
 

From Nucleotide to Nucleosome:  

A Kinetic and Calorimetric Study of DNA 

 

 

 

 

 

By Ji Huang 

 

M.S. Nanjing University 2010 

B.S. Nanjing University 2007 

 

 

 

 

 

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 

May 2016 



© Copyright 2016 Ji Huang 

	



	 iii	

This dissertation by Ji Huang 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____________              ______________________________ 

                                 Sarah Delaney, Ph.D. Advisor 

 

Date____________              ______________________________ 

                                  Jason Sello, Ph.D. Reader 

 

Date____________              ______________________________ 

         Christopher Seto, Ph.D. Reader 

 

 

 

Approved by the Graduate Council  

 

Date____________               _____________________________ 

                             Peter M. Weber, Ph.D.  
                           Dean of the Graduate School 



	 iv	

Curriculum Vitae 

     Ji Huang 
 
Education   

Brown University, Providence, Rhode Island 
Ph.D., Chemistry, expected May 2016 

 
Nanjing University, Nanjing, China 
M.S., Chemistry, May 2010 

 
Nanjing University, Nanjing, China 
B.S., Chemistry, May 2007 

 
Research Experience 

Department of Chemistry, Brown University, Providence, Rhode Island          
Graduate Student with Dr. Sarah Delaney, 2011-present 
• Investigate the thermodynamic properties of DNA containing various number of 

trinucleotide repeats from DNA only system to the nucleosome system by differential 
scanning calorimetry. 

• Elucidate by kinetic techniques of how polymerase discriminates the hyperoxidized 
nucleotide from the canonical nucleotide pool to prevent DNA mutation. 

 
Department of Chemistry, Nanjing University, Nanjing, China 
Master Student with Dr. Li-Min Zheng & Dr. Lin Guo, 2007-2010  
• Apply bacterial magnetic particles for rapid enrichment of phosphopeptides. 
• Develop methods for surface modification of bacterial magnetic nanoparticles as drug 

carriers for therapeutic applications. 
 
Publications  

• J. Huang, S. Delaney (2016) Unique length-dependent biophysical properties of repetitive 
DNA. J. Phys. Chem. B, accepted, DOI: 10.1021/acs.jpcb.6b00927. 

• J. Huang, C. J. Yennie, S. Delaney (2015) Klenow fragment discriminates against the 
incorporation of the hyperoxidized dGTP lesion spiroiminodihydantoin into DNA. Chem. 
Res. Toxicol. 28, 2325-2333 

• M. E. Tarantino, K. Bilotti, J. Huang, S. Delaney (2015) Rate-determining step of flap 
endonuclease 1 (FEN1) reflects a kinetic bias against long flaps and trinucleotide repeat 
sequences. J. Biol. Chem. 290, 21154-21162 

• L. Guo, J. Huang, L. M. Zheng (2012) Bifunctional bacterial magnetic nanoparticles for 
tumor targeting. Nanoscale 4, 879-884 

• L. Guo, J. Huang, L. M. Zheng (2011) Control generating of bacterial magnetic 
nanoparticle-doxorubicin conjugates by poly-L-glutamic acid surface modification. 
Nanotechnology 22, 175102 



	 v	

• J. Huang, L. Guo, L. M. Zheng (2010) Rapid enrichment and determination of 
phosphopeptides using bacterial magnetic particles via both strong and weak interactions. 
Analyst 135, 559-563 

• L. Guo, J. Huang, L. M. Zheng (2010) Efficient conjugation doxorubicin to bacterial 
magnetic nanoparticles via a triplex hands coupling reagent. J. Nanosci. Nanotechnol. 10, 
6514-6519 

• Z. Y. Li, M. Y. Ten, J. J. Ma, J. Huang, L. Y. Wang, Y. Pan (2009) Unprecedented 
synthesis of chiral calix[4](aza)crowns and its potent encapsulating methanol. Sci. China 
Ser. B-Chem. 52, 497-504 

• L. Guo, J. Huang, X. Zhang, Y. Li, L. M. Zheng (2008) Baterial magnetic nanoparticles as 
drug carriers. J. Mater. Chem. 18, 5993-5997 

 
Poster Presentations 

• J. Huang, S. Delaney (2016) Klenow fragment discriminates against the incorporation of 
the hyperoxidized dGTP lesion spiroiminodihydantoin into DNA. Gordon Research 
Conference on DNA Damage, Mutation & Cancer,, Ventura, CA, March 12-18  

• J. Huang, S. Delaney (2014) Calorimetric study of nucleosome and its subunits. 13th 
International Workshop on Radiation Damage to DNA, MIT Cambridge, MA, June 14-18 

• J. Huang, S. Delaney (2014) Calorimetric study of nucleosome. 247th ACS National 
Meeting, Dallas, TX, March 16-20 

• J. Huang, S. Delaney (2013) Thermodynamic and kinetic studies of trinucleotide repeat 
(TNR) DNA. Journal of Biomolecular Structure and Dynamics, 18th Conversation, 
Albany, NY, June 9-13 

• J. Huang, S. Delaney (2012) Calorimetric and kinetic studies of trinucleotide repeat (TNR) 
DNA Gordon Research Conference on Mutagenesis, New Port, RI, August 19-24 

 
Awards and Fellowships  

• People's Scholarship, Nanjing University 2003-2005 
• Graduate Student Scholarship, Nanjing University 2008-2010 
• Brown University Graduate Fellowship, Brown University, 2010 

 
Teaching Experience  

• Teaching assistant of general chemistry lab at Nanjing University 2007-2008 
• Teaching assistant of general chemistry lab at Brown University 2010-2011 
• Teaching assistant of organic chemistry lab at Brown University 2015 

  



	 vi	

Preface and Acknowledgements 

To my advisor, labmates, family, and friends. 

  



	 vii	

Table of Contents 

 

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

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

Preface and Acknowledgements………………………………………………………………….vi 

Table of Contents………………………………………………………………………………...vii 

List of Tables……………………………………………………………………………..............xi 

List of Figures…………………………………………………………………............................xii 

Chapter 1. Introduction 

1.1 Introduction to DNA and DNA Damage…………………..…………………………2 

1.2 Guanine Oxidation……………………………………………………...…………….3 

1.3 DNA Damage from Nucleotide Pool…………………………………………………6 

1.4 Repair of 8-oxoG and Sp Lesions…………………………………………………….7 

1.5 Chemical and Kinetic Mechanism of Polymerases…………………………...……...8 

1.6 Techniques for Studying Nucleotide Incorporation Kinetics……………………...…9 

1.7 Introduction to Trinucleotide Repeat (TNR) DNA………………………………….12 

1.8 TNR Expansion Mechanisms……………………………………………………….14 

1.9 Nucleosome—Basic Unit for DNA Packaging……………………………………...18 

1.10Introduction to Differential Scanning Calorimetry (DSC)………………………….19 

1.11Concluding Remarks and Gap in Knowledge ……………………………………22 

1.12References…………………………………………………………………………...23 

 

 



	 viii	

Chapter 2. Klenow Fragment Discriminates Against the Incorporation of the Hyperoxidized 

dGTP Lesion Spiroiminodihydantoin into DNA 

2.1  Abstract……………………………………………………………………………...38 

2.2  Introduction………………………………………………………………………….39 

2.3  Experimental Procedure……………………………………………………………..41 

2.3.1 Materials…………………………………………………………….…...41 

2.3.2 Oligonucleotide Synthesis and Purification………………………….….41 

2.3.3 Synthesis, Purification, and Absolute Configuration of 

Spiroiminodihydantoin-2’-deoxynucleoside-5’-triphosphate……………41 

2.3.4 Preparation of DNA Primer/Template Assemblies………………………45 

2.3.5 Qualitative Single Nucleotide Triphosphate Incorporation Reactions…..45 

2.3.6 Primer Extension after the Incorporation of Sp Nucleotide 

Triphosphate……………………………………………………………..46 

2.3.7 Single-Turnover Kinetics Reactions……………………………………..46 

2.3.8 Data Analysis…………………………………………………………….46 

2.4  Results and Discussion……………………………………………………………...47 

2.4.1 Qualitative Analysis of Incorporation of Spiroiminodihydantoin 

Nucleotide Triphosphate by Klenow Fragment……………………….…47 

2.4.2 Kinetic Analyses of Nucleotide Triphosphate Incorporation…………....51 

2.4.3 Single-Turnover Kinetic Analysis of dGTP and 8-oxodGTP 

Incorporation……………………………………………………….……52 

2.4.4 Single-Turnover Kinetic Analysis of dSpTP Incorporation…………..…55 

2.4.5 Comparing the Kinetic Parameters for dGTP, 8-oxodGTP, (S)-dSpTP, and 



	 ix	

(R)-dSpTP…………………………………………………………….….58 

2.4.6 Biological Considerations……………………………………..…………60 

2.5  Conclusion…………………………………………………………………………..61 

2.6  Reference……………………………………………………………………………61 

 

Chapter 3. Unique Length-Dependent Biophysical Properties of Repetitive DNA 

3.1  Abstract……………………………………………………………………….……..73 

3.2  Introduction………………………………………………………………….………74 

3.3  Experimental Procedures……………………………………………………………76 

3.3.1 Oligonucleotide Synthesis and Purification………………….……….….76 

3.3.2 Differential Scanning Calorimetry (DSC) Analysis…………….……….77 

3.3.3 Native Polyacrylamide Gel Electrophoresis………………….………….79 

3.3.4 Kinetics of Hairpin to Duplex Conversion……………………….……...79 

3.4  Results and Discussion……………………………………………………...………80 

3.4.1 DSC Characterization of (CAG)n and (CTG)n Stem-Loop Hairpins…….81 

3.4.2 Electrophoretic Mobility of (CAG)n and (CTG)n by Native 

PAGE…...…82 

3.4.3 Determining the Nature of Homoduplex Melting…………………..……85 

3.4.4 Analysis of DSC Thermograms for (CAG)n and (CTG)n Stem-Loop 

Hairpins…………………………………………………………...……...87 

3.4.5 Thermodynamics of Stem-Loop Hairpin to Duplex Conversion...………91 

3.4.6 Kinetic Analysis of Stem-Loop Hairpin to Duplex Conversion…………94 

3.5  Conclusion………………………………………………………………...………...98 



	 x	

3.6 References…………………………………………………………………….……...99 

 

Chapter 4. Differential Scanning Calorimetry Study of Nucleosome and its Subunits 

4.1  Abstract…………………………………………………………………………….104 

4.2  Introduction………………………………………………………………………...105 

4.3  Experimental Procedure……………………………………………………………107 

4.3.1 Preparation of Nucleosomal DNA……………………….……………..107 

4.3.2 Histone Expression and Purification…………………………..………..109 

4.3.3 Histone H2A/H2B Dimer, (H3-H4)2 Tetramer and Histone Octamer 

Assembly………………………………...……………….……………..110 

4.3.4 Nucleosome Reconstitution and Purification……………..…………….110 

4.3.5 DSC Characterization of Nucleosome……………………….…………111 

4.4  Results and Discussion………………………………………………...…………..112 

4.4.1 Preparation of Nucleosomal DNA……………………………….……..112 

4.4.2 DSC Characterization of Nucleosomal DNA…………………….…….113 

4.4.3 DSC Characterization of Histone H2A/H2B Dimer, (H3-H4)2 Tetramer 

and Octamer……………………………………………………….……118 

4.4.4 DSC Characterization of Nucleosome………………….………………121 

4.5  Conclusion…………………………………………………………...…………….126 

4.6  References………………………………………………………………………….126 

  



	 xi	

List of Tables 

 

Table 1.1 Representative Disease Caused by TNR Expansion…………………………...……...13 

Table 2.1 Kinetic Parameters for the Incorporation of dNTPs Opposite Template dC………….59 

Table 3.1 DSC-Derived Melting Temperatures and Thermodynamic Parameters for (CTG)n and 

(CAG)n Stem-Loop Hairpins Under Physiological Relevant Salt Condition………………...….85 

Table 3.2 DSC-Derived Melting Temperatures and Thermodynamic Parameters for (CTG)n and 

(CAG)n Stem-Loop Hairpins under low salt conditions…………………….……………….…..90 

Table 3.3 DSC-Derived Melting Temperatures and Thermodynamic Parameters for 

(CAG)n/(CTG)n Duplexes under physiological relevant salt condition…………………...……..93 

Table 3.4 DSC-Derived Melting Temperatures and Thermodynamic Parameters for 

(CAG)n/(CTG)n Duplexes under low salt conditions………………………………...…………..94 

Table 3.5 Rate and Activation Enthalpy for Stem-Loop Hairpin to Duplex Conversion at 

37 °C…………………………………………………………………………………….……….95 

Table 4.1 DNA Sequences Used in this Study…………………..……………………………..108 

  



	 xii	

List of Figures 

 

Figure 1.1 DNA Double Helix Structure, Base Pair Pattern and Nomenclature……………….....2 

Figure 1.2 Base Pair of G to C and 8-oxoG to C or A……………………………………..……...4 

Figure 1.3 Oxidation Pathway of Generating 8-oxoG and Sp from G………………..…………..5 

Figure 1.4 Kinetic Scheme of DNA Polymerization……………………………………..……….9 

Figure 1.5 Techniques used to Study Kinetic Mechanism of Polymerase………………..……..11 

Figure 1.6 Hairpin Structure Formed by (CNG)n Repeat…………………………..……………15 

Figure 1.7 Representative Replication- and Repair-Dependent Models for TNR Expansion...…16 

Figure 1.8 Crystal Structure of Nucleosome………………………...…………………………...18 

Figure 1.9 Simplified Working Principal of DSC…………………………..…………………...20 

Figure 1.10 Representative DSC Thermogram and Data Analysis……………………..……….21 

Figure 2.1 Structures of dG, 8-oxodG, (S)-dSp, and (R)-dSp……………………………...…….39 

Figure 2.2 HPLC Purification and Characterization of dSpTP Diastereomers……………….....43 

Figure 2.3 ESI-MS Analysis for dSp Diastereomers  in the Nucleotide Forms or Nucleoside 

Forms………………………………………………………………………………………….…44 

Figure 2.4 Qualitative Assessment of  dSpTP Diastereomers Incorporation………………..…..47 

Figure 2.5 Denaturing PAGE Showing the Migration Difference of Single Nucleotide 

Incorporation Product of Adding either dGTP or (S)-dSpTP…………………………………....48 

Figure 2.6 Kinetic Analysis of dGTP and 8-oxodGTP Incorporation by KF−………………..…53 

Figure 2.7 3-D Confidence Contours for the Rate Constants Determined by KinTek Global 

Explorer for dGTP and 8-oxodGTP………………………………………………………...……55 

Figure 2.8 Kinetic Analysis of (S)-dSpTP and (R)-dSpTP Incorporation by KF−……………….57 



	 xiii	

Figure 2.9 Analysis of dGTP, 8-oxodGTP, (S)-dSpTP, and (R)-dSpTP Kinetic Results Using 

Michaelis-Menten Techniques……………………………………………………………..…….59 

Figure 3.1 Representative Example of Baseline Line Creation for DSC Thermograms with 

Overlapped Transitions……………………………………………………………………..……78 

Figure 3.2 Representative Example of Peak Deconvolution for DSC Thermograms with 

Overlapped Transitions……………………………………………………...…………………...78 

Figure 3.3 DSC Thermograms for (CTG)n and (CAG)n Sequences under Physiological Relevant 

Salt Condition where n = 6-14…………………………………………………………………...82 

Figure 3.4 Native PAGE Gel for (CTG)n and (CAG)n Sequences (n = 6-14) under Physiological 

Relevant Salt Condition…………………………………………………………….……………83 

Figure 3.5 Native PAGE Characterization of (CTG)7 under Various Oligonucleotide 

Concentration and Buffer Conditions…………………………………………………….……...84 

Figure 3.6 Determination the Nature of Homoduplex Transition by Oligonucleotide 

Concentration Dependent Experiment……………………………………….…………………..86 

Figure 3.7 Enthalpy Change (ΔH) for Stem-Loop Hairpin (CTG)n or (CAG)n and Duplex 

(CTG)n/(CAG)n (n = 6-14) to Unstructured Single-Stranded DNA Transition………………….88 

Figure 3.8 Native PAGE Gel for (CTG)n and (CAG)n Sequences (n = 6-14) under Low Salt 

Condition………………………………….……………………………………………………..89 

Figure 3.9 Native PAGE Gel for (CTG)n Sequences (n = 6-14) under Low Salt Condition…….89 

Figure 3.10 Native PAGE Gel for (CAG)n Sequences (n = 6-14) under Low Salt Condition…..90 

Figure 3.11 DSC Thermograms of (CTG)n/(CAG)n (n = 6-14) duplex………………..………...92 

Figure 3.12 Thermodynamic Parameters for Conversion of Stem-Loop Hairpins to Duplex 

Calculated via a Thermodynamic Cycle………………………………………………………...94 



	 xiv	

Figure 3.13 Kinetic Characterization of Stem-Loop Hairpin (CTG)n and (CAG)n to Duplex 

(CTG)n/(CAG)n (n = 6-14, 25, 30) Conversion…………………………………………...……..96 

Figure 3.14 Determining the ΔH‡ by Eyring Equation for (CTG)n and (CAG)n Stem-Loop 

Hairpin to (CAG)n/(CTG)n Duplex Conversion …….....………………………………….…….97 

Figure 3.15 Length Dependence of ΔH for the Conversion of Stem-Loop Hairpins to Canonical 

Duplex……………………………………………………………………………………………98 

Figure 4.1 Nucleosome Structure with Linker DNA and Linker Histone H1……………….....105 

Figure 4.2 DNA Constructs and Characterization………………………………………..…….112 

Figure 4.3 DSC characterization for S1 and 601 DNA and Their Deconvolution......................114 

Figure 4.4 DSC Characterization of Length Effect of S1 DNA on the Unfolding Progress..….115 

Figure 4.5 DSC Thermograms of S1, S1-10CAG, S1-20CAG and S1-30CAG DNA……..…..115 

Figure 4.6 The Effect of Salt Concentration on the Thermal Denaturation of Different DNA 

Sequences……………………………………………………………………………………….117 

Figure 4.7 The Effect of Salt Concentration on the Thermal Denaturation of H2A/H2B Dimer 

and (H3-H4)2 Tetramer…………………………………………………...…………………….118 

Figure 4.8 DSC Characterization of Thermal Denaturation of Histone Octamer under Different 

Salt Concentration………………………………………………………………………………119 

Figure 4.9 HPLC Analysis of DNA and Nucleosome (NCP)…………………………...……...122 

Figure 4.10 DSC Characterization of S1 and 601 Nucleosome (NCP)……………………..….122 

Figure 4.11 DSC Characterization of S1 Series Nucleosome (NCP) with 0, 10, 20 and 30 CAG 

Repeat……………………………………………………………………...…………………...123 

 



	 1	

Chapter 1: Introduction 
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1.1 Introduction to DNA and DNA Damage 

DNA (deoxyribonucleic acid) was first discovered in 1869 by Swiss chemist Friedrich 

Miescher, but it was not until 1953 that the double helical structure (Figure 1.1) was solved by 

James Waston and Francis Crick.1 In a subsequent paper by Francis Crick , he wrote “DNA is such 

an important molecule that is almost impossible to learn too much about it”.2 Indeed, 60 years after 

the discovery of its structure, there is continuing interest in understanding the chemistry and 

biology of DNA. The DNA molecule stores genetic information in humans and almost all other 

organisms and it is essential to maintain its integrity for life development.  

