAG. An initial 

broad titration was conducted from single turnover (STO) conditions (40:1 enzyme to 

total NCP) to multiple turnover (MTO) conditions (1:25 enzyme to total NCP). While 

there were some exceptions, lower excision activity was observed at sites with any 

baseline activity as AAG concentration was decreased (Figure 4.3). 

 

 OUT site 42 was chosen as the representative site for titration of AAG 

concentration in the global experiments. This site was chosen since OUT sites 

demonstrates high activity under STO conditions that diminishes in a dose dependent 

manner going into MTO conditions (Figure 4.3). With this site chosen as a reference, 6 

Figure 4.3 Titration of AAG concentration in global εA containing NCPs for 1h at 

37°C. DUP was treated under STO conditions to ensure a full product yield. NCP was 

treated with decreasing amounts of AAG. The ratio of NCP/DUP was taken to 

determine the dose-response of εA excision. A value of 1 (dashed line) indicates 

comparable excision in NCPs relative to duplex. As expected, OUT sites (green stars) 

had generally higher levels of εA excision relative to MID (yellow stars) and IN (red 

stars) sites. For this experiment n=1. 
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nM of AAG was then chosen as the concentration for subsequent experiments as it 

demonstrated consistently low, but not abolished, activity at OUT sites (Figure 4.4). 

 

 

4.4.3 UV-DDB Titration on Global εA NCPs to Identify Sites of Interest 

 After establishment of baseline AAG excision activity, a titration with various 

concentrations of UV-DDB was conducted to determine the concentration of UV-DDB 

that may stimulate excision at lesion sites (Figure 4.5). In comparison to baseline AAG 

activity, the stimulatory effects of UV-DDB are generally more pronounced at IN sites 

(58, 59, 60, 89, 90), demonstrating up to five-fold enhancement. It is important to note 

that the low levels of baseline excision at these sites indicate that most lesions at these 

locations are not excised even with a five-fold stimulation. In contrast to other OUT sites, 

site 123 demonstrates a larger enhancement of excision activity. The unique translational 

Figure 4.4 Baseline excision of εA by 6 nM AAG in global εA containing NCPs 

without UV-DDB for 1h at 37 °C. DUP was treated under STO conditions to ensure a 

full product yield. NCP was treated with 6 nM AAG. The ratio of NCP/DUP was 

taken to determine εA excision. A value of 1 (dashed line) represents maximal product 

yield in NCPs where excision is comparable to duplex. OUT sites (green stars) had 

generally higher levels of εA excision relative to MID (yellow stars) and IN (red stars) 

sites. For these experiments, n=5. 
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position of site 123 may play a larger factor than its rotational orientation as it is closer to 

the DNA entry/exit region. 

 

 

4.4.4 Single Site AAG Titration 

 Due to the low prevalence (<1%) of any particular lesion site in the global system, 

we chose to evaluate a few sites of interest individually to better characterize and 

understand UV-DDB stimulation. Furthermore, single sites would allow for future 

structural studies using DNA-protein footprinting techniques that would aid in 

elucidating the mechanism of any observed stimulation. The sites chosen (42, 59, and 

123) represent sites located in different translational and rotational positions that had 

Figure 4.5 Titration with UV-DDB of global εA containing NCPs treated with 6 nM 

AAG. NCPs were pre-incubated with varying concentrations of UV-DDB before the 

addition of 6 nM AAG. Samples were then incubated for 3h at 37 °C. The ratio of 

NCP/DUP was divided by the NCP/DUP for NCPs treated with just AAG. A value of 

1 (dashed line) represents the baseline activity of 6 nM AAG without UV-DDB. 

Values greater than one indicate higher excision at that specified UV-DDB 

concentration. NCPs were treated with AAG and either 10 nM (blue bars), 25 nM 

(orange bars), or 50 nM (gray bars) of UV-DDB. Stimulatory effects tended to be 

lesser for OUT sites (green stars) relative to MID (yellow stars) and particularly IN 

(red stars) sites. For these experiments, n=2.  
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demonstrated varying levels of UV-DDB stimulation in our global screening. As we 

previously described, we titrated the concentration of AAG such that we could observe a 

stimulatory effect upon addition of UV-DDB. As site 59 demonstrated no significant 

baseline εA excision titrating the AAG concentration as described above was not 

possible. Therefore, titrations were conducted using OUT site 42 (Figure 4.6). The 

optimal AAG concentration from these titrations was determined to be 100 nM of AAG 

for 50 nM of NCP substrate, as this concentration demonstrates low, but not abolished εA 

excision. In contrast to the global experiments, a total and absolute product yield could be 

determined without reference to a duplex standard. This concentration was used for all 

single site UV-DDB experiments described below. 

 

 

Figure 4.6 Titration of AAG concentration for NCPs with εA at site 42 for 1h at 37°C. 

NCP was treated with decreasing amounts of AAG. On the left is a representative gel 

showing conversion of 145 mer substrate to 42 mer product. From left to right is a no 

enzyme control followed by decreasing amounts of AAG. On the right is the 

quantitation of the gel. For this experiment, n=1. 



140 
 

4.4.5 Single Site UV-DDB Titration for εA 42 

 After determination of baseline excision activity at site 42, a titration with various 

concentrations of UV-DDB was conducted to determine any stimulatory activity. The 

reactions were conducted by utilizing a two-minute pre-incubation with UV-DDB and 

subsequent 1h incubation with AAG (Figure 4.7).  Like the global screening (Figure 

4.5), there is no apparent stimulation of εA excision by AAG in the single site 

experiments for site 42. 