 

Figure 1.1 DNA double helix structure, base pair pattern and nomenclature 

DNA is highly vulnerable to chemical modification and its integrity is endangered from 

several possible ways from the DNA backbone to the nucleobases. First, it is inevasible that DNA 

will undergo spontaneous hydrolysis but usually the half-lives are very long.3 Hydrolysis of the 

phosphodiester bonds on DNA backbone will cause single strand breaks; hydrolytic deamination 

of exocyclic amines on nucleobases will generate several products, with the most well-known 



	 3	

cytosine to uracil deamination; hydrolysis of the glycosidic bonds connecting nucleobases and 

sugars will generate abasic sites. Second, nucleobases in DNA will be modified by endogenous 

oxidizing agents from cellular respiration and inflammatory response.4, 5 Reactive oxygen species 

(ROS) are a major component of the endogenous oxidizing agents, such as hydrogen peroxide 

(H"O" ), superoxide (O"•% ), hydroxyl radical (•OH), singlet oxygen (1O2) and peroxynitrite 

(ONOO−). Third, exogenous DNA oxidizing agents can also impair the integrity of DNA, and they 

include chemical compounds and high-energy electromagnetic radiation such as X-rays, ultraviolet 

light.6-9  

 

1.2 Guanine Oxidation 

The one-electron reduction potentials of nucleosides in aqueous solution are E0 = 1.3, 1.4, 

1.6 and 1.7 V vs. NHE for dG, dA, dC and dT respectively, making guanine the most susceptible 

to oxidation among all four nucleobases.10 The most well-studied guanine oxidative lesion is 8-

oxo-7,8-dihydroguanine (8-oxoG)11, 12 which is found at steady-state levels of 0.3-4.2 per 106 dG 

in vivo.13 8-oxoG lesions form from the reaction of guanine with a variety of ROS and therefore 

serves as a biomarker to indicate the oxidative stress.14 Despite the minor structural difference 

compared to G (introduction of an oxo group to the C8 position and a hydrogen atom to the N7 

position, atom highlighted in Figure 1.2), 8-oxoG has two different base pair patterns. 8-oxoG can 

base pair with the correct C or it can rotate about the glycosidic bond by 180 ° to mimic T 

functionally and form an 8-oxoG:A base pair,15, 16 with the latter leads to G⇾T mutation during 

the following round of replication (Figure 1.1). 8-oxoG has a high miscoding frequency in vitro 

but a low mutation frequency of ~10% in vivo, yielding less than 10% G⇾T mutations.17, 18 This 
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reduced mutation in vivo is explained by the extensive repair pathways dedicated to 8-oxoG, which 

will be discribed later in section 4.16 

 

Figure 1.2 Base pair of G to C and 8-oxoG to C or A 

The reduction potential of 8-oxoG (E0 = 0.7 V vs. NHE) is significantly lower than dG,19, 

20 so it is labile to further oxidation that results in several secondary oxidation products or 

hyperoxidized products (Figure 1.2).21 The initial step is a one-electron oxidation event converting 

8-oxoG to its radical cation, followed by subsequent addition of H2O and deprotonation. A second 

one-electron oxidation and deprotonation leads to the product of 5-OH-8-oxoG. At pH > 7, 5-OH-

8-oxoG will undergo a 1,2-shift and form the diastereomers of spiroiminodihydantoin (Sp);22 while 

at pH < 7, guanidinohydantoin (Gh) diastereomers will form as the hydrolysis and decarboxylation 

products.22, 23 While the Sp can be separated as individual diastereomers, Gh diastereomers exist 

as an equilibrium of the two species and cannot be isolated individually. While there has been 

speculation about the biological relevance of these hyperoxidized products, Sp was recently 

detected in genomic DNA from bacteria and mammalian cells. Hailer and co-workers detected the 



	 5	

Sp lesion in E. coli treated with chromate.24 More recently, Mangerich and co-workers identified 

Sp in Helicobacter hepaticus-infected mice, which develop inflammation-mediated carcinogenesis 

at levels of 1-5 per 108 nucleobases in genomic DNA.25 Unlike the mild mutagenicity of 8-oxoG, 

Sp has showed 100% mutagenesis both in vitro26, 27 and in vivo,28-30 causing G⇾T and G⇾C 

mutations. 

 

Figure 1.3 Oxidation pathway of generating 8-oxoG and Sp from G 
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1.3 DNA Damage from Nucleotide Pool 

When considering the possible ways to generate the oxidative DNA, it is very clear that 

ROS can directly act on genomic DNA, and is the focus of many studies in the field. However, it 

is also important to consider the contribution of oxidation of the building blocks used by DNA 

polymerase, the nucleotide pool. Early studies showed that the nucleotides are more susceptible to 

modification than the nucleobases located in the duplex form. Topal and Baker showed that when 

cells are treated with a methylating agent, the nucleotide pool is 190-13,000 fold more susceptible 

to modification than the DNA duplex.31 And more specifically for DNA oxidation, Kamiya and 

Kasai showed that dATP and dGTP from the nucleotide pool are 67-fold and 9-fold more easily 

oxidized respectively, compared with dA or dG in the duplex form.32 This modification preference 

is because that nucleobases in duplex form are less accessible for modification while nucleobases 

in nucleotides are lack of such protection. What makes the oxidation of the nucleotide pool more 

biologically significant  is that cells encode an enzyme MutT/MTH1, a phosphatase that converts 

8-oxodGTP to 8-oxodGMP,33 and prevents the oxidized nucleotide from being the substrate for 

polymerase incorporation. The importance of removing 8-oxodGTP from the nucleotide pool is 

underscored by the fact that E. coli lacking MutT has a 100- to 10000-fold higher mutation rate 

compared with that of wild-type E. coli.34 Indeed, it is known that 8-oxodGTP can be incorporated 

into DNA by several bacterial and mammalian polymerases.35-37 However, it remains unknown if 

polymerase can utilize the hyperoxidized nucleotides, such as dSpTP as a building block during 

DNA replication.  
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1.4 Repair of 8-oxoG and Sp Lesions 

Although DNA is exposed to various oxidative damages to induce nucleobase 

modifications, the existence of DNA repair enzymes can alleviate the deleterious consequences. 

The MutT, MutM (also known as Fpg) and MutY enzymes in bacteria38 or the corresponding 

human analogs39 MTH1, OGG1 and MUTYH, are all responsible for repairing 8-oxoG. MTH1 

hydrolyzes 8-oxodGTP to 8-oxodGMP and therefore prevents it from being incorporated into 

DNA.33 OGG1 initiates the base excision repair (BER) pathway by excising the 8-oxoG lesions 

from DNA when they are paired with C and restore the canonical G:C base pair. Unlike OGG1 

glycosylase, MUTYH can not remove 8-oxoG itself, but it selectively excises the A base in the 

opposite strand from an 8-oxoG:A base pair.40 The relatively low mutation frequency of 8-oxoG 

in both E. coli and mammalian cells indicates the efficient repair of the lesion. For the 

hyperoxidized Sp lesion, unfortunately, MutT or other MutT-like enzymes cannot hydrolyze the 

dSpTP distereomers. It is not known now whether there is any other enzyme that can perform this 

specific function.41 In vivo studies have shown that Sp lesions are substrates for MutM, but the 

removal efficiency is higher when Sp is base-paired with C compared with A or G; however, the 

removal of Sp opposite of A is greater compared with the 8-oxoG opposite A.42, 43 While human 

OGG1 is responsible for the repair of 8-oxoG as MutM, it can not remove the Sp lesion, but the 

lesion is a substrate for yeast yOGG1, yOGG2 (Ntg1).44 Some other glycosylases, such as 

endonuclease VIII (Nei) and its mammalian orthologues Nei-like (NEIL) family of enzymes 

(NEIL1, NEIL2 and NEIL3) can also remove the Sp lesion with different base pair preferences.43, 

45-48 While most of the glycosylases discussed here showed activity towards the Sp lesion, they do 

not act on or have minimal activity on the 8-oxoG lesion. Finally, mismatch repair protein MutY 

cannot remove A from Sp:A base pairs.42 Therefore, the repair of lesions by various glycosylases 
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in BER depends on both the lesion type and the base pair pattern. Interestingly, despite the presence 

of the extensive repair pathways in cells, mutations are still observed when these lesions are formed 

in DNA,17, 29 suggesting incomplete repair of the lesions in vivo. 

 

1.5 Chemical and Kinetic Mechanism of Polymerases 

DNA replication involves multiple enzymes and processes in a cooperative and ordered 

manner. The polymerase is the catalytic core that is responsible for the chemistry of nucleotide 

addition. The polymerase incorporates four potential deoxynucleoside 5’-triphosphate (dNTP) 

onto a nascent strand via phosphoryl transfer in a 5’ to 3’ direction directed by the template with 

a distinct base pair pattern (A:T and G:C). The generally accepted catalytic mechanism involves 

two metal ions (Mg2+) and several carboxylate residues from the active site of the polymerase. In 

detail, one Mg2+ activates the 3’-OH of the nascent strand to make it more nucleophilic, the 

electron rich oxygen on the 3’ end then attacks the α-phosphate of the incoming nucleotide, 

creating a trigonal-bipyramidal pentacoordination transition state stabilized by the second Mg2+ 

by chelating the leaving oxygens on the β- and γ- phosphates,49, 50 followed by the leaving of 

pyrophosphate group.   

In order to define the mechanism of how polymerase incorporates the correct nucleotide, 

it is important to understand the rates and equilibrium constants for all steps during the enzymatic 

catalytic cycle. For most DNA polymerases, the kinetic mechanism is described as follows (Figure 

1.3).49, 51 The catalytic cycle starts with the polymerase binding to the DNA substrate to form an 

enzyme/DNA complex (E•DNAn) (step 1). Then an incoming nucleotide binds to the 

enzyme/DNA complex (E•DNAn•dNTP) (step 2), where binding of the correct nucleotide will 

induce a conformational change (E’•DNAn•dNTP) (step 3). It is hypothesized that this 
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conformational change will align the incoming nucleotide into a precise geometrical conformation 

allowing the following step to proceed. This step is also believed to be involved in the 

discrimination of incorrect dNTP incorporation when the geometry in the active site is disrupted. 

If the conformational change induces a close fit, chemistry step will occur, which is the phosphoryl 

transfer (E’•DNAn+1•PPi) (step 4).  Following chemistry, there is another conformational change 

that relaxes the complex (E•DNAn+1•PPi) (step 5). Then pyrophosphate is released from the 

complex and one catalytic event is complete (E•DNAn+1 + PPi) (step 6). Depending on the 

processivity of the polymerase, it will remain bound to product DNA and translocate to the next 

position to continue the synthesis (E•DNAn+1•dNTP) (step 7), or the polymerase will dissociate 

from the product DNA (E + DNAn+1) (step 7’) and continue the polymerization on another DNA 

substrate .  

 

Figure 1.4 Kinetic scheme of polymerization 

 
 
1.6 Techniques for Studying Nucleotide Incorporation Kinetics 

 
Several kinetic methods have been developed to assess the polymerase activity of 

nucleotide incorporation. In particular, the use of a single nucleotide simplifies the product 

distribution but without considering the processivity of polymerase (Figure 1.4). Steady-state 

measurement is a well-studied technique for characterizing the nucleotide incorporation, which 
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use a large excess of DNA substrate compared to enzyme and the experiments are performed on a 

long time scale. Due to the large excess of DNA substrate compared to enzyme, many enzyme 

turnovers are needed to fully convert the DNA substrate to product. Therefore, the rate measured 

(kcat) is limited by the slowest step of the reaction cycle, usually the product DNA released from 

polymerase. Also, the Km measured from these kinetics is a complex mix of elementary rate 

constants that does not provide any information of nucleotide binding to the DNA-pol complex.51 

Even though individual Km and kcat are usually uninformative on their own, the ratio of kcat/Km is 

used to measure the specificity of nucleotide selection. However, due to the limitation mentioned 

above, it fails to provide accurate parameters.52 A more useful method to study single nucleotide 

incorporation is the single turnover kinetics. The single turnover method becomes possible due to 

the ability of large-scale enzyme purification and instrumentation to perform very short timescale 

experiments. This technique requires large excess of enzyme compared to DNA, which is the 

opposite of the multiple turnover technique. In single turnover experiments, all the DNA substrate 

can bind to polymerase and convert to the DNA product in a single cycle, therefore eliminating 

the contribution from the slow DNA product release step. The observed rate, kpol, reports the rate 

of the slowest step up to and including the chemistry step. Additional experiments are required to 

determine which of the pre-chemistry steps is rate-limiting. The observed rate of kpol depends on 

the nucleotide concentration and the hyperbolic dependence of kpol on dNTP concentration gives 

the Kd, which reflects the binding equilibrium that precedes the rate-limiting step. Evaluation of 

Kd and kpol from single-turnover rapid quench methods has become a more prevailing technique 

for estimating the DNA polymerase fidelity as the ratio of kpol/Kd.52, 53 A variation of single 

turnover kinetics is the pre steady state kinetics (or burst kinetics), where the concentration of 

polymerase is slightly lower than that of the DNA.54 In this case, portions of the polymerase (or 
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active enzyme) bind to DNA and generate DNA product at the single-turnover rate. Conversion of 

the rest of the DNA needs the enzyme to dissociate from the product DNA product to recycle the 

reaction, therefore limiting the rate with the slowest product release step, just as in multiple 

turnover kinetics. If the single turnover and the multiple turnover rates are significantly different, 

a biphasic product formation curve will be observed, where the slope of each phase corresponds 

to kpol and kcat. Based on the amplitude of the fast phase, the active enzyme concentration can be 

calculated. 

 

Figure 1.5 Techniques used to study kinetic mechanism of polymerase  
(Figures are modified from reference 52) 

 

The above technique, combined with other methods, can be used to determine the rates 

along the steps during nucleotide incorporation, and therefore elucidate the kinetic mechanism of 

nucleotide incorporation by polymerases. Pre-steady state experiments show that E. coli DNA 

polymerase I has a burst phase (kpol) 50 s-1 while the overall turnover rate kcat is only ~ 0.1 s-1.55 

Some other polymerases also showed at least 50-fold slower rates when comparing kcat to kpol.56, 57 

These results suggest that incorporation of a nucleotide is fast, followed by a rate-limiting product 

release step. In order to get more detailed information about the fast nucleotide incorporation step, 
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one must consider that the incorporation involves the nucleotide binding, a conformational change 

and phosphoryl transfer, early studies showed very little element effect when the oxygen on α-

phosphate is replaced by sulfur, suggesting a step prior to the chemistry is fast and limits the rate 

of incorporation.55 There is ongoing debate regarding whether the sulfur elemental effect can 

provide accurate information58, 59 and that the rate-limiting step might change according to the 

polymerase. For example, in a spectroscopic study of the nucleotide incorporation by polymerase 

beta (pol β), the authors showed that the rate of phosphoryl transfer is the rate-limiting step rather 

than any steps prior.60 It is also possible that for a specific polymerase, the rate-limiting step will 

change when incorporating the correct versus the incorrect nucleotide.61 

 

1.7 Introduction to Trinucleotide Repeat DNA 

Regions of repetitive DNA, where a specific sequence motif repeats multiple times, 

constitute around 30% of the human genome.62-64 These regions are considered dynamic, often 

hotspots for nucleotide insertion or deletion, and more than 40 neurodegenerative or 

neuromuscular disorders have been linked to genomic instability of repetitive DNA.65, 66 

Trinucleotide repeats (TNR), one example of repetitive DNA, have taken on special significance 

on the study in this field since the expansion of TNR underlies a large component of repeat-

associated disorders (Table 1.1), including Huntington’s disease (HD), myotonic dystrophy (DM1), 

fragile X syndrome type A (FRAXA), Friedreich’s ataxia (FRDA), etc.65-72 
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Table 1.1 Representative diseases caused by TNR expansion 

Disorder 
Gene Name 

(Protein) 
Repeat 

Putative 

Function 

Normal 

Length 

Disease 

Length 

Huntington’s 

Disease (HD) 

HTT 

(huntingtin) 
CAG 

Signaling 

Transport 
5-35 >40 

Myotonic Dystrophy 

(DM1) 

DMPK 

(DMPK) 
CTG RNA-mediated 5-37 >50 

Fragile X Syndrome 

Type A (FRAXA) 

FMR1 

(FMRP) 
CGG 

Translational 

regulation 
6-60 >200 

Friedreich’s Ataxia 

(FRDA) 

FRDA 

(frataxin) 
GAA 

Mitochondrial 

iron metabolism 
6-32 >200 

 

Despite cells having developed systems to prevent the TNR tract length from changing 

rapidly, once the TNR tract is longer than the crucial threshold length, an expanded TNR will be 

expected in the next generation. For example, HD is caused by the expansion of a (CAG)n repeat 

tract in exon 1 of the hungtintin gene (HTT), located on the short arm of chromosome 4. Healthy 

individuals have 5-35 repeats, while a pre-mutation allele contains 36-39 repeats, which has an 

elevated chance to expand from one generation to another. Once the repeat tract is longer than 40 

repeats, individuals will develop the symptoms of HD. Furthermore, HD is an autosomal dominant 

disorder, and therefore any offspring of the HD patients will have a 50% chance to be affected.73 

In addition, as the TNR becomes longer, the disease gets more severe and the age of onset is earlier 

for each successive generation, a phenomenon known as genetic anticipation.65, 71 The HTT 

encodes the polyglutamine (polyQ) containing huntingtin protein with a molecular weight of 348 

kDa. Huntingtin protein is expressed ubiquitously in human and rodent, with the highest level in 

neurons of the central nervous system.74 The relatively large size of the huntingtin protein has 
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prevented it from being crystalized and has complicated the mass spectrometry studies to elucidate 

the structure. As for now, there is still no clear understanding of the functions for the protein, but 

it is believed to be involved in embryonic development, clathrin-mediated endocytosis and 

neuronal gene transcriptional regulation, it also facilitates vesicular transport in axons, organizes 

the postsynaptic density and modulates the morphology of dendrites, last but not least, it is also an 

anti-apoptotic protein.74-76 In HD, expansion of the CAG repeat tract leads to the expression of the 

mutant huntingtin protein with expanded polyQ, which can mis-fold and aggregate. It is 

hypothesized that the pathology of HD is due to the loss of normal huntingtin protein functions 

and the incorrect interactions of the mutant huntingtin protein with other cellular components.74-76 

 

1.8 TNR Expansion Mechanisms 

 While there is currently no effective treatment for the repeat expansion associated diseases, 

it is important to understand the molecular mechanism of the repeat expansion for the development 

of potential therapeutics. Several models have been proposed to explain the expansion mechanism 

and all of them lead to same conclusion that the TNR instability is the result of the formation of 

non-canonical secondary structure,77-80 such as hairpins, during DNA replication and repair 

process, as well as DNA transcription and DNA recombination.65, 68, 71 On the other hand, repeats 

that are not structure-prone are considerably more stable and do not show expansion. Single-

stranded (CNG)n TNR tracts are known to form hairpin structures (Figure 1.5),79 which contain 

both well-matched Waston-Crick base pairs and mismatches. The stability of these (CNG)n 

hairpins decrease in the order of CGG>CTG>CAG=CCG in physiological conditions and this 

difference is due to the energy contribution of the mismatch.68 
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 Figure 1.6 Hairpin structure formed by (CNG)n repeat 

Many TNR loci are close to the replication origins, which suggests that TNR expansion 

might arise from the DNA replication.66 Numerous in vitro81-84 and in vivo85, 86 studies have 

demonstrated the propensity for TNR sequences to fold into hairpin structures. These hairpins 

impede replication by stalling of various DNA polymerase, which eventually lead to replication 

fork collapse (Figure 1.6).68, 87, 88 The stalling effect is also repeat length dependent and becomes 

more prominent when approaching the threshold repeat number of the disease state number.87-91 