 

 

4.4.6 Single Site UV-DDB Titration for εA 59 

 Unlike the lack of stimulation observed at site 42, the IN site 59 demonstrates 

enhancement of εA excision by AAG upon addition of UV-DDB (Figure 4.8). As the 

baseline activity of AAG at this site is minimal, the appropriate experimental 

concentration of AAG was determined by the titration at site 42. However, in contrast to 

the site 42 experiments, the NCPs were pre-incubated for 1h with UV-DDB and 

subsequently incubated for 3h with AAG at 37°C to allow for any potential register shift 

Figure 4.7 Titration of UV-DDB concentration with 100 nM AAG for NCPs with εA 

at site 42 for 1h at 37°C. NCPs was treated with a 100 nM AAG and varied amount 

of DDB. From left to right are the no DDB added sample and then increasing 

amounts of UV-DDB. There is no apparent difference in εA excision between the 

samples. For this experiment, n=3.  
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to occur. A previous study had demonstrated that incubation for 30 minutes on ice 

allowed for the register shift to occur.25 The data demonstrate a dosage dependent 

response, with greater εA excision as the concentration of UV-DDB is increased. 

However, the overall excision remained quite low, below 10% for all samples. 

 

 

4.4.7 Single Site UV-DDB Titration for εA 123 

Site 123 lies in an area of the NCP that is prone to spontaneous unwrapping of the 

DNA away from the histone octamer core. 100 nM of AAG was used to investigate if the 

addition of UV-DDB would increase εA excision. The addition of 25 nM of UV-DDB 

increases the excision by approximately three-fold relative to the no UV-DDB sample 

(Figure 4.9). In contrast to the minimal overall enhancement seen at site 59, the 25 nM 

sample displays increased excision from 8% in the no UV-DDB sample to 22% in the 25 

nM sample. The 14% absolute increase observed is much greater than the 4% increase 

Figure 4.8 Titration of UV-DDB concentration with 100 nM AAG for NCPs with εA 

at site 59 for 3h at 37°C and 1h pre-incubation with UV-DDB. NCPs were treated 

with 100 nMAAG and varied amount of UV-DDB. From left to right are the no UV-

DDB added sample and then increasing amounts of UV-DDB. There is no apparent 

difference in εA excision between the samples. For these experiments, n=3.  
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observed at site 59. A smaller 1.5-fold enhancement was observed for 50 nM of UV-

DDB while 10 nM of UV-DDB showed no stimulation.  

 

 

4.5 Discussion 

In this study, we report the role of UV-DDB in the BER of εA in the context of 

the NCP. Through our global screening system we identified several sites of interest 

where UV-DDB may stimulate the glycosylase activity of AAG. We then conducted 

single site experiments to further characterize the stimulatory potential of UV-DDB at 

these sites. While we observed little impact on sites oriented OUT in both global and 

single site investigations, we did observe enhancement at IN sites that increased as UV-

DDB concentration was increased from 10 to 50 nM. Despite exhibiting up to a five-fold 

increase in excision at IN sites, the vast majority of lesions were left unrepaired. We also 

investigated stimulation at a location prone to DNA unwrapping and found enhanced 

excision activity in the presence of 25 and 50 nM UV-DDB. Together these results 

Figure 4.9 Titration of UV-DDB concentration with 100 nM AAG for NCPs 

with εA at site 123 for 1h at 37°C. NCPs was treated with 100 nM AAG and 

varied amount of UV-DDB. From left to right are the no UV-DDB added sample 

and then increasing amounts of UV-DDB. The 25 nM UV-DDB sample shows a 

marked three-fold increase in excision activity relative to the no UV-DDB 

sample. For these experiments, n=2.  
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implicate UV-DDB as a potential aid in exposing εA lesions to BER machinery at more 

occluded in the NCP. 

 One proposed mechanism of UV-DDB stimulation of BER activity is through 

stimulating turnover via displacement of glycosylases from AP sites.24 Another related 

possibility is the relief of end product inhibition induced by AP sites. UV-DDB has been 

demonstrated to have a high affinity for AP sites32 that are the product of successful 

excision by monofunctional glycosylases. Due to the generation of such toxic 

intermediates, the BER pathway has been described as a tightly coordinated pathway akin 

to the “passing of the baton.” 33 Indeed, exposed AP sites have been shown to react with 

histone lysines leading to even more deleterious strand breaks.34 In short oligos, APE1 

has been demonstrated to stimulate AAG turnover through both the promotion of 

dissociation from AP sites as well as end product inhibition relief.35 It is unknown how 

DNA packaging may disrupt the binding of AP sites by AAG. Our data suggests that the 

lack of stimulation at site 42 (OUT) suggests that if there is a similar AP site bound by 

AAG in the NCP it may be unable to be displaced by UV-DDB. 

 While we did not observe stimulation at OUT sites in the NCP, we did observe 

enhanced activity at occluded IN sites. We have reported that OGG1,12, 15 UDG,12, 16 

TDG,17 and AAG12, 27 exhibit minimal activity at sites facing IN towards the histone core. 

These findings are also consistent with results reported by other groups.36-39 These results 

reinforce a potential explanation for the accumulation of alkylation damage in yeast at IN 

sites in genomic DNA.40 A further analysis of human tumors also revealed mutational 

hotspots at IN sites.41 While BER enzymes have demonstrated a poor ability to access 

these IN lesions, UV-DDB has demonstrated an ability to bind 6-4 photoproducts and AP 
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site analogs facing the histone core.25 The binding of these lesions led to a three bp 

register shift, termed “slide-assisted site exposure”, that effectively turned the IN lesion 

to a MID. For AAG, we have reported a wide range of activity at MID sites13, 14, 42 but 

generally they tend to exhibit excision no greater than 60% and sometimes as little as 

10%. It is therefore not surprising that even though we see enhanced excision upon 

addition of UV-DDB, we do not see full repair at occluded sites. However, the 

enhancement observed does suggest that there could be a register shift induced by UV-

DDB binding to occluded εA that allows for easier access by AAG. Despite this register 

shift, it remains possible that there is a higher affinity of UV-DDB to εA in the NCP that 

only allows for minimal displacement by AAG. Future experiments should be conducted 

to see if varying the concentration of AAG may promote the displacement of UV-DDB 

and promote greater excision of εA. 

A final mechanism of UV-DDB enhancement of activity is exploiting the 

dynamic unwrapping of DNA located near the entry/exit region of the NCP. In particular, 

the 3′-end of the Widom 601 “I” strand has been shown to unwrap preferentially.43  It has 

been demonstrated that unwrapping is rate-limiting for endonuclease III-like protein 1 

(NTH1).19, 44  We have previously reported excision εA by AAG42  was enhanced at the 

DNA entry/exit regions and was attributed to the unwrapping of the DNA. Furthermore, 

the deletion of the H2B tail, postulated to promote DNA unwrapping,45, 46 results in 

enhanced εA excision in this area of the NCP.42 We have reported similar enhancements 

of excision of uracil by UDG16 and excision of 8-oxo-7,8-dihydroguanine by OGG115 in 

these areas prone to unwrapping. We hypothesize that UV-DDB could potentially capture 

εA exposed in this unwrapped state and allow for easier removal by AAG. Our results 
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indicate that with 25 or 50 nM of UV-DDB we do indeed see enhancement of εA 

excision in lesions located in the area of the NCP prone to unwrapping. The overall 

absolute increase of εA excision in this area was the largest observed for any of the single 

sites studied. Furthermore, the observed increase at 25 nM of UV-DDB at site 119 in the 

global screening experiments further reinforces this possibility. 

Taken together our results suggest a mechanism of UV-DDB acting as a first 

responder to εA damage in NCPs (Figure 4.10). The lack of stimulation observed at εA 

oriented OUT suggests that turnover stimulation is unlikely to be the mechanism of 

action of UV-DDB in the NCP. This discrepancy between UV-DDB in free duplex and 

NCPs may be explained by the altered binding and/or dissociation of UV-DDB to AP 

sites in these two unique substrates. For example, an increased KD of UV-DDB to AP 

sites packaged in the NCP relative to AAG could prevent the displacement of AAG after 

successful εA excision. These altered mechanisms in NCPs relative to duplex could be 

beneficial to prevent reaction of AP sites with the histone lysines.34 While UV-DDB may 

not enhance AAG turnover, it does promote excision at εA oriented IN and at locations 

prone to DNA unwrapping. These data suggest a mechanism whereby UV-DDB first 

locates εA and then is displaced by AAG to allow for excision to occur (Figure 4.10). 

The likely mechanism for the removal of εA oriented IN would first be binding by UV-

DDB, followed by a register shift to a more accessible location that allows for AAG to 

displace UV-DDB and excise the lesion. A somewhat similar mechanism may be 

occurring in the unwrapped area whereby a transiently exposed εA is bound by UV-DDB 

and traps the lesion in the unwrapped state and is subsequently displaced by AAG. 
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However, it is important to note that our experiments do not rule out the potential for 

turnover stimulation occurring in this unwrapped state. 

 

 

Figure 4.10 Potential mechanisms of UV-DDB stimulation of AAG excision activity. 

The top shows AAG excision of an OUT εA followed by turnover stimulation via UV-

DDB displacement and subsequent binding of UV-DDB to the AP site generated. The 

middle shows UV-DDB binding an IN εA and shifting it to a MID position that allows 

for AAG binding and excision. The bottom shows UV-DDB capturing the unwrapped 

state of an εA lesion and subsequent displacement by AAG. 
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Understanding the mechanisms of εA recognition and repair on a molecular level 

is essential to insight and treatment of disease caused by alkylation damage to DNA. The 

loss of just one allele of DDB2 has been shown to promote tumors in mice,47-49 which 

suggests an important role in carcinogenesis. Combined with the observed mutational 

hotspots of alkylation damage accumulating at IN sites and in areas not prone to 

unwrapping40, 41 this suggests the absence of UV-DDB may exacerbate the accumulation 

of damage at these locations. Understanding the molecular mechanisms of DNA repair in 

the context of packaged DNA is essential to informing future therapies and understanding 

the paradox of DNA packaging that may prevent some damage but also repair. The 

addition of more complexity to our global modeling system will aid in future experiments 

to identify the key cellular factors that underlie DNA damage and repair. 

4.6 References 

1. Levine, R. L.;  Yang, I.-Y.;  Hossain, M.;  Pandya, G. A.;  Grollman, A. P.; 

Moriya, M., Mutagenesis Induced by a Single 1,N6-Ethenodeoxyadenosine Adduct in 

Human Cells. Cancer Res. 2000, 60 (15), 4098-4104. 

2. Riazuddin, S.; Lindahl, T., Properties of 3-methyladenine-DNA glycosylase from 

Escherichia coli. Biochemistry 1978, 17 (11), 2110-2118. 

3. El Ghissassi, F.;  Barbin, A.;  Nair, J.; Bartsch, H., Formation of 1,N6-

Ethenoadenine and 3,N4-Ethenocytosine by Lipid Peroxidation Products and Nucleic 

Acid Bases. Chem. Res. Toxicol. 1995, 8 (2), 278-283. 

4. Guengerich, F. P.;  Crawford, W. M.; Watanabe, P. G., Activation of vinyl 

chloride to covalently bound metabolites: roles of 2-chloroethylene oxide and 2-

chloroacetaldehyde. Biochemistry 1979, 18 (23), 5177-5182. 



148 
 

5. Nair, U.;  Bartsch, H.; Nair, J., Lipid peroxidation-induced DNA damage in 

cancer-prone inflammatory diseases: A review of published adduct types and levels in 

humans. Free Radic. Biol. Med. 2007, 43 (8), 1109-1120. 