Due to the fact that the formation of hairpins triggers the expansion of TNR, it requires DNA 

unwinding or even complete strand separation. This leads to the consideration of Okazaki fragment, 

a portion of the lagging strand template, which remains transiently single-stranded and it is 

therefore reasonable to suggest the TNR instability might come from the Okazaki region.68 The 

replication-based expansion models also relies on the orientation and sequence of the DNA and 

this dependence is attributed to the stability of the proposed hairpin structure. For example, the 

study of the stability of (CTG)n/(CAG)n repeats in bacterial plasmids showed that when the more 

stable or structure-prone CTG sequence were located in the lagging strand template, the repeat 
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DNA tract usually contracts; on the contrary, when CTG repeats were located in the nascent 

lagging strand, contraction was less frequent but expansion were observed.92, 93  

 

      Figure 1.7 Representative replication- and repair-dependent models for TNR expansion 

 

While the replication-based models can explain the TNR expansion between generations 

or in dividing cells, it is surprising that the largest expansions occur under non-dividing conditions, 

such as in the meiotically arrested oocytes or the terminally differentiated neurons. Evidence 

suggest that DNA repair machinery also contributes to the expansion of TNR, including DNA 

mismatch repair (MMR) and base excision repair (BER). In MMR, the MSH2-MSH3 dimer repairs 
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single-base insertions or small looped-out structures.94 However, in a HD transgenic mouse model, 

where the MSH2 gene has been inactivated, the frequency of repeat expansion is significantly 

suppressed, suggesting MSH2 or MSH3 plays a role in TNR expansion.95, 96 One possible 

explanation involves the structural properties of hairpins formed by CNG repeats. Mismatch repair 

proteins MSH2-MSH3 can recognize and bind to the N•N mismatches, and it has been shown that 

the binding affinity is stronger for longer CNG repeats containing more N•N mismatches.97 The 

strong binding of the repair proteins therefore stabilizes the hairpin structure and also significantly 

reduces the ability of MSH2-MSH3 to hydrolyze ATP,72, 97 an essential function involved in 

canonical MMS repair pathway. The incorporation of the hairpin is completed by a proposed a 

nick filling mechanism to produce an expanded repeat tract.71  

TNR expansion has also been shown to depend on oxidative damage. A HD mouse model 

showed an age-dependent TNR expansion in somatic cells with accumulated level of 8-oxoG.98 

When the function of OGG1, a glycosylase initiates the BER pathway, was inactivated in the HD 

mouse model, TNR expansion decreased. These results suggest that repair of oxidative damage in 

the CAG repeats will also lead to the TNR expansion. In this model (Figure 1.6), OGG1 removes 

the 8-oxoG base and APE1 creates a nick on the 5’ side. Pol β performs multi-nucleotide synthesis 

and generates a (CAG)n flap, which can fold into a hairpin structure. The formation of hairpin 

structure is refractory to cleavage by the downstream endonuclease, FEN1. As a result of FEN1's 

inability to cleave the 5'-hairpin, extra TNR repeats is ligated into the sequence. Our lab has also 

shown that the guanine in the hairpin loop is more accessible for further oxidation and this will 

lead to an iterative long-patch BER induced TNR expansion.99  

Other models have also been proposed to explain the repeat instability and TNR expansion, 

including DNA recombination,nucleotide excision repair, and RNA transcription, and have been  
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reviewed elsewhere.65, 66, 71, 100 

 

1.9 Nucleosome -- Basic Unit for DNA Packaging 

Despite the complexity of eukaryotic chromatin, the high order structure is organized by 

repeating the same unit called a nucleosome. A nucleosome consists of the nucleosome core 

particle (NCP) and the linker region (linker DNA and linker histone). The NCP contains two copies 

of each histone protein, H2A, H2B, H3 and H4. These histone proteins assemble into two copies 

of an H2A-H2B dimer and one copy of an (H3-H4)2 tetramer. From the crystal structure of 

nucleosome, one can see that the two H2A-H2B dimers are anchored to the (H3-H4)2 tetramer, 

forming a histone octamer. The octamer is then wrapped around by 145-147 base pairs (bp) DNA 

in about 1.6 turns of a left-handed superhelix to form the NCP (Figure 1.7).101, 102  

 

Figure 1.8 Crystal structure of nucleosome (Left: front view; Right: side view) 
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NCPs are then connected and stabilized by linker DNA and a fifth linker histone H1.101 

This organization allows the genomic DNA to fit into the nucleus and allows for the regulation of 

various cellular processes, such as DNA replication, transcription and repair. Histone proteins are 

highly alkaline proteins and will undergo various post-translational modifications, including 

methylation, acetylation, phosphorylation, ubiquitination, SUMOylation and others.103 These 

modifications can occur on both histone tail region (unstructured region of histone proteins that 

usually point away from the center of the histone octamer) or in the histone core (structured region 

of histone proteins). These distinct histone modifications, on one or multiple histones, act 

sequentially or in combination to form a “histone code” that is read by other proteins to bring about 

distinct downstream events, expanding the idea of the genetic code.104 One example is that the 

acetylation of histone proteins105 will neutralize the charge on the lysine residue, therefore 

reducing the interactions between the positively charged histones and the negatively charged DNA 

backbone. By this mechanism, the condensed chromatin is converted into a more relaxed form for 

gene transcription. This relaxation can be reversed by histone deacetylase (HDAC), which 

removes the acetyl group from histones. 

 

1.10 Introduction to Differential Scanning Calorimetry 

The characterization of thermodynamic parameters of unfolding of biomolecules using 

direct calorimetric methods dates back as early as the 1960s’. Technology advances has made it 

commercially available as a routine technique for biophysical characterization.106 Calorimetric 

studies have been widely used in the characterization the lipids, proteins, nucleic acids, as well as 

drug discovery development.107, 108 Differential scanning calorimetry (DSC) is a thermoanalytical 

technique to analyze samples, typically on a milligram scale. A DSC instrument contains two cells, 
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a reference cell and a sample cell, and a conventional forward-scanning (heating) mode that 

monitors a small temperature difference between the reference cell that is filled with buffer and 

the sample cell filled with biomolecules of interest in an identical buffer. During the forward-

scanning process at constant rate (typically 1 °C/min or less), the temperature increases and 

thermally induced transition occurs in the sample cell, resulting in heat being absorbed. This 

produces a temperature difference (ΔT) relative to the reference cell, and this difference is 

compensated for by the power source to its initial value and recorded by a computer. This 

compensated heat is proportional to the excess heat capacity of the thermally induced transition 

(Figure 1.8). Usually a buffer/buffer scan is performed prior to the buffer/sample scan, and serves 

as a background signal to account for the instrumental difference between the two cells. The 

background signal determined can then be subtracted from the buffer/sample scan. Additionally, 

the native and unfolded biomolecules usually exhibit different heat capacities, therefore creating 

two baselines (either pre- to or post-transition) to account for it (Figure 1.9A). The difference of 

heat capacity (ΔCp) at the transition is important to consider when analyzing the transition. After 

baseline correction and concentration normalization, the area under the transition can be integrated 

to give a direct measurement of enthalpy change (ΔH) and melting temperature (Tm) (Figure 1.9B). 

 

Figure 1.9 Simplified working principal of DSC 
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Figure 1.10 (A) A typical DSC thermogram obtained from unfolding biomolecules  
(B) Determining the thermodynamic parameters from the DSC thermogram 

 
A simplified model of equilibrium unfolding of biomolecules assumes that the molecule 

only belongs in two thermodynamic states: the folded state (or native state) and the unfolded state. 

This “all-or-none” model was first proposed by Tim Anson in 1945109 and is believed to hold true 

for the unfolding of small molecules.110, 111 In reality, larger molecules may exhibit multiple 

intermediate states during the unfolding process. A spectrometric method can be used to obtain 

the enthalpy derived from equilibrium constants by means of the van’t Hoff equation under the 

assumption of the two-state model; on the other hand, calorimetry is a direct measurement of heat 

change associated with the unfolding process and therefore it is model-independent. As the results, 

it is possible to determine whether an unfolding process follows the two-state model based on the 

enthalpy values calculated from the spectroscopic (ΔHVH) and calorimetric (ΔHCal) experiments. 

In detail, when ΔHVH/ΔHCal = 1, two-state model holds true during the unfolding process; when 

ΔHVH/ΔHCal < 1, two-state model is no longer followed and intermediates may populate during the 

unfolding process, which the spectrometric method can not capture. In this case, it is an advantage 
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to utilize the DSC to acquire thermodynamic parameters associated with the unfolding process of 

biomolecules. 

 

1.11 Concluding Remarks and Gap in Knowledge 

When considering the types of DNA mutations, the modification of nucleobases may 

change their canonical base pair pattern and therefore introduce point mutations. Sp lesions have 

been widely investigated for its mutation profile both in vitro and in vivo, and the results showed 

that Sp is highly mutagenic with a mutation frequency of nearly 100%. While most of the studies 

of Sp focus on the oxidation of nucleobases within a DNA sequence, it is still not clear whether 

the generation of Sp from the nucleotide pool will contribute to the mutagenicity of Sp. Therefore, 

it is important to know how polymerase utilizes the Sp from the nucleotide pool as a substrate 

during DNA replication. This involves two aspects: one of which is whether there will be any 

difference in base pair pattern when Sp lesion locates in DNA or as a nucleotide; the other is how 

efficiently the polymerase can incorporate the Sp nucleotide. These questions need to be answered 

in order to give a thorough understanding of the mutagenicity of Sp. The first part of this thesis 

gives a detailed discussion about the Sp nucleotide as a substrate for polymerase incorporation 

compared with its precursors dGTP and 8-oxodGTP. 

From a different perspective of DNA mutation, the change of DNA sequence may not be 

due to a single base, such as during the TNR expansion, discussed above. Although a non-

canonical base pair pattern is not involved, the length of the DNA is changed and sometimes is 

changed significantly. Formation of hairpin structures are involved in various proposed models for 

the expansion mechanism and the thermodynamic stability of these hairpins are thought to be 

important to promote the expansion. In the second part of this thesis, we elucidate how (CTG)n 
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and (CAG)n repeat number affect the thermodynamic stability of the hairpins by differential 

scanning calorimetry (DSC). In addition, the kinetic stability of complementary (CTG)n and 

(CAG)n hairpins will also be evaluated when changing of the repeat number.  

  As a final consideration, one must consider the characterization of (CAG)n/(CTG)n 

containing DNA in a more biologically relevant environment. We examined the thermodynamic 

behaviors of DNA with various number of (CAG)n/(CTG)n repeat in the nucleosomal length, we 

also reconstituted these DNA into nucleosomes to see how these expanded TNR affect the stability 

of nucleosomes by DSC. 
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2.1 Abstract 

 Defining the biological consequences of oxidative DNA damage remains an important and 

ongoing area of investigation. At the foundation of understanding the repercussions of such 

damage is a molecular-level description of the action of DNA-processing enzymes, such as 

polymerases. In this work we focus on a secondary, or hyperoxidized, oxidative lesion of dG which 

is formed by oxidation of the primary oxidative lesion 2′-deoxy-8-oxo-7,8-dihydroguanosine (8-

oxodG). In particular, we examine incorporation into DNA of the diastereomers of the 

hyperoxidized guanosine triphosphate lesion spiroiminodihydantoin-2′-deoxynucleoside-5′-

triphosphate (dSpTP). Using kinetic parameters we describe the ability of the Klenow fragment of 

E. coli DNA polymerase I lacking 3'→5' exonuclease activity (KF−) to utilize (S)-dSpTP and (R)-

dSpTP as building blocks during replication. We find that both diastereomers act as covert lesions, 

similar to a Trojan horse: KF− incorporates the lesion dNTP opposite dC, which is a non-mutagenic 

event, however, during the subsequent replication it is known that dSp is nearly 100% mutagenic. 

Nevertheless, using kpol/Kd to define the nucleotide incorporation specificity we find that the extent 

of oxidation of the dGTP-derived lesion correlates with its ability to be incorporated into DNA. 

KF− has the highest specificity for incorporation of dGTP opposite dC. The selection factors for 

incorporating 8-oxodGTP, (S)-dSpTP, and (R)-dSpTP are 1,700-, 64,000- and 850,000-fold lower 

respectively. Thus, KF− is rigorous in its discrimination against incorporation of the hyperoxidized 

lesion and these results suggest that the specificity of cellular polymerases provides an effective 

mechanism to avoid incorporating dSpTP lesions into DNA from the nucleotide pool.  

  



	 39	

2.2 Introduction 

Genomic DNA is exposed to a variety of endogenous and exogenous reactive oxygen 

species (ROS).1, 2 Due to its low redox potential,3 dG is the major target for ROS and a prototypic 

and well-studied oxidation product of dG is 2′-deoxy-8-oxo-7,8-dihydroguanosine (8-oxodG) 

(Figure 2.1).4-6 Indeed, in vivo 8-oxodG is found at steady-state levels of 0.3-4.2 per 106 dG.7 

Studies performed in vitro have shown that 8-oxodG has a high miscoding frequency because it 

can base pair with both dC and dA, with the latter leading to G→T transversion mutations.8, 9 

Despite its high miscoding frequency in vitro, 8-oxodG has a low mutation frequency in vivo 

yielding less than 10% G→T transversions.9-11 This low mutagenicity in vivo derives from the 

presence of an extensive repair system that counters the genetic effects of 8-oxodG.12 

In addition to the mutagenic potential of 8-oxodG, the lesion itself is chemically labile 

towards further oxidation.13 Several hyperoxidized lesions have been identified, including 2′-

deoxy-spiroiminodihydantoin (dSp), which exists as a pair of diastereomers (Figure 2.1).14-20  

 
Figure 2.1 Structures of dG, 8-oxodG, (S)-dSp, and (R)-dSp. The A and B rings of dSp are 
indicated.  
 
 

Furthermore, the dSp lesion has been detected in genomic DNA from bacteria and mammalian 

cells. Hailer and co-workers detected the dSp lesion in E. coli treated with chromate,21 and more 

recently, Mangerich and co-workers identified dSp in Helicobacter hepaticus-infected mice, 

which develop inflammation-mediated carcinogenesis at levels of 1-5 per 108 nucleotides in 

genomic DNA.22 Several DNA glycosylases have been found to excise the dSp lesion from DNA 
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in vitro and initiate the base excision repair (BER) process. The bacterial glycosylases FPG, Nei, 

and Nth remove dSp with differing preferences for the opposing base pair partner.23-25 The dSp 

lesion is not a substrate for the human enzyme OGG1 which is responsible for removing 8-oxodG, 

but the lesion is a substrate for yeast OGG1 and OGG2.26 Finally, eukaryotic27-30 and viral31 NEIL1 

glycosylases can excise dSp from double-stranded DNA with some preference for the opposing 

base pair partner, and can also remove dSp from single-stranded DNA, bubble, and bulge 

structures. More recent results suggest that dSp can also be removed from DNA by nucleotide 

excision repair.32  If dSp is not removed prior to replication, in contrast to the mildly mutagenic 8-

oxodG, the hyperoxidized dSp lesion is nearly 100% mutagenic in vitro33, 34 and in vivo,35-37 

causing both G→T and G→C transversions. 

As the primary and secondary oxidation products of dG, the mutagenicity of both 8-oxodG 

and dSp have been well-studied when the lesion is present in DNA. However, in order to 

understand the full mutagenic potential of a lesion we must also understand the extent to which 

polymerases utilize the oxidized lesions when they are part of the nucleotide pool. Notably, it has 

been shown that a nucleobase is more susceptible to oxidation when it is part of a free nucleotide 

than when incorporated in duplex DNA. For instance, dATP in the nucleotide pool is 67-fold more 

easily oxidized than dA in duplex DNA.38 Although the preference is less pronounced for dGTP, 

it is still 9-fold easier to oxidize in the nucleotide pool relative to dG in duplex DNA.38 Therefore, 

it is important to consider the nucleotide pool as a source of oxidative damage. Indeed, it is known 

that 8-oxodGTP can be incorporated into DNA by several bacterial and mammalian 

polymerases.39-43 However, it remains unknown if polymerases can utilize dSpTP as a building 

block during DNA replication.      

 Here we determine the extent to which each diastereomer of dSpTP is a substrate for the 
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Klenow Fragment of E. coli DNA polymerase I lacking 3'→5' exonuclease activity (KF−). We 

establish that KF− can incorporate each lesion into DNA, with a preference for (S)-dSpTP over 

(R)-dSpTP. We also define the kinetic parameters for incorporation of each lesion and discuss the 

incorporation efficiency relative to canonical dGTP and the primary oxidation product 8-

oxodGTP.  

 

2.3 Experimental Procedure 

2.3.1 Materials 

 Klenow Fragment 3'→5' exo− (KF−), calf intestinal alkaline phosphatase, and T4 

polynucleotide kinase were purchased from New England Biolabs (Ipswich, MA). The canonical 

dNTPs were from Thermo Scientific (Waltham, MA) and 8-oxodGTP was from TriLink 

BioTechnologies (San Diego, CA).  

 

2.3.2 Oligonucleotide Synthesis and Purification 

 Oligonucleotides were synthesized and purified according to methods published previously 

by our laboratory.44 Oligonucleotide concentrations were determined at 90 °C using molar 

extinction coefficients as determined by nearest-neighbor theory for single-stranded DNA45, 46 on 

a Beckman Coulter DU800 UV-visible spectrophotometer equipped with a peltier thermoelectric 

device. The identity of the oligonucleotides was confirmed by ESI-MS.  

 

2.3.3 Synthesis, Purification, and Absolute Configuration of Spiroiminodihydantoin-2′-

deoxynucleoside-5′-triphosphate 

 The hyperoxidized nucleotide triphosphate dSpTP was synthesized according to literature 
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procedures from dGTP.47 The resulting solution was dried in vacuo, resuspended in a small amount 

of deionized water, and purified by ion-pairing HPLC on a Varian Microsorb C18 column (250 ⋅ 

4.6 mm) (Agilent Technologies, Inc., Santa Clara, CA) using acetonitrile (mobile phase A) and 10 

mM tetrabutylammonium hydroxide, 10 mM monopotassium phosphate, 0.25% methanol, pH = 

7.0 (mobile phase B) as the mobile phases. As the gradient mobile phase A increased from 5 to 

65% over 40 min at a flow rate of 1 mL/min. The dSpTP diastereomers were collected as a mixture 

and dried in vacuo; Figure 2.2A demonstrates that the mixture of dSpTP diastereomers was 

successfully separated from the dGTP starting material. The sample was resuspended in deionized 

water and the diastereomers were separated on the same HPLC column as above using mobile 

phase B (same as above) and mobile phase C (2.8 mM tetrabutylammonium hydroxide, 100 mM 

monopotassium phosphate, 30% methanol, pH = 5.5); as the gradient mobile phase C was 

increased from 50 to 70% over 40 min at flow rate 0.9 mL/min (Figure 2.2B). Removal of the ion-

pairing reagent from the separated diastereomers was achieved by multiple rounds of purification 

on a Dionex DNAPac PA-100 anion exchange HPLC column (250 ⋅ 4.6 mm) (Thermo Scientific, 

Waltham, MA) using mobile phase D (25 mM ammonium bicarbonate, pH=8.5) and mobile phase 

E (800 mM ammonium bicarbonate, pH=8.5); as the gradient mobile phase E was increased from 

0 to 50% over 15 min at a flow rate of 1 mL/min. Multiple rounds of anion exchange HPLC were 

performed to the point that the experimentally determined rate of nucleotide incorporation did not 

change. Notably, the diastereomers of dSpTP elute in the same order from the C18 and anion 

exchange HPLC columns. The volatile ammonium bicarbonate was removed by repetitive 

resuspension in deionized water and drying in vacuo. For all the HPLC analyses described above, 

absorbance was monitored at both 225 nm and 260 nm. The purified dSpTP diastereomers were 

characterized along with dGTP by anion exchange HPLC using mobile phase D (25 mM 
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ammonium bicarbonate, pH=8.5) and mobile phase E (800 mM ammonium bicarbonate, pH=8.5); 

as the gradient mobile phase E was increased from 0 to 50% over 60 min at a flow rate of 1 mL/min 

(Figure 2.2C). The minor peak observed in panel C for dGTP, (S)-dSpTP, and (R)-dSpTP 

corresponds to the dNDP hydrolysis product which occurs during freeze/thaw cycles of dNTPs. 