6. O'Brien, P. J.; Ellenberger, T., Dissecting the Broad Substrate Specificity of 

Human 3-Methyladenine-DNA Glycosylase. J. Biol. Chem. 2004, 279 (11), 9750-9757. 

7. Schermerhorn, K. M.; Delaney, S. A kinetic perspective on base excision repair of 

DNA. Acc. Chem. Res. 2014, 47 (4) 1238–1246 

8. Luger, K.;  Mader, A. W.;  Richmond, R. K.;  Sargent, D. F.; Richmond, T. J., 

Crystal structure of the nucleosome core particle at 2.8 A resolution. Nature 1997, 389 

(6648), 251-60. 

9. Eickbush, T. H.; Moudrianakis, E. N., The histone core complex: an octamer 

assembled by two sets of protein-protein interactions. Biochemistry 1978, 17 (23), 4955-

64. 

10. Lee, J. Y.;  Lee, J.;  Yue, H.; Lee, T. H., Dynamics of nucleosome assembly and 

effects of DNA methylation. J. Biol. Chem. 2015, 290 (7), 4291-303. 

11. Zhou, K.;  Gaullier, G.; Luger, K., Nucleosome structure and dynamics are 

coming of age. Nat. Struct. Mol. Biol. 2019, 26 (1), 3-13. 

12. Olmon, E. D.; Delaney, S., Differential Ability of Five DNA Glycosylases to 

Recognize and Repair Damage on Nucleosomal DNA. ACS Chem. Biol. 2017, 12 (3), 

692-701. 

13. Kennedy, E. E.;  Li, C.; Delaney, S., Global Repair Profile of Human 

Alkyladenine DNA Glycosylase on Nucleosomes Reveals DNA Packaging Effects. ACS 

Chem. Biol. 2019, 14 (8), 1687-1692. 



149 
 

14. Caffrey, P. J.;  Kher, R.;  Bian, K.;  Li, D.; Delaney, S., Comparison of the Base 

Excision and Direct Reversal Repair Pathways for Correcting 1,N6-Ethenoadenine in 

Strongly Positioned Nucleosome Core Particles. Chem. Res. Toxicol. 2020, 33 (7), 1888-

1896. 

15. Bilotti, K.;  Tarantino, M. E.; Delaney, S., Human Oxoguanine Glycosylase 1 

Removes Solution Accessible 8-Oxo-7,8-dihydroguanine Lesions from Globally 

Substituted Nucleosomes Except in the Dyad Region. Biochemistry 2018, 57 (9), 1436-

1439. 

16. Li, C.; Delaney, S., Histone H2A Variants Enhance the Initiation of Base 

Excision Repair in Nucleosomes. ACS Chem. Biol. 2019, 14 (5), 1041-1050. 

17. Tarantino, M. E.;  Dow, B. J.;  Drohat, A. C.; Delaney, S., Nucleosomes and the 

three glycosylases: High, medium, and low levels of excision by the uracil DNA 

glycosylase superfamily. DNA Repair 2018, 72, 56-63. 

18. Bilotti, K.;  Kennedy, E. E.;  Li, C.; Delaney, S., Human OGG1 activity in 

nucleosomes is facilitated by transient unwrapping of DNA and is influenced by the local 

histone environment. DNA Repair 2017, 59, 1-8. 

19. Odell, I. D.;  Newick, K.;  Heintz, N. H.;  Wallace, S. S.; Pederson, D. S., Non-

specific DNA binding interferes with the efficient excision of oxidative lesions from 

chromatin by the human DNA glycosylase, NEIL1. DNA repair 2010, 9 (2), 134-143. 

20. Gillet, L. C.; Schärer, O. D., Molecular mechanisms of mammalian global 

genome nucleotide excision repair. Chem. Rev. 2006, 106 (2), 253-76. 

21. Sugasawa, K., Regulation of damage recognition in mammalian global genomic 

nucleotide excision repair. Mutat. Res. 2010, 685 (1-2), 29-37. 



150 
 

22. Erik Wellinger, R.; Thoma, F., Nucleosome structure and positioning modulate 

nucleotide excision repair in the non-transcribed strand of an active gene. EMBO J. 1997, 

16 (16), 5046-5056. 

23. Sugasawa, K., UV-DDB: A molecular machine linking DNA repair with 

ubiquitination. DNA Repair 2009, 8 (8), 969-972. 

24. Jang, S.;  Kumar, N.;  Beckwitt, E. C.;  Kong, M.;  Fouquerel, E.;  Rapić-Otrin, 

V.;  Prasad, R.;  Watkins, S. C.;  Khuu, C.;  Majumdar, C.;  David, S. S.;  Wilson, S. H.;  

Bruchez, M. P.;  Opresko, P. L.; Van Houten, B., Damage sensor role of UV-DDB during 

base excision repair. Nat. Struct. Mol. Biol. 2019, 26 (8), 695-703. 

25. Matsumoto, S.;  Cavadini, S.;  Bunker, R. D.;  Grand, R. S.;  Potenza, A.;  Rabl, 

J.;  Yamamoto, J.;  Schenk, A. D.;  Schübeler, D.;  Iwai, S.;  Sugasawa, K.;  Kurumizaka, 

H.; Thomä, N. H., DNA damage detection in nucleosomes involves DNA register 

shifting. Nature 2019, 571 (7763), 79-84. 

26. Maher, R. L.;  Marsden, C. G.;  Averill, A. M.;  Wallace, S. S.;  Sweasy, J. B.; 

Pederson, D. S., Human cells contain a factor that facilitates the DNA glycosylase-

mediated excision of oxidized bases from occluded sites in nucleosomes. DNA Repair 

2017, 57, 91-97. 

27. Kennedy, E. E.;  Li, C.; Delaney, S., Global Repair Profile of Human 

Alkyladenine DNA Glycosylase on Nucleosomes Reveals DNA Packaging Effects. ACS  

Chem. Biol. 2019, 14 (8), 1687-1692. 

28. Luger, K.;  Rechsteiner, T. J.; Richmond, T. J., Expression and purification of 

recombinant histones and nucleosome reconstitution. Methods Mol. Biol. 1999, 119, 1-

16. 



151 
 

29. Luger, K.;  Rechsteiner, T. J.; Richmond, T. J., Preparation of nucleosome core 

particle from recombinant histones. Methods Enzymol. 1999, 304, 3-19. 

30. Yeh, J. I.;  Levine, A. S.;  Du, S.;  Chinte, U.;  Ghodke, H.;  Wang, H.;  Shi, H.;  

Hsieh, C. L.;  Conway, J. F.;  Van Houten, B.; Rapić-Otrin, V., Damaged DNA induced 

UV-damaged DNA-binding protein (UV-DDB) dimerization and its roles in 

chromatinized DNA repair. Proc. Natl. Acad. Sci. U.S.A. 2012, 109 (41), E2737-E2746. 

31. Vasudevan, D.;  Chua, E. Y. D.; Davey, C. A., Crystal Structures of Nucleosome 

Core Particles Containing the ‘601’ Strong Positioning Sequence. J. Mol. Biol. 2010, 403 

(1), 1-10. 

32. Wittschieben, B. Ø.;  Iwai, S.; Wood, R. D., DDB1-DDB2 (Xeroderma 

Pigmentosum Group E) Protein Complex Recognizes a Cyclobutane Pyrimidine Dimer, 

Mismatches, Apurinic/Apyrimidinic Sites, and Compound Lesions in DNA*. J. Biol. 

Chem. 2005, 280 (48), 39982-39989. 

33. Prasad, R.;  Shock, D. D.;  Beard, W. A.; Wilson, S. H., Substrate channeling in 

mammalian base excision repair pathways: passing the baton. J. Biol. Chem. 2010, 285 

(52), 40479-88. 

34. Sczepanski, J. T.;  Wong, R. S.;  McKnight, J. N.;  Bowman, G. D.; Greenberg, 

M. M., Rapid DNA–protein cross-linking and strand scission by an abasic site in a 

nucleosome core particle. Proc. Natl. Acad. Sci. U.S.A. 2010, 107 (52), 22475-22480. 

35. Baldwin, M. R.; O’Brien, P. J., Human AP Endonuclease 1 Stimulates Multiple-

Turnover Base Excision by Alkyladenine DNA Glycosylase. Biochemistry 2009, 48 (25), 

6022-6033. 



152 
 

36. Beard, B. C.;  Wilson, S. H.; Smerdon, M. J., Suppressed catalytic activity of base 

excision repair enzymes on rotationally positioned uracil in nucleosomes. Proc. Natl. 

Acad. Sci. U.S.A.  2003, 100 (13), 7465-70. 

37. Cole, H. A.;  Tabor-Godwin, J. M.; Hayes, J. J., Uracil DNA glycosylase activity 

on nucleosomal DNA depends on rotational orientation of targets. J. Biol. Chem. 2010, 

285 (4), 2876-85. 

38. Hinz, J. M.;  Rodriguez, Y.; Smerdon, M. J., Rotational dynamics of DNA on the 

nucleosome surface markedly impact accessibility to a DNA repair enzyme. Proc. Natl. 

Acad. Sci. U.S.A. 2010, 107 (10), 4646-4651. 

39. Prasad, A.;  Wallace, S. S.; Pederson, D. S., Initiation of base excision repair of 

oxidative lesions in nucleosomes by the human, bifunctional DNA glycosylase NTH1. 

Mol. Cell. Biol.2007, 27 (24), 8442-8453. 

40. Mao, P.;  Brown, A. J.;  Malc, E. P.;  Mieczkowski, P. A.;  Smerdon, M. J.;  

Roberts, S. A.; Wyrick, J. J., Genome-wide maps of alkylation damage, repair, and 

mutagenesis in yeast reveal mechanisms of mutational heterogeneity. Genome Res.2017, 

27 (10), 1674-1684. 

41. Pich, O.;  Muinos, F.;  Sabarinathan, R.;  Reyes-Salazar, I.;  Gonzalez-Perez, A.; 

Lopez-Bigas, N., Somatic and Germline Mutation Periodicity Follow the Orientation of 

the DNA Minor Groove around Nucleosomes. Cell 2018, 175 (4), 1074-1087.e18. 

42. Caffrey, P. J.; Delaney, S., Nucleosome Core Particles Lacking H2B or H3 Tails 

Are Altered Structurally and Have Differential Base Excision Repair Fingerprints. 

Biochemistry 2021, 60 (3), 210-218. 



153 
 

43. Ngo, Thuy T. M.;  Zhang, Q.;  Zhou, R.;  Yodh, Jaya G.; Ha, T., Asymmetric 

Unwrapping of Nucleosomes under Tension Directed by DNA Local Flexibility. Cell 

2015, 160 (6), 1135-1144. 

44. Maher, R. L.;  Prasad, A.;  Rizvanova, O.;  Wallace, S. S.; Pederson, D. S., 

Contribution of DNA unwrapping from histone octamers to the repair of oxidatively 

damaged DNA in nucleosomes. DNA Repair 2013, 12 (11), 964-971. 

45. Andresen, K.;  Jimenez-Useche, I.;  Howell, S. C.;  Yuan, C.; Qiu, X., Solution 

Scattering and FRET Studies on Nucleosomes Reveal DNA Unwrapping Effects of H3 

and H4 Tail Removal. PLOS ONE 2013, 8 (11), e78587. 