Importantly, the dNDP version is not a substrate for polymerase and would not influence our 

kinetic results.The concentration of each diastereomer of dSpTP was determined by UV 

absorbance based on the extinction coefficient ε230nm = 4,900 M-1 cm-1.14 The molecular weights 

were verified by ESI-MS (Figure 2.3A, B). 
 

 

 

 

Figure 2.2 HPLC purification and characterization demonstrating (A) the mixture of dSpTP 
diastereomers was separated from dGTP by ion pairing C18 HPLC; (B) separation of (S)- from 
(R)-dSpTP on an ion pairing C18 HPLC column; (C) anion exchange HPLC of dGTP (monitored 
at 260 nm), (S)- and (R)-dSpTP (monitored at 225 nm), respectively (chromatogram at 225 nm 
was baseline corrected due to the background signal of ammonium bicarbonate); (D) 
characterization of the dSp nucleoside diastereomers by HyperCarb HPLC column.  
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 The absolute configuration of the diastereomers of dSpTP was then assigned based on 

literature reports.48, 49 Each diastereomer of dSpTP (0.2 µmol) was resuspended in 1X Cutsmart 

buffer (20 mM Tris acetate, 50 mM potassium acetate, 10 mM magnesium acetate, 0.1 mg/mL 

BSA, pH 7.9) (New England Biolabs, Ipswich, MA) and treated with 20 U calf intestinal alkaline 

phosphatase at 37 °C for 40 h. The phosphatase was removed by passing the solution through a 

3,000 MWCO centrifugal filter (Sartorius Corp., Bohemia, NY). The resulting dSp nucleosides 

were then analyzed on a Thermo Scientific HyperCarb column (150 ⋅ 4.6 mm) (Thermo Scientific, 

Waltham, MA) with an isocratic flow of deionized water containing 0.1 % acetic acid at 1 mL/min; 

the absorbance was monitored at 240 nm (Figure 2.2D). The dSp nucleosides were then analyzed 

by ESI-MS (Figure 2.3C, D).  

 

Figure 2.3 Negative ion mode ESI-MS analysis for nucleotide triphosphates (A) (S)-dSpTP and 
(B) (R)-dSpTP. Positive ion mode ESI-MS analysis for nucleosides (C) (S)-dSp and (D) (R)-dSp. 

The expected mass for neutral nucleotide, nucleoside and nucleobase are 539, 299, 183. 
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Consistent with literature reports,49 removal of the triphosphate group switches the order of elution 

on the HyperCarb column relative to the C18 and anion exchange columns. Based on literature 

precedent,49 we assigned the absolute configurations of (S)-dSpTP (triphosphate elutes first from 

C18 and anion exchange columns, nucleoside elutes second from HyperCarb column) and (R)-

dSpTP (triphosphate elutes second from C18 and anion exchange columns, nucleoside elutes first 

from HyperCarb column).  

 

2.3.4 Preparation of DNA Primer/Template Assemblies  

The primer strand was radiolabeled at the 5′-end with 32P using T4 polynucleotide kinase and 

annealed to the template in a 1:1.5 ratio of primer:template in a buffer containing 10 mM Tris-

HCl, 50 mM NaCl, 10 mM MgCl2, and 1 mM DTT, pH 7.9 by heating the solution at 90 °C for 5 

min and allowing it to slowly return to room temperature over approximately 2.5 h.  

 

2.3.5 Qualitative Single Nucleotide Triphosphate Incorporation Reactions 

 Primer/template DNA was incubated with KF− for 5 min on ice where the final sample 

contained 5 nM primer/template DNA, 25 nM KF−, 10 mM Tris-HCl, 50 mM NaCl, 10 mM 

MgCl2, 1 mM DTT and 0.04 mg/mL BSA, pH 7.9. The incorporation reaction was initiated by 

addition of nucleotide triphosphate to yield a final concentration of 20 nM dGTP, 5 µM 8-

oxodGTP, 100 µM (S)-dSpTP, or 100 µM (R)-dSpTP and the samples were incubated for 15 min 

at room temperature. The reactions were quenched by addition of gel loading buffer (80% 

formamide, 1 mg/mL xylene cyanol, 1 mg/ml bromophenol blue, and 10 mM EDTA), 

electrophoresed through a 16% denaturing PAGE gel, and imaged by phosphorimagery.  
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2.3.6 Primer Extension after the Incorporation of Sp Nucleotide Triphosphate  

 To examine whether primer extension will continue after the incorporation of the dSpTP 

nucleotide triphosphates, DNA with template X = C was used. In addition to 100 µM of dSpTP, 

20 nM of both dATP and dCTP were added to the reaction while the rest of conditions are the 

same as described above for the qualitative single nucleotide incorporation experiment. 

 

2.3.7 Single-Turnover Kinetics Reactions  

 Reactions were performed at 25 °C using a Rapid Quench Flow apparatus (RQF-3) from 

KinTek Corporation (Austin, TX). A solution consisting of 10 nM primer/template DNA, 50 nM 

KF−, 10 mM Tris-HCl, 50 mM NaCl, 10 mM MgCl2, 1 mM DTT, 0.08 mg/mL BSA, pH 7.9 was 

incubated for 5 min on ice. The incorporation reaction was initiated by adding various 

concentrations of each nucleotide triphosphate (listed in each figure legend) in buffer containing 

10 mM Tris-HCl, 50 mM NaCl, 10 mM MgCl2, and 1 mM DTT, pH 7.9. For each reaction in the 

RQF, 15 µL DNA⋅KF− and 15 µL dNTP were loaded into the reaction loops, rapidly mixed and 

incubated for the designated time before being quenched by 85 µL of 100 mM EDTA. The final 

reaction concentrations were 5 nM primer/template DNA, 25 nM KF−, dNTP (various 

concentrations), 10 mM Tris-HCl, 50 mM NaCl, 10 mM MgCl2, 1 mM DTT, 0.04 mg/mL BSA, 

pH 7.9. Gel loading buffer was added and the samples were analyzed by 16% denaturing PAGE 

gel and imaged by phosphorimagery.  

 

2.3.8 Data Analysis 

 KinTek Explorer software (KinTek Corporation, Austin, TX) was used to globally fit the 

kinetic data.50, 51 The data were iteratively fit until a best fit was obtained according to a specific 
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enzyme model. Because binding of a canonical nucleotide triphosphate to a polymerase is 

diffusion limited, k1 was fixed at 150 µM-1 s-1 for dGTP.52 However, for the oxidized and 

hyperoxidized nucleotide triphosphates 8-oxodGTP and dSpTP, k1 was fixed at 10 µM-1 s-1 due to 

their reduced binding.51 The lower and upper limits associated with each kinetic parameter were 

defined using the FitSpace function of KinTek Explorer. The best fit curves and experimental data 

were exported from KinTek Explorer and plotted in KaleidaGraph (Synergy software, Reading, 

PA).  

 

2.4 Results and Discussion 

2.4.1 Qualitative Analysis of Incorporation of Spiroiminodihydantoin Nucleotide Triphosphate by 

Klenow Fragment 

 

Figure 2.4 (A) Sequence of primer and template strands. Primer was 32P-radiolabeled at 5'-end as 
indicated by the asterisk. (B) Primer extension on different template DNA (X = A, C, G or T) with 
either dGTP, 8-oxodGTP, (S)-dSpTP, or (R)-dSpTP. The five lanes on the left in panel B are the 
primer and the positive controls with correct nucleotide for each template DNA. (C) Primer 
extension after the incorporation of dSpTP. See Experimental Procedures for reaction conditions. 

In order to study incorporation of the hyperoxidized nucleotide triphosphate dSpTP into 

DNA, templates were designed with either X = dA, dC, dG, or dT at the site of incorporation 

(Figure 2.4A). The diastereomers of dSpTP were resolved and examined separately. Primer 
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extension reactions were catalyzed by KF− and were initiated by the addition of either dGTP, 8-

oxodGTP, (S)-dSpTP, or (R)-dSpTP. The results are shown in Figure 2.4B.  

As expected, dGTP is incorporated exclusively opposite dC, and 8-oxodGTP is 

incorporated opposite both dC and dA.8 Both diastereomers of dSpTP are incorporated opposite 

dC, with more incorporation observed for (S)-dSpTP relative to (R)-dSpTP. Notably, in order to 

observe sufficient amounts of the extended primer product, the concentration of 8-oxodGTP was 

250-fold greater than dGTP, and the concentration of the dSpTP diastereomers was 5,000-fold 

greater than dGTP. The experiments were also performed with dSpTP that was prepared using a 

different synthetic strategy (using 8-oxodGTP as the starting material47 rather than dGTP), and the 

same results were obtained (data not 

shown). Obtaining the same results with 

these different preparations of dSpTP 

indicates that these polymerase 

incorporation results are not due to trace 

contaminants of the dGTP starting 

material that may remain after synthesis 

and purification, but rather to dSpTP itself. 

That the product observed in Figure 2.4B 

corresponds to incorporation of (S)- and 

(R)-dSpTP rather than potential 

contaminating dGTP starting material is 

further supported by the difference in the 

Figure 2.5 Denaturing PAGE (22.5% acrylamide) 
showing the migration difference of single 
nucleotide incorporation product of adding either 
dGTP or (S)-dSpTP. Lane 1: 20 mer primer; lane 2: 
Single nucleotide incorporation product of adding 
dGTP; Lane 3: Mixture of single nucleotide 
incorporation products after incorporating either 
dGTP or (S)-dSpTP; Lane 4: Single nucleotide 
incorporation product of adding (S)-dSpTP; Lane 5-
9: Single nucleotide incorporation product of (S)-
dSpTP in the presence of increasing amount of 
dGTP (the concentration of dGTP supplemented to 
the (S)-dSpTP were 1.25 nM, 2.5 nM, 5 nM, 10 nM 
and 20 nM, and the nucleotides were added as the 
mixture to the pre-incubated DNA/KF− complex); 
Lane 10: Same as lane 2 (Single nucleotide 
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migration between the single nucleotide incorporation products when dGTP or our preparation of 

dSpTP are added to the primer (Figure 2.5).  

Having observed that both (S)-dSpTP and (R)-dSpTP can be incorporated into DNA from 

the nucleotide pool, we next examined whether the polymerase can extend beyond dSpTP or if 

incorporation of the hyperoxidized nucleotide would terminate replication. To avoid competition 

between dSpTP and dGTP, the dGTP was excluded from the reactions. Both dATP and dCTP were 

included and under these experimental conditions the full extension product would be a 27-mer. 

As shown in Figure 2.4C, KF− can extend past both diastereomers of dSpTP to yield the 27-mer 

product, suggesting that if incorporated from the nucleotide pool the lesions are not absolute blocks 

to replication. It is noteworthy that these qualitative experiments were performed using an excess 

of polymerase, and that under conditions limiting in polymerase stalling at the lesion site could 

occur. 

In previous work, it was shown that when dSp is located in the template strand, KF− 

incorporates dATP and dGTP opposite the lesion both in vitro and in vivo.33-37 In fact, the correct 

base dCTP is almost never incorporated opposite dSp, meaning that the lesion is nearly 100% 

mutagenic if formed in genomic DNA. Based on these prior observations, we expected the dSpTP 

diastereomers to be incorporated into templates that contain X = dA and dG. Consistent with this 

logic, 8-oxodG is paired with dA and dC regardless of whether the lesion is in the template or is 

incorporated from the nucleotide pool.8, 33, 40, 42 Our observation that KF− only incorporates the 

dSpTP diastereomers opposite of dC in the template provides an intriguing example where a 

polymerase exhibits a different preference based on whether the lesion is in the template or in the 

nucleotide pool.  



	 50	

It is of note that because the hyperoxidized lesion is a dG-derived lesion, the incorporation 

of dSpTP opposite dC does not immediately represent a mutagenic event. However, in a 

subsequent round of replication the hyperoxidized lesion will serve as the template and in this 

context is known to be nearly 100% mutagenic. Thus, one could liken the dNTP form of the 

hyperoxidized lesion to a Trojan horse; the dNTP is incorporated into DNA by polymerase but 

will not exhibit mutagenicity until a G → C or G → T mutation occurs in the next round of 

replication.  

 It is possible to rationalize how a polymerase could use different base pairing for a lesion, 

depending on whether the lesion serves as the template or is incorporated from the nucleotide pool. 

Prior to making a covalent linkage between the primer and incoming nucleotide, a polymerase 

probes the template nucleobase for favorable electrostatic interactions. It has been proposed that 

for KF− the electrostatic profile is a significant determinant in nucleotide selectivity.53 

Interestingly, the B-ring of the lowest energy tautomer of the diastereomers of dSpTP49 can form 

two of the same hydrogen bonds as the Watson-Crick face of dGTP (using a lone pair on the 

carbonyl and a hydrogen of the exocyclic amine) suggesting a means by which the hyperoxidized 

lesion pairs with dC. Other tautomers of dSpTP (i.e., the imino tautomer or the amino unconjugated 

tautomer49), although energetically less favorable, can form three hydrogen bonds with dC. 

Furthermore, a nucleotide triphosphate in solution has more conformational freedom than a 

nucleobase in a template strand because it is not confined by base stacking, base pairing, and 

covalent attachment to the sugar-phosphate backbone. This conformational freedom could allow 

incoming dSpTP to adopt the anti conformation and present the B-ring to base pair with dC in the 

template. However, characterizations of dSp have shown that the A- and B-rings are perpendicular 

to one another.54 Due to this structural constraint, when the lesion is located in the template, the 
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A-ring of dSp could be presented for base pairing with an incoming nucleotide, which would 

explain the lack of pairing with dCTP when the lesion is in the template. Indeed, a recent crystal 

structure of (S)-dSp as the templating nucleobase in the active site of DNA polymerase β (pol β) 

reveals that the lesion is in the syn conformation and uses the A-ring as the base pairing face.54  

 While the information is not yet available for Sp, crystal structures of primer/template-

polymerase-dNTP ternary complexes where dSp is either the templating base or dSpTP is the 

incoming nucleotide would greatly inform our results. Previous ternary structures of pol β bound 

to DNA containing 8-oxodG as the templating base or as the incoming 8-oxodGTP revealed the 

molecular basis for different base pairing. When 8-oxodG served as the templating base, the lesion 

was observed while base pairing with an incoming dCTP. Both 8-oxodG and dCTP were in the 

anti conformation and Watson-Crick base pairing was observed.55 In the ternary structure where 

8-oxodGTP was the incoming nucleotide the templating base was dA.56 While dA remained anti 

the 8-oxodGTP was in the syn conformation. The syn conformation was stabilized by Hoogsteen 

hydrogen-bonding with the templating dA. In other work with human DNA polymerase η, which 

replicates a templating 8-oxodG in a nearly error-free manner, ternary complexes revealed that an 

Arg residue from a finger domain prevents formation of the 8-oxodG:A mispair.57 Similar 

structural studies would reveal the molecular basis for why a templating dSp base pairs with dATP 

and dGTP, whereas the nucleotide version dSpTP base pairs with a templating dC. 

 

2.4.2 Kinetic Analyses of Nucleotide Triphosphate Incorporation 

 To evaluate the biological relevance of incorporation of dSpTP into DNA from the 

nucleotide pool, we performed experiments to compare the kinetic parameters kpol and Kd of the 

hyperoxidized nucleotide to dGTP and 8-oxodGTP. To avoid the complications that arise from 
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multiple turnovers of a processive polymerase, i.e., the rate being dominated by dissociation of the 

DNA⋅KF− complex, the incorporation assays were performed under single-turnover conditions in 

which [KF−]>>[DNA]. Because single-turnover experiments using DNA polymerases occur 

rapidly and are too fast to be mixed and quenched manually, we used a rapid quench flow (RQF) 

apparatus for these experiments. Furthermore, because dGTP, 8-oxodGTP, (S)-dSpTP, and (R)-

dSpTP share the ability to be incorporated opposite C, the kinetic analyses were performed using 

the template where X = dC.  

 Single nucleotide incorporation assays were performed using varying concentrations of 

dNTP in order to examine the concentration dependence of the rate of incorporation and amplitude 

of product formation. Under these conditions, the concentration dependence of the rate of 

incorporation reports kpol and Kd. kpol is the rate of the slowest step up to and including the 

phosphoryl transfer step in which the nucleotide is covalently attached to the primer, and Kd is the 

ground state nucleotide dissociation constant Kd. The DNA and KF− were pre-incubated prior to 

initiating the reaction by addition of dNTP. In this manner, the measured Kd is for nucleotide 

binding to the KF−⋅DNA complex rather than binding of KF− to the DNA. In this report, we use 

kpol/Kd to define the nucleotide incorporation specificity.58  

 

2.4.3 Single-Turnover Kinetic Analysis of dGTP and 8-oxodGTP Incorporation 

 As the canonical nucleotide to incorporate opposite dC, dGTP was employed as a control for 

the incorporation experiments. A time course was performed at several dGTP concentrations and 

the data were fit globally to the model shown in Figure 2.6A. In this model Kd is defined by k-1/k1, 

k2 is kpol, and k3 is release of pyrophosphate. For KF− incorporating a canonical dNTP, it is 

generally accepted that kpol includes a rate limiting conformational change59 that controls 
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nucleotide specificity,60 followed by phosphoryl transfer; however, other results suggest that the 

phosphoryl transfer step might limit the rate.61 It is also known that for incorporation of canonical 

nucleotides k3 is faster than k2.62 In our analysis, a Kd of 0.8 µM and kpol of 41 s-1 define a specificity 

constant kpol/Kd (or	k2/Kd) of 51 µM-1 s-1 for the incorporation of dGTP opposite dC (Table 2.1). It 

is notable that the final amplitude of 21-mer product is the same at each concentration of dGTP 

and the slope of the rise converge with increasing concentration (Figure 2.6C).  

 

Figure 2.6 Kinetic analysis of dGTP and 8-oxodGTP incorporation by KF−. Enzyme model used 
for (A) dGTP and (B) 8-oxodGTP. (C) Global fitting of incorporation of dGTP opposite of 
template dC. The concentrations of dGTP are 0.5 µM (●), 1 µM (○), 10 µM (■), 50 µM (□), and 
100 µM (◣). (D) Global fitting of incorporation of 8-oxodGTP opposite of template dC. The 
concentrations of 8-oxodGTP are 1 µM (●), 2 µM (○), 5 µM (■), 10 µM (□), and 50 µM (◣). The 
curves superimposed with the experimental data were generated by KinTek Explorer fitting. 
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These observations show that kpol is fast and there are no slower steps after incorporation to cause 

incorporation to be reversible. Both of these conditions are accounted for in the model in Figure 

2.6A.  

 In the case of 8-oxodGTP incorporation opposite of dC, the single-turnover plots at each 

nucleotide concentration are noticeably biphasic (Figure 2.6D). Additionally, the amplitude is 

dependent on nucleotide concentration suggesting that after incorporation there is a slow step that 

allows phosphoryl transfer to be reversible. Indeed, similar results were obtained for the 

incorporation of 8-oxodGTP opposite dC by the human mitochondrial DNA polymerase.42 In 

accordance with Hanes and co-workers,42 we accounted for the differences observed for 

incorporation of 8-oxodGTP relative to dGTP by fitting the data to the model shown in Figure 

2.6B, which allows for reversibility of the phosphoryl transfer. A Kd of 15.2 µM describes 

nucleotide binding while the incorporation step has a forward rate (k2) of 0.45 s-1 and a reverse rate 

(k-2) of 0.08 s-1. In contrast to canonical nucleotides, for modified nucleotides it is not known 

whether k2 is limited by the conformational change, but it has been shown that when KF 

incorporates a mismatched nucleotide, the rate of phosphoryl transfer is not limited by the 

preceding conformational change.63 Pyrophosphate release is indeed slower than incorporation and 

occurs at a rate of 0.09 s-1, which allows k2 to be reversible. Therefore, unlike for dGTP, kpol ≠ k2. 

When taking into account the slow pyrophosphate release, the kpol/Kd value (0.016 μM-1 s-1, where 

kpol = k2k3/(k-2+k3))42 is slightly smaller than the k2/Kd (0.03 μM-1 s-1) for 8-oxodGTP. Interestingly, 

it has been proposed that slow pyrophosphate release is an additional factor that limits 

incorporation of 8-oxodGTP by mitochondrial polymerase.42 

 A 3-D confidence contours were provided for both dGTP and 8-oxodGTP kinetic analyses 

by KinTek software, and the results showed the parameters are well-constrained for both 
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nucleotides (Figure 2.7). This indicates that the experiments are well set up and the kinetic models 

accurately represent how polymerase incorporates nucleotides. 

 

Figure 2.7. 3-D confidence contours for the rate constants determined by KinTek Global Explorer 
for (A) dGTP and (B) 8-oxodGTP. For each case the search was carried out up to a sum of squares 
error (SSE) that is 2-fold higher than the minimum SSE. The upper and lower limits of each 
parameter were determined using an SSE threshold of 1.2. A red oval shape indicates the pairs of 
parameters are well constrained. These well-constrained parameters can be compared to those for 
the diastereomers of dSpTP shown in Figure 2.8D, E. 
 

 

2.4.4 Single-Turnover Kinetic Analysis of dSpTP Incorporation 

Compared to dGTP and 8-oxodGTP, experiments using the diastereomers of dSpTP required 

significantly higher nucleotide triphosphate concentrations and extended incubation times to 

observe a sufficient amount of product for analysis (Figure 2.8B, C). We also observed differences 

in incorporation between the two dSpTP diastereomers. Specifically, the amount of product 

accumulated after a particular reaction time for (S)-dSpTP is significantly greater than for (R)-

dSpTP at the same nucleotide concentration, consistent with the results of the 
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qualitativeincorporation presented in Figure 2.4B. Global fitting of the data to the models in Figure 

2.6A and 2.6B reveal that the data are described better by a model (Figure 2.8A) that allows 

reversibility of the incorporation step (data not shown), similar to the results observed for 8-

oxodGTP. However, unlike what we observed for incorporation of dGTP or 8-oxodGTP, for the 

diastereomers of dSpTP the parameters in the kinetic scheme were not well constrained (Figure 

2.8D, E and Figure 2.7). As a consequence, we could not obtain individual quantitative values for 

Kd and kpol. Because kpol is limited by the amount of available DNA⋅KF−⋅dNTP complex, poor 

binding of the hyperoxidized nucleotide triphosphate to the DNA⋅KF− complex likely causes the 

lack of parameter constraint. Importantly, these data indicate that the Kd for both diastereomers of 

dSpTP is greater than the nucleotide concentrations used here and these values are at least on the 

millimolar scale. Even though k-1 and k2 are not constrained and can vary across a wide range for 

both diastereomers of dSpTP, analysis by KinTek Explorer FitSpace reveals there is a linear 

correlation between k2 and k-1 (Figure 2.8D, E). Since k1 was fixed at 10 µM-1 s-1 during the fitting 

(see Experimental Procedures), there is also a linear correlation between k2 and Kd (Kd = k-1/k1 = 

k-1/10). Therefore we use k2/Kd to compare the incorporation specificities of the dNTPs used in 

this study, rather than kpol/Kd. From the slope of FitSpace analysis k2/k-1 (or k2/(10⋅Kd)), we defined 

the incorporation specificity k2/Kd for (S)-dSpTP and (R)-dSpTP as 8⋅10-4 µM-1 s-1 and 6⋅10-5 µM-

1 s-1, respectively.  
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Figure 2.8 Kinetic analysis of (S)-dSpTP and (R)-dSpTP incorporation by KF−. (A) Enzyme model 
used for global fitting. (B) Global fitting of incorporation of (S)-dSpTP opposite of template dC. 
(S)-dSpTP concentrations are 10 µM (●), 20 µM (○), 50 µM (■), 100 µM (□), and 200 µM (◣). 
(C) Global fitting of incorporation of (R)-dSpTP opposite of template dC. (R)-dSpTP 
concentrations are 50 µM (●), 100 µM (○), 200 µM (■), 400 µM (□), and 600 µM (◣). The curves 
superimposed with the experimental data were generated by KinTek Explorer fitting. FitSpace 
analysis by KinTek Explorer showing the results of the initial excursions to map the boundaries of 
a good fit for (D) (S)-dSpTP and (E) (R)-dSpTP. 
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 Our kinetic results demonstrate that KF− exhibits a stereochemical preference and more 

readily incorporates (S)-dSpTP over (R)-dSpTP. A general stereochemical preference for the (S) 

diastereomer has been reported previously for several other DNA-processing enzymes. The 

Burrows laboratory showed that KF− was more efficient at inserting dATP opposite dSp1 relative 

to dSp2, where the diastereomers were first described based on their order of elution from an anion 

exchange HPLC column.34 Subsequent studies revealed that dSp1 and dSp2 are (S)-dSp and (R)-

dSp, respectively.48, 49 The Essigmann laboratory similarly showed that pol II and pol IV more 

efficiently bypass dSp1 in vivo64 and that the relative amount of  G → C and G → T transversions 

can vary for dSp1 and dSp2 depending on the sequence context.35-37 Furthermore, nuclease P165 

and the BER glycosylase human NEIL128, 30, 32 also have a preference for the dSp1 configuration. 

Molecular dynamics simulations showed that hNEIL1 makes better contacts with (S)-dSp in its 

binding pocket, justifying the stereochemical preference of the enzyme.66 

 

2.4.5 Comparing the Kinetic Parameters for dGTP, 8-oxodGTP, (S)-dSpTP, and (R)-dSpTP 

 Our results show that the extent of oxidation of the dGTP-derived lesion is correlated with 

its ability to be incorporated into DNA. The specificity of incorporation is highest for dGTP 

opposite dC by KF−. Compared to dGTP, the selection factors for incorporating 8-oxodGTP, (S)-

dSpTP, and (R)-dSpTP are 1,700-, 64,000- and 850,000-fold lower respectively (Table 2.1). 

Notably, since pyrophosphate release is slow for 8-oxodGTP, (S)-dSpTP, and (R)-dSpTP, kpol/Kd 

must be smaller than k2/Kd, so these selection factors are lower limits for specificity.  
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Table 2.1 Kinetic Parameters for the Incorporation of dNTPs Opposite Template dC. 
Nucleotide Kd (µM) k2 (s-1) k2/Kd (µM-1 s-1) selection factora 

dGTP 0.8 41 51 1 
8-oxodGTP 15.2 0.45 0.030 1,700 
(S)-dSpTP 1,700b 1.4b 8⋅10-4 64,000 
(R)-dSpTP 7,000b 0.45b 6⋅10-5 850,000 

aSelection factor is the ratio of the specificity of incorporation (k2/Kd) of dGTP relative to the dNTP 
of interest.  
bValues are the lower bound provided by KinTek Explorer global fitting. 
 

 In order to provide a graphical 

representation of the difference in 

specificity for incorporation of the 

canonical, oxidized, and hyperoxidized 

guanine lesions we also analyzed our kinetic 

data using traditional Michaelis-Menten 

methods, in which the observed rate (kobs) is 

plotted against nucleotide triphosphate 

concentration (Figure 2.9). The slope of the 

rise can be used to define incorporation 

specificity kpol/Kd. In fact, the kpol/Kd from 

this Michaelis-Menten analysis (data not 

shown) is comparable to the k2/Kd obtained by global fitting. Clearly, the incorporation kinetics for 

dGTP are significantly different from those of oxidized nucleotides (Figure 2.9 inset, open 

triangles). For the lesion dNTPs, a rise in kobs as a function of dNTP concentrations is observed for 

8-oxodGTP and (S)-dSpTP, with 8-oxodGTP more steep than (S)-dSpTP. However, for (R)-

dSpTP, kobs was extremely slow across the entire concentration range, and there was no obvious 

dependence of the rate on nucleotide concentration. These results are entirely consistent with the 

Figure 2.9 Analysis of dGTP (Δ), 8-oxodGTP (●), 
(S)-dSpTP (□), and (R)-dSpTP (◣) kinetic results 
using Michaelis-Menten techniques where the 
observed rates are plotted against nucleotide 
concentrations. Insert shows the difference between 
dGTP and other three oxidized nucleotides. 
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quantitative parameters obtained by global fitting.  

 

2.4.6 Biological Considerations 

 In addition to the kinetic parameters describing incorporation of lesion dNTPs, one must also 

consider the action of enzymes responsible for cleansing the nucleotide pool. The importance of 

removing 8-oxodGTP from the nucleotide pool is underscored by the fact that E. coli lacking 

MutT, a phosphatase that converts 8-oxodGTP to 8-oxodGMP,39 have a 100- to 10,000-fold higher 

mutation rate compared to wild type E. coli.67 This dramatic increase in mutation rate in the 

absence of MutT indicates that the nucleotide pool represents a biologically significant source of 

8-oxodGTP.68, 69 However, it has been demonstrated that the diastereomers of dSpTP are not good 

substrates for MutT or other known MutT-type nucleotide pool sanitization enzymes in E. coli.70 

Therefore, preventing the incorporation of dSpTP into DNA may depend solely on the ability of a 

polymerase to discriminate the hyperoxidized nucleotide triphosphate from dGTP. Indeed, 

consistent with our kinetic results, in vivo studies demonstrate that introduction of dSpTP1 or 

dSpTP2 into E. coli cells does not significantly increase the mutation frequency.70 This result is in 

contrast to the high mutagenicity observed in E. coli when the Sp lesions are in the DNA 

template.35-37, 64 Our results suggest that the lack of mutagenicity of dSpTP is because the E. coli 

cellular polymerases effectively discriminate the hyperoxidized nucleotides and do not use them 

as building blocks during replication. It is notable, however, that although it is difficult to force 

dSpTP into DNA from the nucleotide pool, if incorporation occurs, the lesion is a powerful source 

of mutations. Indeed, the “Trojan horse” quality of dSpTP makes it an intriguing player in the field 

of lethal mutagenesis71, 72 where a miscoding nucleotide is used as an antiviral agent to accelerate 

viral mutation rates and drive a viral population to extinction. In order to be effective in this 
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manner, however, the incorporation efficiency of dSpTP would likely need to be higher than that 

observed for KF−.  

 

2.5 Conclusion 

 In this work, we used KF− as a model polymerase. Similar incorporation efficiencies have 

been observed for KF− and some mammalian replicative polymerases incorporating 8-oxodGTP 

into DNA,73 although mammalian polymerases have a higher preference to incorporate 8-

oxodGTP opposite the correct dC instead of the mismatched dA template.74 Therefore, we expect 

the selection factor for mammalian polymerases incorporating the hyperoxidized dNTP to be even 

more rigorous than KF− and to prevent incorporation of dSpTP from the nucleotide pool. 

 As a final consideration the in vivo concentrations of (S)-dSpTP and (R)-dSpTP will also 

influence the extent to which the hyperoxidized lesion can be incorporated into DNA. These values 

remain to be determined but are most certainly well below the millimolar Kd values suggested by 

our experiments. Thus, we conclude that while dSpTP can be described as a Trojan horse, the 

specificity of cellular polymerase provides an effective defense against using the hyperoxidized 

nucleotide as a building block during DNA replication, and that the dSp lesion is a much more 

potent mutagen when it is formed in genomic DNA. 

 

2.6 Reference 

(1) Gates, K. S. (2009) An overview of chemical processes that damage cellular DNA: 

spontaneous hydrolysis, alkylation, and reactions with radicals. Chem. Res. Toxicol. 22, 

1747-1760. 



	 62	

(2) Cadet, J., Douki, T., and Ravanat, J. L. (2010) Oxidatively generated base damage to 

cellular DNA. Free Radical Biol. Med. 49, 9-21. 

(3) Steenken, S., and Jovanovic, S. V. (1997) How easily oxidizable is DNA? One-electron 

reduction potentials of adenosine and guanosine radicals in aqueous solution. J. Am. Chem. 

Soc. 119, 617-618. 

(4) Burrows, C. J., and Muller, J. G. (1998) Oxidative nucleobase modifications leading to 

strand scission. Chem. Rev. 98, 1109-1152. 

(5) Cadet, J. (2003) Oxidative damage to DNA: formation, measurement and biochemical 

features. Mutat. Res., Fundam. Mol. Mech. Mutagen. 531, 5-23. 

(6) Delaney, S., Jarem, D. A., Volle, C. B., and Yennie, C. J. (2012) Chemical and biological 

consequences of oxidatively damaged guanine in DNA. Free Radical Res. 46, 420-441. 

(7) Moller, P., Cooke, M. S., Collins, A., Olinski, R., Rozalski, R., and Loft, S. (2012) 

Harmonising measurements of 8-oxo-7,8-dihydro-2'-deoxyguanosine in cellular DNA and 

urine. Free Radical Res. 46, 541-553. 

(8) Shibutani, S., Takeshita, M., and Grollman, A. P. (1991) Insertion of specific bases during 

DNA synthesis past the oxidation-damaged base 8-oxodG. Nature 349, 431-434. 

(9) Cheng, K. C., Cahill, D. S., Kasai, H., Nishimura, S., and Loeb, L. A. (1992) 8-

Hydroxyguanine, an abundant form of oxidative DNA damage, causes G→T and A→C 

substitutions. J. Biol. Chem. 267, 166-172. 

(10) Wood, M. L., Dizdaroglu, M., Gajewski, E., and Essigmann, J. M. (1990) Mechanistic 

studies of ionizing radiation and oxidative mutagenesis: genetic effects of a single 8-

hydroxyguanine (7-hydro-8-oxoguanine) residue inserted at a unique site in a viral 

genome. Biochemistry 29, 7024-7032. 



	 63	

(11) Klein, J. C., Bleeker, M. J., Saris, C. P., Roelen, H. C., Brugghe, H. F., van den Elst, H., 

van der Marel, G. A., van Boom, J. H., Westra, J. G., Kriek, E., and et al. (1992) Repair 

and replication of plasmids with site-specific 8-oxodG and 8-AAFdG residues in normal 

and repair-deficient human cells. Nucleic Acids Res. 20, 4437-4443. 

(12) David, S. S., O'Shea, V. L., and Kundu, S. (2007) Base-excision repair of oxidative DNA 

damage. Nature 447, 941-950. 

(13) Steenken, S., Jovanovic, S. V., Bietti, M., and Bernhard, K. (2000) The trap depth (in DNA) 

of 8-oxo-7,8-dihydro-2'deoxyguanosine as derived from electron-transfer equilibria in 

aqueous solution. J. Am. Chem. Soc. 122, 2373-2374. 

(14) Luo, W., Muller, J. G., Rachlin, E. M., and Burrows, C. J. (2000) Characterization of 

spiroiminodihydantoin as a product of one-electron oxidation of 8-oxo-7,8-

dihydroguanosine. Org. Lett. 2, 613-616. 

(15) Luo, W., Muller, J. G., Rachlin, E. M., and Burrows, C. J. (2001) Characterization of 

hydantoin products from one-electron oxidation of 8-oxo-7,8-dihydroguanosine in a 

nucleoside model. Chem. Res. Toxicol. 14, 927-938. 

(16) Niles, J. C., Wishnok, J. S., and Tannenbaum, S. R. (2004) Spiroiminodihydantoin and 

guanidinohydantoin are the dominant products of 8-oxoguanosine oxidation at low fluxes 

of peroxynitrite: mechanistic studies with 18O. Chem. Res. Toxicol. 17, 1510-1519. 

(17) Munk, B. H., Burrows, C. J., and Schlegel, H. B. (2008) An exploration of mechanisms for 

the transformation of 8-oxoguanine to guanidinohydantoin and spiroiminodihydantoin by 

density functional theory. J. Am. Chem. Soc. 130, 5245-5256. 



	 64	

(18) Fleming, A. M., Muller, J. G., Dlouhy, A. C., and Burrows, C. J. (2012) Structural context 

effects in the oxidation of 8-oxo-7,8-dihydro-2'-deoxyguanosine to hydantoin products: 

electrostatics, base stacking, and base pairing. J. Am. Chem. Soc. 134, 15091-15102. 

(19) Rokhlenko, Y., Geacintov, N. E., and Shafirovich, V. (2012) Lifetimes and reaction 

pathways of guanine radical cations and neutral guanine radicals in an oligonucleotide in 

aqueous solutions. J. Am. Chem. Soc. 134, 4955-4962. 

(20) Cui, L., Ye, W., Prestwich, E. G., Wishnok, J. S., Taghizadeh, K., Dedon, P. C., and 

Tannenbaum, S. R. (2013) Comparative analysis of four oxidized guanine lesions from 

reactions of DNA with peroxynitrite, singlet oxygen, and γ-radiation. Chem. Res. Toxicol. 

26, 195-202. 

(21) Hailer, M. K., Slade, P. G., Martin, B. D., and Sugden, K. D. (2005) Nei deficient 

Escherichia coli are sensitive to chromate and accumulate the oxidized guanine lesion 

spiroiminodihydantoin. Chem. Res. Toxicol. 18, 1378-1383. 

(22) Mangerich, A., Knutson, C. G., Parry, N. M., Muthupalani, S., Ye, W., Prestwich, E., Cui, 

L., McFaline, J. L., Mobley, M., Ge, Z., Taghizadeh, K., Wishnok, J. S., Wogan, G. N., 

Fox, J. G., Tannenbaum, S. R., and Dedon, P. C. (2012) Infection-induced colitis in mice 

causes dynamic and tissue-specific changes in stress response and DNA damage leading 

to colon cancer. Proc. Natl. Acad. Sci. U. S. A. 109, E1820-E1829. 

(23) Leipold, M. D., Muller, J. G., Burrows, C. J., and David, S. S. (2000) Removal of hydantoin 

products of 8-oxoguanine oxidation by the Escherichia coli DNA repair enzyme, FPG. 

Biochemistry 39, 14984-14992. 



	 65	

(24) Hazra, T. K., Muller, J. G., Manuel, R. C., Burrows, C. J., Lloyd, R. S., and Mitra, S. (2001) 

Repair of hydantoins, one electron oxidation product of 8-oxoguanine, by DNA 

glycosylases of Escherichia coli. Nucleic Acids Res. 29, 1967-1974. 

(25) Krishnamurthy, N., Muller, J. G., Burrows, C. J., and David, S. S. (2007) Unusual 

structural features of hydantoin lesions translate into efficient recognition by Escherichia 

coli Fpg. Biochemistry 46, 9355-9365. 

(26) Leipold, M. D., Workman, H., Muller, J. G., Burrows, C. J., and David, S. S. (2003) 

Recognition and removal of oxidized guanines in duplex DNA by the base excision repair 

enzymes hOGG1, yOGG1, and yOGG2. Biochemistry 42, 11373-11381. 

(27) Hailer, M. K., Slade, P. G., Martin, B. D., Rosenquist, T. A., and Sugden, K. D. (2005) 

Recognition of the oxidized lesions spiroiminodihydantoin and guanidinohydantoin in 

DNA by the mammalian base excision repair glycosylases NEIL1 and NEIL2. DNA Repair 

4, 41-50. 

(28) Krishnamurthy, N., Zhao, X., Burrows, C. J., and David, S. S. (2008) Superior removal of 

hydantoin lesions relative to other oxidized bases by the human DNA glycosylase hNEIL1. 

Biochemistry 47, 7137-7146. 