46. Bertin, A.;  Renouard, M.;  Pedersen, J. S.;  Livolant, F.; Durand, D., H3 and H4 

Histone Tails Play a Central Role in the Interactions of Recombinant NCPs. Biophys. J. 

2007, 92 (7), 2633-2645. 

47. Yoon, T.;  Chakrabortty, A.;  Franks, R.;  Valli, T.;  Kiyokawa, H.; Raychaudhuri, 

P., Tumor-prone phenotype of the DDB2-deficient mice. Oncogene 2005, 24 (3), 469-

478. 

48. Itoh, T.;  Cado, D.;  Kamide, R.; Linn, S., DDB2 gene disruption leads to skin 

tumors and resistance to apoptosis after exposure to ultraviolet light but not a chemical 

carcinogen. Proc. Natl. Acad. Sci. U.S.A. 2004, 101 (7), 2052-2057. 

49. Pines, A.;  Backendorf, C.;  Alekseev, S.;  Jansen, J. G.;  de Gruijl, F. R.;  

Vrieling, H.; Mullenders, L. H. F., Differential activity of UV-DDB in mouse 

keratinocytes and fibroblasts: Impact on DNA repair and UV-induced skin cancer. DNA 

Repair 2009, 8 (2), 153-161. 

  



154 
 

Chapter 5: Conclusions and Future Work 

  



155 
 

5.1 Conclusions 

 In the preceding work, we investigated the impact of differential DNA packaging 

on the repair of 1,N6-ethenoadenine (εA) by the base excision repair (BER) and direct 

reversal repair (DRR) pathways and how the addition of nucleotide excision repair (NER) 

proteins may stimulate this repair. We studied a model system consisting of the basic unit 

of DNA packaging, the nucleosome core particle (NCP) to elucidate the effects of DNA 

packaging on DNA repair. We utilized the strongly position Widom 601 sequence to 

create a homogenous population of NCPs that occupy a single translational and rotational 

position.1, 2 Through the usage of unique chemical synthetic approaches,3-6 we have been 

able to study the repair of damage distributed throughout the NCP that capture the effects 

of unique architectural microenvironments that exist in the NCP. Through these 

experiments, we have begun to unravel the molecular mechanisms that underlie observed 

genomic mutational hotspots that may lead to elevated A levels associated with 

cancerous tissues and chronic inflammatory diseases.7  

 Our work comparing the repair of εA BER and DRR pathways provided us with 

valuable insight in how two different repair mechanisms are affected by packaging of A 

into NCPs. Our goal was to examine the possibility that previously identified 

impediments to BER caused by the packaging of lesions into NCPs3, 4, 6, 8-10 would not be 

as detrimental to the DRR pathway. We hypothesized the impediment to alkyladenine 

glycosylase (AAG) activity may be due to generation of an apurinic/apyrimidic (AP) site 

upon successful εA excision11 that has been shown to react with the histone lysines to 

create an even more deleterious strand break.12 In contrast, the removal of εA lesions by 

DRR enzyme ALKBH213 utilizes molecular oxygen, Fe (II), and α-ketoglutarate to 

directly transform A to canonical A14-17 without the production of an AP site. A 
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combinatorial approach of hydroxyl radical footprinting (HRF) and enzymatic reactions 

allowed the evaluation of the repair profiles for both AAG and ALKBH2 in NCPs. We 

utilized our global incorporation system to evaluate 23 A unique locations distributed 

across various translational and rotational positions within the NCP. For AAG, there was 

a strong correlation between rotational positioning and A excision with OUT facing 

lesions repaired better than IN and MID facing lesions. This correlation was not observed 

for ALKBH2, with similar levels of repair regardless of rotational orientation. While 

ALKBH2 was more effective than AAG at repairing occluded lesions, only AAG could 

fully repair A at any location in the NCP. There were notable exceptions to these trends 

that serve to highlight the complexity of the NCP as a substrate for these DNA repair 

enzymes. In particular, lesions located in the area close to the DNA entry/exit region 

known to preferentially unwrap in NCPs containing the 601 sequence18 demonstrate 

higher repair regardless of rotational orientation. We also generated molecular models of 

enzyme binding which revealed steric interactions between ALKBH2 and the histones 

are particularly deleterious to DNA binding and results in diminished activity. These data 

aid in understanding in vivo observations of alkylation damage profiles that show 

mutational hotspots located at IN sites.19, 20 

 After determining that neither the BER nor DRR pathways could fully repair A 

in NCPs, we turned our efforts to determine if alteration of the histone proteins could 

rescue AAG activity at occluded sites. The NCP is notably a dynamic structure where 

DNA can unwrap near the entry/exit points,21, 22 canonical histones can be exchanged for 

variants,23 and the histones themselves can undergo posttranslational modifications 

(PTMs).24, 25 We had previously demonstrated the enhancement of U excision by two 
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glycosylases when canonical H2A was exchanged for variants.26 While there are 

numerous PTMs that the canonical histones under go, we chose to focus our efforts on 

the new discovered and irreversible proteolytic clipping of the N-terminal histone tails.27, 

28 We focused our efforts on the H2B and H3 tails as these have been observed 

biologically and demonstrate the ability to promote DNA unwrapping29, 30 that has been 

exploited by DNA repair enzymes in our previous experiments. Like above, we utilized a 

combination of chemical footprinting and enzymatic reactions to determine the repair 

profiles of AAG excising A in native, tailless H2B, and tailless H3 NCPs. We found that 

the absence of H2B or H3 tails results in altered DNA periodicity in the NCP relative to 

NCPs with fully intact tails. Using our global approach, we were able to correlate these 

structural alterations to AAG activity. We found that in comparison to native NCPs, 

tailless H2B demonstrated greater A excision in transiently unwrapped areas. In 

contrast, tailless H3 NCPs did not show this enhancement and in fact showed inhibition 

in more static areas of the NCP that do not undergo unwrapping. Again, however, IN 

sites that were not in areas subject to unwrapping demonstrated extremely low levels of 

repair for all NCPs. Together these results demonstrate a potential mechanism to access 

occluded lesions by utilizing histone tail clipping to promote unwrapping of DNA. 