(29) Yeo, J., Goodman, R. A., Schirle, N. T., David, S. S., and Beal, P. A. (2010) RNA editing 

changes the lesion specificity for the DNA repair enzyme NEIL1. Proc. Natl. Acad. Sci. 

U. S. A. 107, 20715-20719. 

(30) Zhao, X., Krishnamurthy, N., Burrows, C. J., and David, S. S. (2010) Mutation versus 

repair: NEIL1 removal of hydantoin lesions in single-stranded, bulge, bubble, and duplex 

DNA contexts. Biochemistry 49, 1658-1666. 



	 66	

(31) Bandaru, V., Zhao, X., Newton, M. R., Burrows, C. J., and Wallace, S. S. (2007) Human 

endonuclease VIII-like (NEIL) proteins in the giant DNA Mimivirus. DNA Repair 6, 1629-

1641. 

(32) McKibbin, P. L., Fleming, A. M., Towheed, M. A., Van Houten, B., Burrows, C. J., and 

David, S. S. (2013) Repair of hydantoin lesions and their amine adducts in DNA by base 

and nucleotide excision repair. J. Am. Chem. Soc. 135, 13851-13861. 

(33) Duarte, V., Muller, J. G., and Burrows, C. J. (1999) Insertion of dGMP and dAMP during 

in vitro DNA synthesis opposite an oxidized form of 7,8-dihydro-8-oxoguanine. Nucleic 

Acids Res. 27, 496-502. 

(34) Kornyushyna, O., Berges, A. M., Muller, J. G., and Burrows, C. J. (2002) In vitro 

nucleotide misinsertion opposite the oxidized guanosine lesions spiroiminodihydantoin 

and guanidinohydantoin and DNA synthesis past the lesions using Escherichia coli DNA 

polymerase I (Klenow Fragment). Biochemistry 41, 15304-15314. 

(35) Henderson, P. T., Delaney, J. C., Muller, J. G., Neeley, W. L., Tannenbaum, S. R., 

Burrows, C. J., and Essigmann, J. M. (2003) The hydantoin lesions formed from oxidation 

of 7,8-dihydro-8-oxoguanine are potent sources of replication errors in vivo. Biochemistry 

42, 9257-9262. 

(36) Delaney, S., Delaney, J. C., and Essigmann, J. M. (2007) Chemical-biological 

fingerprinting: probing the properties of DNA lesions formed by peroxynitrite. Chem. Res. 

Toxicol. 20, 1718-1729. 

(37) Delaney, S., Neeley, W. L., Delaney, J. C., and Essigmann, J. M. (2007) The substrate 

specificity of MutY for hyperoxidized guanine lesions in vivo. Biochemistry 46, 1448-

1455. 



	 67	

(38) Kamiya, H., and Kasai, H. (1995) Formation of 2-hydroxydeoxyadenosine triphosphate, 

an oxidatively damaged nucleotide, and its incorporation by DNA polymerases. Steady-

state kinetics of the incorporation. J. Biol. Chem. 270, 19446-19450. 

(39) Maki, H., and Sekiguchi, M. (1992) MutT protein specifically hydrolyses a potent 

mutagenic substrate for DNA synthesis. Nature 355, 273-275. 

(40) Pavlov, Y. I., Minnick, D. T., Izuta, S., and Kunkel, T. A. (1994) DNA replication fidelity 

with 8-oxodeoxyguanosine triphosphate. Biochemistry 33, 4695-4701. 

(41) Einolf, H. J., and Guengerich, F. P. (2001) Fidelity of nucleotide insertion at 8-oxo-7,8-

dihydroguanine by mammalian DNA polymerase δ. Steady-state and pre-steady-state 

kinetic analysis. J. Biol. Chem. 276, 3764-3771. 

(42) Hanes, J. W., Thal, D. M., and Johnson, K. A. (2006) Incorporation and replication of 8-

oxo-deoxyguanosine by the human mitochondrial DNA polymerase. J. Biol. Chem. 281, 

36241-36248. 

(43) Brown, J. A., Duym, W. W., Fowler, J. D., and Suo, Z. (2007) Single-turnover kinetic 

analysis of the mutagenic potential of 8-oxo-7,8-dihydro-2'-deoxyguanosine during gap-

filling synthesis catalyzed by human DNA polymerases λ and β. J. Mol. Biol. 367, 1258-

1269. 

(44) Jarem, D. A., Wilson, N. R., and Delaney, S. (2009) Structure-dependent DNA damage 

and repair in a trinucleotide repeat sequence. Biochemistry 48, 6655-6663. 

(45) Cantor, C. R., Warshaw, M. M., and Shapiro, H. (1970) Oligonucleotide interactions. 3. 

Circular dichroism studies of the conformation of deoxyoligonucleotides. Biopolymers 9, 

1059-1077. 



	 68	

(46) Cavaluzzi, M. J., and Borer, P. N. (2004) Revised UV extinction coefficients for 

nucleoside-5'-monophosphates and unpaired DNA and RNA. Nucleic Acids Res. 32, e13. 

(47) Ye, Y., Muller, J. G., and Burrows, C. J. (2006) Synthesis and characterization of the 

oxidized dGTP lesions spiroiminodihydantoin-2'-deoxynucleoside-5'-triphosphate and 

guanidinohydantoin-2'-deoxynucleoside-5'- triphosphate. J. Org. Chem. 71, 2181-2184. 

(48) Karwowski, B., Dupeyrat, F., Bardet, M., Ravanat, J. L., Krajewski, P., and Cadet, J. 

(2006) Nuclear magnetic resonance studies of the 4R and 4S diastereomers of 

spiroiminodihydantoin 2'-deoxyribonucleosides: absolute configuration and 

conformational features. Chem. Res. Toxicol. 19, 1357-1365. 

(49) Fleming, A. M., Orendt, A. M., He, Y., Zhu, J., Dukor, R. K., and Burrows, C. J. (2013) 

Reconciliation of chemical, enzymatic, spectroscopic and computational data to assign the 

absolute configuration of the DNA base lesion spiroiminodihydantoin. J. Am. Chem. Soc. 

135, 18191-18204. 

(50) Johnson, K. A., Simpson, Z. B., and Blom, T. (2009) FitSpace explorer: an algorithm to 

evaluate multidimensional parameter space in fitting kinetic data. Anal. Biochem. 387, 30-

41. 

(51) Johnson, K. A., Simpson, Z. B., and Blom, T. (2009) Global kinetic explorer: a new 

computer program for dynamic simulation and fitting of kinetic data. Anal. Biochem. 387, 

20-29. 

(52) Johnson, K. A. (2009) Chapter 23 Fitting enzyme kinetic data with KinTek global kinetic 

explorer. Methods Enzymol. 467, 601-626. 



	 69	

(53) Paul, N., Nashine, V. C., Hoops, G., Zhang, P., Zhou, J., Bergstrom, D. E., and Davisson, 

V. J. (2003) DNA polymerase template interactions probed by degenerate isosteric 

nucleobase analogs. Chem. Biol. 10, 815-825. 

(54) Eckenroth, B. E., Fleming, A. M., Sweasy, J. B., Burrows, C. J., and Doublie, S. (2014) 

Crystal structure of DNA polymerase beta with DNA containing the base lesion 

spiroiminodihydantoin in a templating position. Biochemistry 53, 2075-2077. 

(55) Batra, V. K., Shock, D. D., Beard, W. A., McKenna, C. E., and Wilson, S. H. (2012) Binary 

complex crystal structure of DNA polymerase β reveals multiple conformations of the 

templating 8-oxoguanine lesion. Proc. Natl. Acad. Sci. U. S. A. 109, 113-118. 

(56) Batra, V. K., Beard, W. A., Hou, E. W., Pedersen, L. C., Prasad, R., and Wilson, S. H. 

(2010) Mutagenic conformation of 8-oxo-7,8-dihydro-2'-dGTP in the confines of a DNA 

polymerase active site. Nat. Struct. Mol. Biol. 17, 889-890. 

(57) Patra, A., Nagy, L. D., Zhang, Q., Su, Y., Muller, L., Guengerich, F. P., and Egli, M. (2014) 

Kinetics, structure, and mechanism of 8-oxo-7,8-dihydro-2'-deoxyguanosine bypass by 

human DNA polymerase η. J. Biol. Chem. 289, 16867-16882. 

(58) Lee, H. R., Helquist, S. A., Kool, E. T., and Johnson, K. A. (2008) Importance of hydrogen 

bonding for efficiency and specificity of the human mitochondrial DNA polymerase. J. 

Biol. Chem. 283, 14402-14410. 

(59) Dahlberg, M. E., and Benkovic, S. J. (1991) Kinetic mechanism of DNA polymerase I 

(Klenow fragment): identification of a second conformational change and evaluation of the 

internal equilibrium constant. Biochemistry 30, 4835-4843. 

(60) Tsai, Y. C., and Johnson, K. A. (2006) A new paradigm for DNA polymerase specificity. 

Biochemistry 45, 9675-9687. 



	 70	

(61) Bakhtina, M., Roettger, M. P., Kumar, S., and Tsai, M. D. (2007) A unified kinetic 

mechanism applicable to multiple DNA polymerases. Biochemistry 46, 5463-5472. 

(62) Hanes, J. W., and Johnson, K. A. (2007) A novel mechanism of selectivity against AZT by 

the human mitochondrial DNA polymerase. Nucleic Acids Res. 35, 6973-6983. 

(63) Eger, B. T., and Benkovic, S. J. (1992) The minimal kinetic mechanism for 

misincorporation by DNA polymerase I (Klenow fragment). Biochemistry 31, 9227-9236. 

(64) Neeley, W. L., Delaney, S., Alekseyev, Y. O., Jarosz, D. F., Delaney, J. C., Walker, G. C., 

and Essigmann, J. M. (2007) DNA polymerase V allows bypass of toxic guanine oxidation 

products in vivo. J. Biol. Chem. 282, 12741-12748. 

(65) Chen, X., Fleming, A. M., Muller, J. G., and Burrows, C. J. (2013) Endonuclease and 

exonuclease activities on oligodeoxynucleotides containing spiroiminodihydantoin depend 

on the sequence context and the lesion stereochemistry. New J. Chem. 37, 3440-3449. 

(66) Jia, L., Shafirovich, V., Geacintov, N. E., and Broyde, S. (2007) Lesion specificity in the 

base excision repair enzyme hNeil1: modeling and dynamics studies. Biochemistry 46, 

5305-5314. 

(67) Yanofsky, C., Cox, E. C., and Horn, V. (1966) The unusual mutagenic specificity of an E. 

coli mutator gene. Proc. Natl. Acad. Sci. U. S. A. 55, 274-281. 

(68) Tajiri, T., Maki, H., and Sekiguchi, M. (1995) Functional cooperation of MutT, MutM and 

MutY proteins in preventing mutations caused by spontaneous oxidation of guanine 

nucleotide in Escherichia coli. Mutat. Res., DNA Repair 336, 257-267. 

(69) Kamiya, H., Ishiguro, C., and Harashima, H. (2004) Increased A:T→C:G mutations in the 

mutT strain upon 8-hydroxy-dGTP treatment: direct evidence for MutT involvement in the 

prevention of mutations by oxidized dGTP. J. Biochem. 136, 359-362. 



	 71	

(70) Hori, M., Suzuki, T., Minakawa, N., Matsuda, A., Harashima, H., and Kamiya, H. (2011) 

Mutagenicity of secondary oxidation products of 8-oxo-7,8-dihydro-2'-deoxyguanosine 5'-

triphosphate (8-hydroxy-2'- deoxyguanosine 5'-triphosphate). Mutat. Res. 714, 11-16. 

(71) Loeb, L. A., Essigmann, J. M., Kazazi, F., Zhang, J., Rose, K. D., and Mullins, J. I. (1999) 

Lethal mutagenesis of HIV with mutagenic nucleoside analogs. Proc. Natl. Acad. Sci. U. 

S. A. 96, 1492-1497. 

(72) Perales, C., Martin, V., and Domingo, E. (2011) Lethal mutagenesis of viruses. Curr. Opin. 

Virol. 1, 419-422. 

(73) Macpherson, P., Barone, F., Maga, G., Mazzei, F., Karran, P., and Bignami, M. (2005) 8-

oxoguanine incorporation into DNA repeats in vitro and mismatch recognition by MutSα. 

Nucleic Acids Res. 33, 5094-5105. 

(74) Katafuchi, A., and Nohmi, T. (2010) DNA polymerases involved in the incorporation of 

oxidized nucleotides into DNA: their efficiency and template base preference. Mutat. Res. 

703, 24-31. 

 

	 	



	 72	

Chapter 3: Unique Length-Dependent Biophysical Properties of 

Repetitive DNA† 

 

 

†Adapted and Modified From: 

Huang, J. and Delaney, S. (2016) Unique Length-Dependent Biophysical 

Properties of Repetitive DNA, J. Phys. Chem. B, accepted, DOI: 

10.1021/acs.jpcb.6b00927  



	 73	

3.1 Abstract 

 Expansion of a trinucleotide repeat (TNR) sequence is the molecular signature of several 

neurological disorders. Formation of non-canonical structures by the TNR sequence is proposed 

to contribute to the expansion mechanism. Furthermore, it is known that the propensity for 

expansion increases with repeat length. In this work we use calorimetry to describe the 

thermodynamic parameters (ΔH, TΔS, and ΔG) of the non-canonical stem-loop hairpins formed 

by the TNR sequences (CAG)n and (CTG)n, and also the canonical (CAG)n/(CTG)n duplexes, for 

n = 6-14. Using a thermodynamic cycle, we calculated the same thermodynamic parameters 

describing the process of converting from non-canonical stem-loop hairpins to canonical duplex. 

In addition to these thermodynamic analyses, we used spectroscopic techniques to determine the 

rate at which the non-canonical structures convert to duplex, and the activation enthalpy ΔH‡ 

describing this process. We report that the thermodynamic parameters of unfolding the stem-loop 

(CTG)n and (CAG)n hairpins, along with the thermodynamic and kinetic properties of hairpin to 

duplex conversion, do not proportionally corresponding to the increase of length, but rather show 

a unique pattern that depends on whether the sequence has an even or odd number of repeats. 
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3.2 Introduction 

Trinucleotide repeat (TNR) expansion has been identified as the molecular basis for 

numerous neurodegenerative disorders including Friedrich’s ataxia, Myotonic dystrophy, 

Spinocerebellar ataxias, Fragile X syndrome, Kennedy’s disease, and Huntington’s disease (HD).1–

4 For example, HD is caused by the expansion of a (CAG)n/(CTG)n TNR sequence in exon 1 of the 

huntingtin gene. Healthy individuals have fewer than 35 repeats; 36-39 repeats is a pre-mutation 

range which can expand further upon transmission to offspring; and the disease state is 

characterized by 40 or more repeats.5	 

Although the mechanism(s) of TNR expansion are still not fully understood, DNA 

replication- and DNA repair-dependent mechanisms have been proposed.4 In both instances, 

formation of non-canonical secondary structures, such as stem-loop hairpins, is proposed to 

contribute to the expansion mechanism. In a replication-dependent expansion, stem-loop hairpin 

formation is proposed in a polymerase-slippage model6,7 or a replication-restart model.8,9 In a 

repair-dependent event, such as repair of the oxidative DNA lesion 8-oxo-7,8-dihydroguanine (8-

oxoG),10,11 stem-loop hairpins are formed and can be ligated into DNA, which leads to the 

expansion.12 In either replication- or repair-dependent expansion, the thermodynamic and kinetic 

stabilities of the TNR stem-loop hairpins are crucial factors. Expansion is expected when these 

stem-loop hairpins are stable and persist on a biologically-relevant timescale. In contrast, if the 

stem-loop hairpins convert to canonical duplex with the complementary DNA, expansion is not 

expected to occur.  

Previous spectroscopic and calorimetric studies of TNR stem-loop hairpins revealed that 

the thermodynamic stability of these structures depends on both the TNR sequence and the number 

of repeats.13–15 Notably, a common procedure in these prior studies was to examine DNA substrates 
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in which the number of TNR repeats was incrementally increased by 5 or 10. While this 

methodology allows for a large range in the number of TNR repeats, these studies lack the 

resolution to observe differences that might occur with smaller changes in repeat number.  

For this reason, we previously examined the stability of a series of (CTG)n stem-loop 

hairpins in which the size of the hairpin was varied in increments of one repeat (within the range 

n = 6-14).16 Using spectroscopic techniques and van’t Hoff analysis, we observed a pattern 

whereby the enthalpic stability (ΔH) of the (CTG)n stem-loop hairpins generally increases with 

repeat number; however, instead of increasing linearly with the number of repeats, an apparent 

stepping is observed. Indeed, ΔH is comparable for the pairs of stem-loop hairpins when n = even 

and n = odd (throughout this manuscript “odd” is defined as “even + 1”). Notably, a plateau in ΔH 

was observed with greater than 10 repeats due to the failure of the melting transition to follow a 

two-state model.16 Instead of melting directly from stem-loop hairpin to an unstructured form, the 

DNA exists as a population of structural intermediates throughout the melting transition. Indeed, 

a limitation of van’t Hoff analysis is the required assumption that the melting transition follows a 

two-state model. In addition to determining ΔH, our previous structural and biophysical studies 

showed that when n = odd one repeat overhangs the end of the stem.16 The presence of this 

overhang shortens the lifetime of the non-canonical structure and facilitates conversion to the 

canonical CAG/CTG duplex.  

To circumvent the limitation of the model-dependent van’t Hoff analysis used in our 

previous study, in this work we used differential scanning calorimetry (DSC) to characterize the 

thermodynamic properties of (CTG)n stem-loop hairpins (n = 6-14). In addition, we also studied 

the complementary (CAG)n stem-loop hairpins (n = 6-14). DSC allows for direct measurement of 

the heat supplied to or released from a system during a melting transition and provides a model-
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independent measure of the thermodynamic properties of the stem-loop hairpins.17,18 Furthermore, 

in this work we also define the thermodynamic properties of the canonical (CAG)n/(CTG)n duplex 

and the conversion from non-canonical stem-loop hairpins to canonical duplex. In addition to these 

thermodynamic analyses, we performed kinetic studies to determine the rates at which 

complementary (CAG)n and (CTG)n stem-loop hairpins convert to canonical (CAG)n/(CTG)n 

duplexes, as well as the activation enthalpies (ΔH‡). We find that the rate of conversion to 

canonical duplex is significantly faster when n is odd due to a lower ΔH‡. Taken together, our data 

provide a thermodynamic and kinetic description of the non-canonical hairpin structures involved 

in the proposed expansion mechanisms. Furthermore, our data can be related to the clinically 

observed phenomenon that the propensity for expansion to occur increases with repeat length, and 

suggest that the TNR expansion caused by formation of non-canonical structures is driven by 

kinetic factors rather than thermodynamics. 

 

3.3 Experimental Procedure 

3.3.1 Oligonucleotide Synthesis and Purification 

All oligonucleotides were synthesized using standard phosphoramidite chemistry with a 

BioAutomation MerMade 4 DNA/RNA synthesizer. Oligonucleotides were purified using a 

Dynamax Microsorb C18 reverse phase HPLC column (10 × 250 mm) according to published 

procedures.19 Oligonucleotide concentrations were determined at 90 °C using the molar extinction 

coefficient estimated for single-stranded DNA20 using a Beckman Coulter DU800 UV-visible 

spectrophotometer equipped with a Peltier thermoelectric device. The identity of the 

oligonucleotides was confirmed by electrospray ionization mass spectrometry. 
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3.3.2 Differential Scanning Calorimetry (DSC) Analysis 

Calorimetric experiments were performed using a TA Instruments Nano DSC III. The 

(CTG)n sequences were at concentrations of 50 µM and the (CAG)n sequences were at 

concentrations of 100 µM. All oligonucleotides were suspended in 20 mM sodium phosphate, 100 

mM NaCl, pH 7.0. Both the oligonucleotide samples and reference buffer sample were degassed 

in vacuo for 15 min at 25 °C before analysis. All data were recorded with TA Instrument Nano 

DSCRun software version 4.2.6. Data were obtained by continuously monitoring the excess power 

required to maintain both sample cell and reference cell at the same temperature. The samples were 

heated from 0 °C to 105 °C followed by cooling from 105 °C to 0 °C, both at 1.0 °C/min. The 

sample equilibrated for 10 min at 0 and 105 °C between each cooling and heating cycle, 

respectively. The resulting thermograms display excess heat capacity as a function of temperature. 

A total of 12 thermograms were obtained for each DNA sequence. A buffer reference was analyzed 

using the same procedure described above and the thermograms were corrected using this 

background. Further analyses were performed on TA NanoAnalyze software version 3.5.1 and 

thermodynamic parameters were obtained from the forward scans. The thermograms were 

normalized for concentration and a baseline correction was performed using a 5th order polynomial 

baseline (Figure 3.1). The ΔH was obtained by integrating the area under the thermogram curve. 

The melting temperature was determined as the Tmax of each transition. In cases where there is 

overlap between the lower and higher temperature transitions, the data were deconvoluted using 

Origin software to determine ΔH for the transition of interest (Figure 3.2). 
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Figure 3.1 Representative example (CTG)9 of creating 5th order polynomial baseline for 
overlapped transitions. (A) Three points were placed either prior or post the transitions on the 
concentration normalized thermogram after buffer scan subtraction. (B) The obtained thermogram 
after baseline correction. 
 
 

  
 
Figure 3.2 Example for (CTG)9 of deconvolution of overlapped transitions. (A) Experimental data 
was deconvoluted into two peaks. (B) Experimental data was deconvoluted into 3 peaks. (C) 
Summary of ΔH using either 2 or 3 peaks in deconvolution. Analysis was carried out assuming the 
low transition is homoduplex to hairpin transition described in Results and Discussion. 
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A flash-cooling experiment was also performed for (CTG)9. The sample was heated to 90 

°C for 5 min and immediately place in an ice/water bath for at least 30 min before loading into the 

DSC sample cell, which was pre-equilibrated at 4 °C.  

 

3.3.3 Native Polyacrylamide Gel Electrophoresis  

Following analysis by DSC, the samples were retrieved and 15 μL of each sample was 

added to 30,000 cpm of the corresponding dried radiolabeled oligonucleotide. In all cases, the 

amount of radiolabeled DNA is less than 5 pmol and the change in concentration is neglible. The 

samples were heated at 105 °C for 15 min and then the temperature was decreased at a rate of 1 

°C/min to the final temperature of 10 °C. Fifteen μL of native loading dye (15 % Ficoll, 0.25 % 

bromophenol blue and 0.25 % xylene cyanol) were added and 3,000 cpm of each sample was 

resolved by 12 % native polyacrylamide gel electrophoresis (PAGE), where the gel was pre-run at 

100 V at 4 °C for at least 1 h, and the gel was run at 35 V at 4 °C for 12 h and visualized by 

Phosphorimagery. 

 

3.3.4 Kinetics of Hairpin to Duplex Conversion  

The (CTG)n and (CAG)n oligonucleotides (2 μM each) were separately incubated at 37 °C 

for 20 min followed by mixing of 162 μL of each oligonucleotide. Using a Beckman Coulter 

DU800 UV-visible spectrophotometer the absorbance at 260 nm was monitored as a function of 

time while the sample temperature was maintained at 37 °C. Data were collected until the 

absorbance remained constant for at least 10 min. The absorbance values were normalized such 

that the Y-axis represents the fraction of hairpin remaining.21 The data were fit with KaleidaGraph 

software to a second-order equation22 that describes the rate of duplex formation from two 
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equimolar complementary hairpins with a 15 s time correction23 to account for the time lag between 

mixing the two oligonucleotides and beginning to monitor the absorbance. 

I = I0
εduplex

εCTG +εCAG
+ (1−

εduplex
εCTG +εCAG

)( I0
1+[I0 / (εCTG +εCAG ]k(t −15)

)                                                 (1) 

where I is the absorbance at any time point, I0 is the absorbance at the start of the reaction, εduplex, 

εCTG and εCAG are the ε260 for the CAG/CTG duplex, CTG and CAG hairpins, respectively, k is the 

rate constant, and t is the reaction time in seconds. At least 5 replicate experiments were performed 

for each hairpin to duplex conversion and a representative graph of hairpin fraction remaining 

versus time is provided.  

The activation enthalpy (ΔH‡) describing hairpin to duplex conversion can be determined 

by performing the same experiment described above at multiple temperatures, where all of the 

temperatures are below the melting temperature of the hairpin. For these experiments the (CTG)n 

and (CAG)n oligonucleotides were diluted to the same concentration such that after mixing of the 

complementary sequences, the final UV-visible absorbance was ~0.3-0.4 (~1-2 μM). The resulting 

data were fit using the Eyring equation to determine ΔH‡.24,25  

ln k
T
= −

ΔH ‡

R
•
1
T
+ ln kB

h
+
ΔS‡

R
                                                                                                     (2) 

where k is the rate constant, T is the absolute temperature, R is the gas constant, kB is the Boltzmann 

constant, h is Planck’s constant, and ΔH‡ and ΔS‡ are the activation enthalpy and activation entropy, 

respectively. 

 

3.4 Results and Discussion 

In this work we used a series of (CAG)n and (CTG)n DNA oligonucleotides where n = 6-

14 to provide a comprehensive calorimetric and thermodynamic analysis of: (1) the stability of 
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non-canonical stem-loop hairpins formed by the single-stranded oligonucleotides, (2) the stability 

of canonical (CAG)n/(CTG)n duplexes, and (3) the factors affecting the conversion of the non-

canonical structures to canonical duplex. In addition, we performed a spectroscopy-based kinetic 

analysis of the rates at which the non-canonical stem-loop hairpins convert to canonical duplexes 

and report ΔH‡ for this process. 

 

3.4.1 DSC Characterization of (CAG)n and (CTG)n Stem-Loop Hairpins 

Using DSC we obtained thermograms characterizing the melting of the (CTG)n and 

(CAG)n samples under physiologically relevant salt conditions (Figure 3.3). In the thermograms 

excess heat capacity is plotted as a function of temperature. As seen for the (CTG)n sequences 

(Figure 3.3A), when n = 6-14, a transition centered at ~65 °C is observed in each thermogram; 

furthermore, when n = 6, 7, 8, 9, 11, or 13, a second transition is observed and is centered at 25-

45 °C. In contrast, when n = 10, 12, or 14 this lower temperature transition is not observed. Similar 

behavior is observed for the (CAG)n sequence when n = 6-14 (Figure 3.3B). When n = 6-14, all 

thermograms for (CAG)n display a transition centered at ~65 °C, and only when n = 9, 11, or 13, 

a lower temperature transition is observed and is centered at 15-25 °C. Although previous studies 

only reported single transition for (CTG)n or (CAG)n hairpins of similar length,15 these work did 

not include repeat number of n = 7 and 9, where the lower temperature transitions are most 

prevalent in our study.  
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Figure 3.3 DSC thermograms for (A) (CTG)n and (B) (CAG)n sequences where n = 6-14. 
Conditions are 50 μM (CTG)n or 100 μM (CAG)n in 20 mM sodium phosphate, 100 mM NaCl, 
pH 7.0. 

 

3.4.2 Electrophoretic Mobility of (CAG)n and (CTG)n by Native PAGE 

To determine whether the two transitions observed by DSC are due to the melting of two 

different structures, we performed native PAGE analysis for both (CAG)n and (CTG)n (Figure 3.4). 

For (CTG)n two distinct species (labeled species A and B) are observed when n is odd and the 

relative intensity of the two species varies depending on n (Figure 3.4A). While species B is 

prevalent when n is odd, it is much less prevalent when n is even. Similar results were reported 

previously for (CTG)n when n = 2-10.26 For (CAG)n we observe only one species  by native PAGE, 

except n = 13 when two species are observed (Figure 3.4B).  
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Figure 3.4 Native PAGE gel for (A) (CTG)n sequences (n = 6-14) at 50 μM; (B) (CAG)n sequences 
(n = 6-14) at 100 μM. In all cases DNA was in 20 mM sodium phosphate, 100 mM NaCl, pH 7.0. 

 

Using (CTG)7 as a representative sample, the electrophoretic mobility of species A and B 

were compared to authentic standards. Native PAGE reveals that species A of (CTG)7 co-migrates 

with a (CTG)7 stem-loop hairpin control while species B co-migrates with a (CTG)7/(CAG)7 

heteroduplex control (Figure 3.5). As described previously by Lam, we assign species B as 

(CTG)7/(CTG)7 homoduplex due to its slower electrophoretic mobility relative to (CTG)7 stem-

loop hairpin.26 Further analysis showed that the amount of homoduplex increases as a function of 

both oligonucleotide and salt concentration (Figure 3.5). It is noteworthy that using a flash-cooling 

annealing procedure prior to native PAGE or DSC, a process which is expected to trap any 

kinetically favored species, did not influence the amount of stem-loop hairpin or homoduplex (data 

not shown). Consistent with this result, previous studies using the dimerization initiation site of 



	 84	

HIV-1 genomic RNA showed that concentration of the RNA, rather than the annealing procedure, 

is the major parameter dictating stem-loop hairpin formation.27		

 

 
Figure 3.5 Native PAGE characterization of (CTG)7 under various oligonucleotide concentration 
and buffer conditions. C1: (CTG)7 hairpin control; C2: (CTG)7/(CAG)7 duplex control. (CTG)7 at 
various concentrations (1, 15, 30, 50 and 100 µM) were annealed in 20 mM potassium phosphate 
buffer, pH 7.2 with either no additional KCl or with 100 mM KCl . 
 

Previous work from our16 and other laboratories13,15,21 has shown that (CTG)n and (CAG)n 

stem-loop hairpins show very little change in melting temperature (Tm) as a function of length. A 

lack of dependence on length is also seen for the higher temperature transitions in DSC; this 

observation suggests that the transitions centered at ~65 °C are due to the melting of the stem-loop 

hairpins. Thus, the length-dependent transitions at lower temperature are ascribed to melting of 

homoduplexes. Shown in Table 3.1 are the Tm values obtained by DSC for the homoduplexes and 

stem-loop hairpins. For the (CTG)n sequences the Tm values of the stem-loop hairpins vary from 

62.8-69.2 °C. The Tm values for the homoduplexes increase with n over a range of ~26-45 °C. For 

the (CAG)n sequences there is very little variation in the Tm of the stem-loop hairpins when n = 6-

14; the average Tm is 64.3 °C. The Tm for (CAG)n homoduplexes increase as a function of length 

over a range of ~16-25 °C.  
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Table 3.1 DSC-Derived Melting Temperatures and Thermodynamic Parameters for  
(CTG)n and (CAG)n Stem-Loop Hairpins.1, 2 

Sequence Tm Hairpin 
(°C) 

Tm Homoduplex 
(°C) 

ΔH  
(kcal mol-1) 

TΔS 3 

(kcal mol-1) 
ΔG 3 

(kcal mol-1) 

(CTG)6 65.4 27.8 22.4 ± 0.7 20.4 ± 0.6 1.9 ± 0.2 
(CTG)7 66.1 32.0 24.9 ± 2.3 22.8 ± 2.1 2.1 ± 0.2 
(CTG)8 67.3 - 48.1 ± 1.4 43.7 ± 1.2 4.3 ± 0.1 
(CTG)9 67.7 38.7 45.0 ± 1.0 40.9 ± 0.9 4.1± 0.1 
(CTG)10 68.2 - 67.7 ± 1.8 61.4 ± 1.6 6.2 ± 0.1 
(CTG)11 68.5 42.0 64.7 ± 1.2 58.6 ± 0.9 6.0 ± 0.1 
(CTG)12 68.8 - 86.4 ± 2.5 78.4 ± 2.2 8.0 ± 0.2 
(CTG)13 70.1 45.1 82.1 ± 1.0 74.1 ± 0.9 7.9 ± 0.1 
(CTG)14 70.0 - 108 ± 1 97.3 ± 0.6 10.4 ± 0.1 
(CAG)6 64.3 - 14.2 ± 0.6 13.1 ± 0.5 1.1 ± 0.1 
(CAG)7 64.1 - 15.1 ± 1.1 13.9 ± 1.0 1.2 ± 0.1 
(CAG)8 63.9 - 25.6 ± 0.6 23.5 ± 0.6 2.1 ± 0.1 
(CAG)9 65.2 16.4 25.0 ± 2.7 22.9 ± 2.4 2.1 ± 0.3 
(CAG)10 64.1 - 37.4 ± 1.1 34.4 ± 0.9 3.0 ± 0.1 
(CAG)11 64.3 21.6 38.6 ± 3.0 35.3 ± 2.8 3.2 ± 0.3 
(CAG)12 64.0 - 50.1 ± 1.3 45.9 ± 1.2 4.0 ± 0.1 
(CAG)13 65.0 24.5 49.8 ± 1.5 45.6 ± 1.2 4.2 ± 0.1 
(CAG)14 64.1 - 62.6 ± 1.4 57.7 ± 1.2 5.1 ± 0.1 

1 In 20 mM sodium phosphate, 100 mM NaCl, pH 7.0.  
2 Errors represent standard deviation from the analysis of three scans of a single sample 
preparation. 
3 Values at 37 °C. 
 

3.4.3 Determining the Nature of Homoduplex Melting 

Here we are particularly interested in the thermodynamic parameters describing melting of 

the stem-loop hairpins, which are the transitions centered at ~65 °C. While the thermodynamic 

parameters of the homoduplex are not our focus per se, the nature of homoduplex melting could 

affect our analysis of the transition centered at ~65 °C. In order to determine thermodynamic 

parameters from a DSC thermogram, the concentration of the species undergoing the melting 

transition must be known. We envision two possible scenarios to describe homoduplex melting: 

(1) the homoduplex melts and each strand forms a stem-loop hairpin; the stem-loop hairpins 

subsequently melt to unstructured single-stranded DNA at the transition centered at ~65 °C, or (2) 
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the homoduplex melts directly to unstructured single-stranded DNA. If scenario 1 is followed, the 

transition at ~65 °C would correspond to melting of the entire or majority population of DNA in 

the sample (depending on the extent of overlapping between the two transitions). In contrast, if 

scenario 2 is followed and the homoduplex melts directly to unstructured single-stranded DNA, 

the transition at ~65 °C would not involve the entire population but rather the hairpin fraction of 

the entire DNA population as determined by native gel electrophoresis.  

 

 
Figure 3.6 (A) Native PAGE analysis of (CTG)8 and (CTG)9 at different concentrations with 
(CTG)8 hairpin control (C1) and (CAG)8/(CTG)8 heteroduplex control (C2) and (B) Quantitation 
of homoduplex and hairpin in (CTG)9 at different concentrations. (C) Analysis of ΔH based on the 
two scenarios provided below.  
1 Percentage calculated based on the native gel in Figure 3.6A 
2 Concentration corresponds to the amount of hairpin melt in higher temperature transition.  
3 The ∆H of stem-loop hairpin melting calculated based on two scenarios for (CTG)9  
 

To determine the nature of homoduplex melting we performed DSC and native PAGE 

experiments as a function of concentration for (CTG)9 (Figure 3.6). Native PAGE was used to 

obtain the percentage of stem-loop hairpin and homoduplex present at each concentration (Figure 

3.6B). Since both the percentages of stem-loop hairpin and homoduplex are concentration-

dependent, based on the amount of stem-loop hairpin and homoduplex, we obtained values for ΔH 
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corresponding to stem-loop hairpin melting using the DSC thermograms and assuming either 

scenario 1 (Figure 3.6C) or scenario 2 (Figure 3.6D). It is known that ΔH for stem-loop hairpin 

melting would be independent of concentration,28 which is the data we obtain using scenario 1 is 

followed; thus, we conclude that scenario 1 is followed and the homoduplex melts and each strand 

forms a stem-loop hairpin. Therefore, the remaining DSC thermograms were analyzed assuming 

that the transition at ~65 °C corresponds to melting of a stem-loop hairpin for the entire population 

of DNA.         

 

3.4.4 Analysis of DSC Thermograms for (CAG)n and (CTG)n Stem-Loop Hairpins 

The assignment of the two thermal transitions in DSC allows us to further analyze the 

thermodynamic parameters for unfolding of (CAG)n and (CTG)n stem-loop hairpins. It is 

straightforward to analyze thermodynamic parameters for samples with only a single transition or 

with two well-separated transitions. For samples with overlapped transitions in the thermograms, 

it is best to deconvolute the experimental data into three transitions (Figure 3.2). Notably, ΔH for 

the hairpin to unstructured transition remains the same regardless of the number of transitions used 

during the deconvolution (Figure 3.2). Based on the deconvolution results, it is clear that for 

samples with overlapped transitions, all of the homoduplex has been converted to hairpin before 

the Tm of the hairpin itself, so the higher temperature transition contains the entire concentration 

of DNA and simplifies the analysis of thermodynamic parameters. The thermodynamic parameters 

describing the transition from stem-loop hairpin to unstructured single strand are summarized in 

Table 3.1. Notably, the reported values describe the process of melting from stem-loop hairpin to 

unstructured single strand and ΔH, TΔS, and ΔG are all positive values. We observe that when n 

is the same, the (CTG)n stem-loop hairpins are enthalpically (ΔH) stabilized and entropically (TΔS) 
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destabilized relative to the (CAG)n stem-loop hairpins, as the values for ΔH and TΔS are greater 

for the (CTG)n stem-loop hairpins. It can also be seen that (CTG)n stem-loop hairpins with n = 

even have similar thermodynamic parameters, as when n = odd [i.e., (CTG)6 and (CTG)7 have 

similar thermodynamic parameters, as do (CTG)8 and (CTG)9, (CTG)10 and (CTG)11, and (CTG)12 

and (CTG)13] (Figure 3.7). The same pattern is observed for the (CAG)n stem-loop hairpins (Figure 

3). Finally, while n = even and n = odd hairpins have similar thermodynamic parameters, there is 

an overall increase in ΔH, ΔS, and ΔG as a function of repeat length across the series n = 6-14.  

 

Figure 3.7 Enthalpy change (ΔH) for stem-loop hairpin (CTG)n or (CAG)n and duplex 
(CTG)n/(CAG)n (n = 6-14) to unstructured single-stranded DNA transition. 

 
In order to confirm the validity of our analysis of the thermograms containing overlapping 

transitions, we also looked for experimental conditions where no homoduplex was observed. It is 

known that at low concentrations, (CAG)n and (CTG)n will form intramolecular stem-loop hairpins 

exclusively, as confirmed by the hairpin control in our native gel (Figure 3.3). We also found that 

the homoduplex population was decreased in low salt buffer conditions. Therefore, we repeated 

the calorimetry experiments for (CAG)n and (CTG)n under conditions where no significant amount 

of homoduplex is detected by native gel electrophoresis (20 mM potassium phosphate, pH 7.2) 
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(Figure 3.8). As expected, we only observed a single transition for all samples, while the even/odd 

pattern remains as indicated by the almost superimposed thermograms for the even and odd 

number of hairpins (Figure 3.9, 3.10). Due to the reduced salt concentration, both the Tm and ΔH 

values derived from the stem-loop hairpin to unstructured transitions decrease compared to 

previous analyses (Table 3.2).  