However, the detrimental effects on repair in areas not subject to unwrapping 

demonstrate a need to carefully balance the effects of tail clipping. Further understanding 

of these mechanisms and how they are balanced in the cell may elucidate why certain 

disease states are associated with higher31 and lower32 levels of tail clipping. 

 Having investigated the effects of histone modification on BER, we next 

investigated if there was a mechanism to stimulate BER in NCPs by the addition of other 
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factors. While remodeling complexes like SWI/SNF33 and Chd134 use ATP to drive 

octamer sliding and ejection of histone proteins, we were interested in investigating less 

disruptive and energetically costly ways of promoting BER in NCPs. Previous work had 

identified a “factor” from human cellular extracts that stimulated BER in an ATP 

independent manner.35 We hypothesized that UV-DNA damage binding protein (UV-

DDB) may have been the factor identified in this experiment. UV-DDB is has been 

shown to act as a damage sensor for NER lesions in the context of chromatin36 and to 

stimulate BER in short oligonucleotides.37 Furthermore, UV-DDB binding to AP sites 

has been observed in cryo-EM structures and DNase I footprinting experiments to induce 

a register shift of occluded lesions independent of ATP.38 Having established a strong 

baseline of AAG excision of εA we wished to further investigate the potential for 

stimulation by the addition of UV-DDB. We first utilized our global screening system to 

identify sites of interest that could be studied more thoroughly. In both global and single 

site experiments we found that UV-DDB may not stimulate activity at OUT sites but may 

stimulate excision at IN and transiently unwrapped sites. Our preliminary studies 

investigate three potential mechanisms for DDB stimulation of AAG activity: (1) 

stimulation of AAG turnover by displacement from AP sites by UV-DDB, (2) slide 

assisted site exposure of occluded lesions via a UV-DDB induced register shift, and (3) a 

trapping of the transiently unwrapped state by UV-DDB. The lack of stimulation at OUT 

facing lesions seems to diminish the likelihood that turnover stimulation is a primary 

mechanism of UV-DDB stimulation in NCPs. An increased KD of UV-DDB to AP sites 

packaged in the NCP relative to AAG could preclude the type of displacement that would 

promote enzymatic turnover. It is important to note that we cannot definitively rule out 
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this mechanism based on the experiments we conducted. However, it does appear that 

both a register shift and trapping of the unwrapped state may be occurring due to the 

stimulation observed for excision of εA at locations subject to these phenomena. Our data 

suggest a role for UV-DDB as a first responder to damage in the NCP where it finds the 

damage and presents it to repair enzymes in a more accessible orientation. 

5.2 Future Work 

5.2.1 DNA Repair Enzymes as Epigenetic Regulators 

 While there is a tendency to define an enzyme as having a particular role, biology 

often presents us with multifunctional enzymes that are involved in multiple processes. In 

this work, we have investigated enzymes from the BER and DRR pathways and their 

roles of DNA repair. These enzymes certainly have a fundamental role in DNA repair, 

but recent studies have suggested broader functionality than initially thought. Epigenetics 

is the study of regulation of gene expression without fundamentally altering the DNA 

sequence. If the DNA is the alphabet of genes, epigenetics can be thought of as the 

punctuation. There are a variety of epigenetic markers such as histone modifications 

(whether it be variants or PTMs), but the most widely known epigenetic marker is 5-

methylcytosine (5-mC).39 Greater than 4% of cytosines in the genome are methylated40 

and methylation acts to silence gene expression.39 While the process of methylation by 

DNA methyltransferases has been well characterized, there is less known about 

demethylation. 

To activate genes that have been silenced due to methylation, there must exist a 

demethylation pathway. There are two proposed demethylation mechanisms: passive and 

active. The passive mechanism utilizes replication to dilute 5-mC by incorporating an 

unmodified cytosine into the newly synthesized strands. In the active pathway it is 
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thought that a direct demethylation event occurs that allows for the replacement of 5-mC 

with an unmodified cytosine. An upregulation of BER elements has been observed and 

has been indicated to be concurrent with demethylation observed during embryonic 

development.41 However, there is no known human glycosylase that directly removes 5-

mC from DNA. 5-mC is a substrate for oxidation by the Ten-Eleven Translocation (TET) 

enzymes to iteratively produce 5-hydroxymethylcytosine (5-hmC), 5-formylcytosine (5-

fC), and 5-carboxycytosine (5-caC) with the latter two being substrates for the BER 

enzyme thymine DNA glycosylase (TDG).42 More recently, it has been discovered that 

ALKBH2 can also iteratively oxidize 5-mC in a similar manner.43 While these have been 

characterized in unincorporated DNA, it has not been described in NCPs. Given the role 

of histones in epigenetic regulation, understanding the interaction between packaging and 

DNA demethylation could expand our understanding of gene regulation. Particularly 

interesting would be the production and excision of 5-fC in the NCP as it has been shown 

to form reversible crosslinks with histones that alter replication and transcription.44-46 

Understanding the demethylation process in the context of NCPs could broaden our 

understanding of what DNA “damage” and “repair” may entail. 

5.2.2 The Interaction of Epigenetic Histone Variants and BER 

A particularly important location in chromatin is the centromere, where 

kinetochore assembly occurs to allow for chromosome segregation during mitosis. 

Human centromeres consist of a sequence of highly repetitive alpha satellite DNA 

wrapped around a histone octamer.47 This process has been shown to be driven by a 

histone H3 variant, centromere protein A (CENP-A).48 The finding of CENP-A at neo-
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centromeres lacking the alpha satellite DNA reinforces the pivotal role of CENP-A in 

centromere formation. 

Significantly, CENP-A has been associated with a variety of DNA damage 

response and repair pathways, including interactions with poly(ADP-ribose) polymerase 

2.49 CENP-A has been found in nuclear foci following irradiation of cells and depletion 

of CENP-A leads to greater apoptosis in these cells after 24 hours.50 Furthermore, it has 

been suggested that spindle assembly checkpoint mediated DNA repair occurs through 

interactions at the nuclear pore with CENP-A.51 Additionally, induction of double strand 

breaks has been shown to recruit CENP-A in both human and mice in vivo.52 While there 

is less exploration of the role of CENP-A in BER, evidence in literature does suggest a 

linkage between the two. CENP-A has been shown to co-localize with a cytidine 

deaminase and Uracil DNA Glycosylase (UDG) in both Xenopus laevis53 and human 

cells.54 Inhibition of deaminase activity was shown to prevent the formation of CENP-A 

loci, indicative that specific deamination rather than incorporation from the dNTP pool 

was the impetus for CENP-A localization.53 The timing of the localization during G2 is 

interesting as UDG levels are significantly upregulated55 during S phase, not the G2 

phase, to alleviate the misincorporation of uracil during replication. This observation 

further reinforces the interplay between intentional deaminase activity, BER, and CENP-

A deposition. Furthermore, reduction of UDG in human cells leads to a reduction in 

CENP-A assembly; conversely, overexpression increases CENP-A assembly.54 Taken 

together these results demonstrate a clear relationship between the BER pathway and 

CENP-A deposition. Understanding the regulation of CENP-A deposition is essential as 

higher levels of CENP-A are observed in breast cancer,56 colorectal cancer,57 and 
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testicular cancer.58 CENP-A overexpression has also been observed with ectopic 

localization to regions of high histone turnover.57, 59 As the literature stands, it begs to 

wonder whether any potential uracil that is incorporated into a CENP-A NCP at this point 

can be excised by UDG before becoming a deleterious mutation or if there is another 

mechanism that may be driving the strong association of this histone variant and 

carcinogenesis. 

CENP-A has been proposed as an epigenetic marker for centromere location, due 

to the reliance of centromere location on CENP-A and not DNA sequence.60 An 

interesting observation between CENP-A and 5-mC has shown there is general 

hypomethylation associated with CENP-A in stem cells,61 although there is 

hypermethylation in somatic cells, albeit with regions of hypomethylation.62 While most 

histones undergo degradation to protamines during spermatogenesis, CENP-A is 

selectively retained.63 This observation combined with the observed depletion of 

methylation of the paternal genome suggests the potential potentiation of both 5-mC 

oxidation and TDG excision of oxidized derivatives within a CENP-A containing NCP. 

As mentioned above, it is imperative to examine the repair fingerprint of TDG on 5-fC 

and 5-caC in NCPs, with a further importance for understanding this process in CENP-A 

containing NCPs. These future experiments may shed light on mechanisms of epigenetic 

regulation that underlie healthy and cancerous cells. 

5.2.3 Post Translational Modifications of Histone Tails  

 As discussed previously, post translational modifications (PTMs) to the histone 

tails can modulate DNA accessibility and, consequently, accessibility to DNA repair 

enzymes. While we have characterized the effect of histone clipping of the H3 and H4 
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tails on the initiation of BER on alkylated substrates, these are not the only tails in which 

clipping has been observed. Furthermore, H2A tail deletion disrupts NCP stability,64 and 

H2A makes internuclesomal contacts with H4 tails that drive compaction in chromatin.29, 

65 These H2A and H4 tails contacts also occur in mononucleosomes.65 Investigation of 

these tail deletions both in mononucleosomes and broader nucleosome arrays may 

elucidate further regulation of DNA accessibility and a broader impact on DNA repair. 

 While proteolytic clipping of histone tails may be the largest, irreversible PTM to 

tails, other reversible PTMs may also regulate DNA repair. There are numerous PTMs 

that modulate the accessibility of DNA in the NCP including: acetylation, methylation, 

phosphorylation, sumolyation, and ubiquitination.66, 67 It is known that certain 

modifications, such as acetylation, promote dynamic unwrapping of DNA in NCPs.24, 25 

Acetylation, in particular, has been observed as part of the DNA damage response68 and 

even a single lysine acetylation promotes enhance DNA unwrapping.25 The reversibility 

of these modifications allow for a precise regulation of DNA accessibility. This 

regulation may help balance the protection of genomic DNA from damaging agents and 

accessibility of DNA to repair machinery. 

5.3 Final Thoughts 

 The packaging of DNA into chromatin presents our bodies with both beneficial 

and detrimental outcomes. The compaction of our genome and the protection from 

damage allowed by packaging into chromatin are extremely beneficial for regulation and 

fidelity of our genome. Paradoxically, however, we have shown this packaging can be 

extremely detrimental to the access and repair of DNA damage that can lead to 

deleterious mutations. Our studies have looked at different repair pathways, alterations to 

the histone proteins, and the addition of UV-DDB to try and overcome the impediment 
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imposed by DNA packaging. None of these studies revealed the ability to fully repair any 

occluded lesions packaged into the NCP. These results support the observed mutational 

hotspots that occur in tumors and underlie the essential need to understand how these 

repair processes occur not just in free floating DNA but in the packaged environment of 

our cells. Through greater understanding of these processes on a fundamental molecular 

level we can hope to prevent and treat diseases that result from the accumulation of 

unrepaired DNA damage. 
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