 
Figure 3.8 Native PAGE characterization of (A) (CTG)n and (B) (CAG)n (n = 6-14). The 
concentrations for (CTG)n are 15 µM and 30 µM for (CAG)n. Buffer conditions are: 20 mM 
potassium phosphate, pH 7.2 
 
 

 
Figure 3.9 DSC thermograms of (CTG)n (n = 6-14) hairpin after buffer scan subtraction (A) and 
after both buffer scan subtraction and baseline correction (B). All oligonucleotide concentrations 
are 15 µM. Buffer conditions are: 20 mM potassium phosphate, pH 7.2 
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Figure 3.10 DSC thermograms of (CAG)n (n = 6-14) hairpin after buffer scan subtraction (A) and 
after both buffer scan subtraction and baseline correction (B). All oligonucleotide concentrations 
are 30 µM. Buffer conditions are: 20 mM potassium phosphate, pH 7.2. 
 

Table 3.2 DSC-Derived Melting Temperatures and Thermodynamic Parameters for  
(CTG)n and (CAG)n Stem-Loop Hairpins under low salt conditions.1, 2 
Sequence Tm Hairpin (°C) �H  (kcal mol-1) T�S 3 (kcal mol-1) �G 3 (kcal mol-1) 
(CTG)6 56.1 18.5 ± 0.8 17.5 ± 0.7 1.1 ± 0.1 
(CTG)7 53.9 20.0 ± 1.2 19.0 ± 1.1 1.0 ± 0.1 
(CTG)8 58.7 35.1 ± 1.9 32.8 ± 1.8 2.3 ± 0.1 
(CTG)9 58.3 37.0 ± 3.3 34.6 ± 3.0 2.4± 0.3 
(CTG)10 59.2 50.6 ± 3.3 47.2 ± 3.1 3.4 ± 0.2 
(CTG)11 59.8 52.1 ± 3.0 48.5 ± 2.8 3.4 ± 0.2 
(CTG)12 60.6 68.6 ± 2.3 63.7 ± 2.1 4.9 ± 0.2 
(CTG)13 60.4 69.1 ± 4.3 64.2 ± 3.9 4.9 ± 0.3 
(CTG)14 60.6 85.3 ± 1.7 79.3 ± 1.5 6.1 ± 0.2 

(CAG)6 59.0 7.6 ± 1.0 7.1 ± 0.9 0.5 ± 0.1 
(CAG)7 56.6 5.6 ± 0.3 5.2 ± 0.4 0.3 ± 0.1 
(CAG)8 55.7 15.2 ± 0.4 14.3 ± 0.5 0.9 ± 0.1 
(CAG)9 55.3 12.6 ± 1.0 11.9 ± 1.0 0.7 ± 0.1 
(CAG)10 54.2 22.3 ± 0.4 21.1 ± 0.3 1.2 ± 0.1 
(CAG)11 54.2 21.5 ± 0.2 20.4 ± 0.1 1.1 ± 0.1 
(CAG)12 54.1 34.1 ± 1.3 32.4 ± 1.2 1.8 ± 0.1 
(CAG)13 54.3 36.8 ± 1.5 34.9 ± 1.3 2.0 ± 0.1 
(CAG)14 54.8 42.6 ± 1.5 40.3 ± 1.3 2.3 ± 0.2 

1 In 20 mM potassium phosphate, pH 7.2.  
2 Errors represent standard deviation from the analysis of three scans of a single sample preparation. 
3 Values at 37 °C. 
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Both sets of the calorimetry results suggest that the change in ΔH for hairpin melting is not 

only proportional to the number of CAG or CTG repeats, but also depends on whether the number 

is even or odd. Although the low salt conditions used in this experiment are less biologically 

relevant compared to the experiments described above, the results provide support for our analysis 

of thermograms with overlapping transitions. 

Our results show that (CTG)n stem-loop hairpins are enthalpically and thermodynamically 

more stable than the (CAG)n stem-loop hairpins with the same number of repeats. The notable 

difference between these stem-loop hairpins is the presence of T�T or A�A mismatches in the stem. 

Mitas has shown that the T�T mismatches in (CTG)n stem-loop hairpins are well stacked and can 

form two hydrogen bonds, while the A�A mismatches in (CAG)n are less well stacked, and no 

hydrogen bonds are formed in the mismatch.29 Furthermore, Arnold and co-workers showed by 

1H-NMR that in canonical duplex, the adenines in an A�A mismatch are tilted and pushed apart to 

avoid overlap of the exocyclic amino groups.30 In contrast, the T�T mismatch results in little 

distortion of the bases or sugar-phosphate backbone. Both of these observations are consistent with 

the increased stability of (CTG)n stem-loop hairpins relative to the corresponding (CAG)n hairpins. 

 

3.4.5 Thermodynamics of Stem-Loop Hairpin to Duplex Conversion 

In addition to the thermodynamic characterization of the (CAG)n and (CTG)n stem-loop 

hairpins, we are interested in the thermodynamic parameters describing conversion of the non-

canonical stem-loop hairpins to canonical duplex when the two complementary hairpins are 

combined. However, the DSC experiments do not allow us to monitor the process directly; a 

significant amount of the stem-loop hairpins convert to duplex during the dead time of the 

experiment. Instead, thermodynamic parameters for the stem-loop hairpin to duplex conversion 
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process were calculated using a thermodynamic cycle, a procedure which was validated previously 

by Breslauer and co-workers for Ω-DNA structures.31 In order to utilize this cycle, the 

thermodynamic parameters for melting of (CAG)n/(CTG)n duplexes are required, and these values 

were determined by DSC. The thermograms for (CAG)n/(CTG)n duplexes all show a single 

transition where the Tm and ΔH increase as a function of length (Figure 3.7) as compared to the 

stepwise increase of (CTG)n and (CAG)n hairpins. Indeed, a linear increase with repeat length is 

observed for all the thermodynamic parameters (ΔH, TΔS, and ΔG) as expected for duplexes of 

increasing length (Figure 3.11, Table 3.3). 

 
Figure 3.11 DSC thermograms of (A) (CTG)n/(CAG)n (n = 6-14) duplex after both buffer scan 
subtraction and baseline correction. (B) Thermodynamic parameters obtained from duplex to 
unstructured single-stranded DNA transitions. Sample concentrations are 12.5 µM in duplex form. 
Buffer conditions are: 20 mM sodium phosphate, 100 mM NaCl, pH 7.0. 
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Table 3.3 DSC-Derived Melting Temperatures and Thermodynamic Parameters for 
(CAG)n/(CTG)n Duplexes.1, 2 
n Tm (°C) �H (kcal mol-1) T�S 3 (kcal mol-1) �G 3 (kcal mol-1) 
6 77.8 96.0 ± 3.1 84.7 ± 2.7 11.2 ± 0.3 
7 81.1 126 ± 1 110 ± 1 15.8 ± 0.2 
8 83.8 154 ± 2 131 ± 2 20.3 ± 0.2 
9 85.6 183 ± 2 158 ± 2 24.9 ± 0.4 
10 86.7 221 ± 5 190 ± 3 31.0 ± 1.5 
11 88.2 239 ± 1 204 ± 1 35.1 ± 2.2 
12 90.1 274 ± 6 234 ± 5 40.2 ± 1 
13 90.3 295 ± 5 252 ± 4 43.4 ± 0.7 
14 91.0 324 ± 8 276 ± 7 48.2 ± 1.2 

1 In 20 mM sodium phosphate, 100 mM NaCl, pH 7.0. 
2 Errors represent standard deviation from the analysis of three scans of a single sample preparation. 
3 Values at 37 °C. 
 

A thermodynamic cycle was used to calculate the thermodynamic parameters describing 

the stem-loop hairpin to duplex conversion (Table 3.4, Figure 3.12). It is noteworthy that the values 

for ΔH, TΔS, and ΔG are all negative, indicating the process is enthalpically and 

thermodynamically favored but entropically disfavored. Importantly, both ΔH and TΔS display an 

oscillating pattern across the range of sequence lengths; when n = odd the values are more negative 

than when n = even. This observation can be rationalized by structural differences in the stem-loop 

hairpins. When n = odd, one repeat overhangs the end of the stem, and this overhang provides 

three additional base pairs and additional base stacking when duplex is formed. However, this 

enthalpic stabilization is not expected for stem-loop hairpins when n = even; in the latter case, the 

stem has a blunt end with no overhang. Nevertheless, for all values of n, the ΔH term is always 

more negative than TΔS. Thus, the process of stem-loop hairpin to duplex conversion is 

enthalpically driven. Converting the mismatches in the stem and the unpaired bases in the loop to 

well-matched base pairs in duplex provides the enthalpic driving force. The values for ΔG also 

show an oscillating pattern depending on whether n = even or n = odd, although the difference is 
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much less pronounced than for ΔH and TΔS. Importantly, as n increases, the duplex is increasingly 

more thermodynamically stable than the stem-loop hairpins.  

 

 

In light of our observation that the canonical duplex is increasingly thermodynamically 

favored over stem-loop hairpins as the repeat length increases, the question arises whether this 

conversion will proceed within a biologically-relevant time scale. Therefore, we also characterized 

the kinetic parameters describing the stem-loop hairpin to duplex conversion.  

 

3.4.6 Kinetic Analysis of Stem-Loop Hairpin to Duplex Conversion 

In order to determine how repeat number influences the rate at which non-canonical stem-

loop hairpins convert to duplex, we performed a spectroscopy-based kinetic analysis. In these 

experiments, complementary (CAG)n and (CTG)n stem-loop hairpins were combined at 37 °C and 

n 
ΔH  

(kcal mol-1) 
TΔS 3  

(kcal mol-1) 
ΔG 3  

(kcal mol-1) 
6 -59.4 ± 3.2 -51.2 ± 2.8 -8.2 ± 0.4 
7 -86.0 ± 2.8 -73.6 ± 2.5 -12.4 ± 0.3 
8 -80.7 ± 2.3 -66.7 ± 2.1 -13.9 ± 0.2 
9 -113 ± 4 -94.5 ± 3.2 -18.7 ± 0.5 

10 -116 ± 5 -94.0 ± 3.9 -21.8 ± 1.5 
11 -135 ± 3 -109 ± 3 -25.9 ± 2.2 
12 -138 ± 7 -109 ± 6 -28.1 ± 1.0 
13 -163 ± 5 -132 ± 5 -31.3 ± 0.7 
14 -154 ± 8 -121 ± 7 -32.7 ± 1.2 

Table 3.4 Thermodynamic Parameters for 
Conversion of (CAG)n and (CTG)n Stem-Loop 
Hairpins to (CAG)n/(CTG)n Duplex.1, 2 

	

Figure 3.12 Thermodynamic parameters for 
conversion of stem-loop hairpins to duplex 
calculated via a thermodynamic cycle. Entropy 
(TΔS) and free energy (ΔG) were determined at 
37 °C.  
	

1 In 20 mM sodium phosphate, 100 mM NaCl, pH 7.0. 
2 Errors represent standard deviation from the analysis   
  of three scans of a single sample preparation. 
3 Values at 37 °C. 
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the absorbance at 260 nm was monitored as a function of time. The data were fit to a second-order 

equation to obtain the rate of stem-loop hairpin to duplex conversion (Table 3.5).22 Importantly, at 

the DNA concentrations used for these kinetic analyses, no homoduplex was observed by native 

PAGE, and the starting species were exclusively stem-loop hairpins (data not shown). Over the 

range of n = 6-14 we observe that when n is odd, the stem-loop hairpins convert to duplex faster 

than when n is even (Figure 3.13). Furthermore, when n = even there is a statistically significant 

decrease from n = 6 to n = 8, but with continued increase in n, the rate remains the same (Figure 

3.13A), when n = odd the rate of conversion to duplex decreases with n (Figure 3.13B). To 

determine whether the rates of hairpin to duplex conversion reach a lower limit with increasing 

repeats, especially when n = even, we measured the rate at which (CAG)25 and (CTG)25, and also 

(CAG)30 and (CTG)30, stem-loop hairpins convert to duplexes. When n = 25, a significant decrease 

in rate for hairpin to duplex conversion is observed relative to n = 7, 9, 11, 13; however when n= 

30, only a small decrease in rate was observed relative to when n = 8, 10, 12, or 14 (Table 3.5, 

Figure 3.13). 

Table 3.5 Rate and Activation Enthalpy for Stem-Loop Hairpin to Duplex Conversion at 37 °C.1 
n k37 °C 2 (M-1 s-1) / × 103 ΔH‡ 3 (kcal mol -1) 
6 15.2 ± 2.0  29.1 ± 3.2 
7 44.4 ± 2.7 6.76 ± 0.57 
8 6.2 ± 0.6 - 
9 40.2 ± 1.6 - 
10 5.7 ± 0.4 35.8 ± 4.1 
11 31.4 ± 2.3 21.4 ± 3.6 
12 5.1 ± 0.9 - 
13 26.8 ± 1.7 - 
14 6.3 ± 0.8 41.0 ± 5.1 
25 11.0 ± 0.5 - 
30 4.6 ± 0.2 - 

 

1 In 20 mM sodium phosphate, 100 mM NaCl, pH 7.0. 
2 Errors represent standard deviation from a minimum of three experiments. 
3 Errors represent the uncertainty derived from fitting the rate constants at four different temperatures to the Eyring 
equation. 
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Figure 3.13 Kinetic characterization of stem-loop hairpin (CTG)n and (CAG)n to duplex 
(CTG)n/(CAG)n (n = 6-14, 25, 30) conversion for (A) n = even (B) n = odd at 37 °C. Insets show 
results in longer time scale. Reaction was monitored by UV absorbance at 260 nm. Each single 
strand was present at 2 μM in 20 mM sodium phosphate, 100 mM NaCl, pH 7.0.  
 

The conversion from stem-loop hairpins to duplex is proposed to involve two possible 

mechanisms: interaction of the complementary stem-loop hairpins by either the loop regions or the 

stem termini.27,32 We previously showed that both mechanisms are utilized when (CAG)10 and 

(CTG)10 stem-loop hairpins convert to duplex.32 We also previously reported that the rate of 

formation of (CAG)10/(CTG)11 duplex is 4-fold faster than formation of the (CAG)10/(CTG)10 

duplex.16 We postulated that the unpaired nucleobases of the overhanging repeat of the (CTG)11 

stem-loop hairpin facilitated interactions at the termini of the stems and this additional triplet 

overhang is responsible for the faster conversion to duplex. In the current work, we show that when 

both stem-loop hairpins have n = odd, the rate of conversion to duplex is faster than when n = even. 

We propose that this faster rate of duplex formation is aided by the presence of the overhangs on 

the stem-loop hairpins.  
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By conducting similar kinetics 

experiments as a function of temperature, 

we determined the activation enthalpy 

(ΔH‡), which is used to characterize the 

transition state during the process of 

converting from the non-canonical stem-

loop hairpins to canonical duplex (Figure 

3.14). The error associated with this 

experiment is large; thus, ΔH‡ are not 

reported for all values of n, but rather for 

n = 6, 7, 10, 11 and 14 (Table 3.5). For 

both n = even and n = odd, the values of 

ΔH‡ increase as a function of n. This result 

is consistent with the rates of stem-loop hairpin to duplex conversion obtained at 37 °C where the 

rates decrease as a function of n both when n = even and n = odd. Indeed, this increase in ΔH‡ 

provides a potential rationale for the propensity of longer TNR sequences to expand – the non-

canonical stem-loop hairpins persist rather than convert to canonical duplex. Besides, the ΔH‡ 

determined for each hairpin-to-duplex conversion is less than the total enthalpy required for 

melting the (CTG)n and (CAG)n stem-loop hairpins. This observation confirms our previous 

proposal that the conversion from stem-loop hairpins to canonical duplex does not require the 

stem-loop hairpins to be denatured globally;31,33 rather, the structured stem-loop hairpins interact 

via the loop and/or stem regions to convert to duplex. 

 

Figure 3.14 Determining the � H‡ by Eyring 
equation for (CTG)n and (CAG)n stem-loop hairpin 
to (CAG)n/(CTG)n duplex conversion for n= 6, 7, 
10, 11, 14. Each data point represents an average of 
at least three experiments performed at a given 
temperature. Lines represent the least square linear 
fits. Temperatures were chosen below the melting 
temperature of the stem-loop hairpins.  
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3.5 Conclusion 

 In summary, our results reveal differences for both (CAG)n and (CTG)n stem-loop hairpins 

depending on whether n = even or n = odd; differences in the thermodynamic stability of the non-

canonical stem-loop hairpins, rate of conversion to canonical duplex, and ΔH‡ were observed 

(Figure 3.15A). The conversion of hairpin to duplex is thermodynamically and kinetically more 

 

Figure 3.15 Length dependence of ΔH for the conversion of stem-loop hairpins to canonical 
duplex. (A) Comparison between even and odd hairpins and (B) comparison among even or odd 
series. 

 
favorable for n = odd, as indicated by the more stabilized duplex ΔHH⟶D and lower activation 

enthalpy ΔH‡ when compared to n = even (Figure 3.15A). As a result of the even/odd pattern, 

changing the length of hairpins does not linearly influence the biophysical properties of either 

stem-loop hairpin unfolding or the hairpin-to-duplex conversion. However, within the even (n = 

6, 8, 10, 12, 14) or odd (n = 7, 9, 11, 13) series, in other words, by increasing the repeat number n 

by 2, the hairpin-to-duplex conversion is thermodynamically more favorable but kinetically 

unfavorable as evidenced by the more stabilized duplex ΔHH⟶D but higher ΔH‡ (Figure 3.15B). 
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Taken together, our analyses of length dependence of (CTG)n and (CAG)n hairpin related 

thermodynamic and kinetic properties may contribute to the understanding of the role of non-

canonical structures in TNR expansion and should be considered when evaluating proposed 

mechanisms for expansion.  
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Chapter 4: Differential Scanning Calorimetry Study of  

A Nucleosome and its Subunits 
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4.1 Abstract 

DNA in eukaryotic cells is packaged around histone proteins and forms the basic repeating 

unit of chromatin as nucleosome. In this work, we use differential scanning calorimetry (DSC) to 

to characterize the thermodynamics of the nucleosome and its subunits (DNA and histone core). 

The results from free nucleosomal DNA analysis show that the melting of the DNA is highly 

sequence-dependent and that multiple transitions may occur from unfolding different domains of 

the DNA. The melting of nucleosomal DNA is also ion strength-dependent:	0.1 M salt is required 

for proper stabilization of the DNA. Results from analyzing the histone protein components show 

that H2A/H2B dimer is more stable than (H3-H4)2 tetramer, with only H2A/H2B exhibiting 

reversible thermal unfolding under low ion strength conditions. Unfolding of histone octamer is 

consistent with the results from its dimer and tetramer, with (H3-H4)2 tetramer unfolding at lower 

temperature than the H2A/H2B dimer. In addition, unfolding of tetramer is accompanied by its 

dissociation from the two H2A/H2B dimers. DSC analysis of nucleosomes suggests that the 

nucleosomal DNA unwraps from the histone core at around 72 °C and that the DNA sequence 

effect is minimal. This result is consistent with the thermal analysis of higher order DNA structure 

in nuclei or whole cells, and provides insight regarding the long-running controversy in assigning 

the DNA conformational change during the thermal denaturation process. The study will also 

provide information about nucleosome stability and the contributing factors, which influence DNA 

replication, transcription, repair and recombination. 
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4.2 Introduction 

The nucleosome is the fundamental repeating unit of chromatin in eukaryotic cells. It is 

composed of around 146 bp of nucleosomal DNA wrapped in 1.7 left-handed superhelical turns 

around a histone core consisting of two copies of four histone proteins, H2A, H2B, H3 and H4.1, 2 

Nucleosomes are connected by linker DNA (typically 10-80 bp)3 and linker histone H1 to form 

the high order structures (Figure 4.1).4 Wrapped nucleosomal DNA is potentially much less 

accessible to cellular processes involving DNA as the substrate for several possible reasons. For 

example, nucleosomal DNA is sterically occluded due to its close interaction with the histone 

protein core and also the other superhelical turns of DNA within the same nucleosome. It is 

therefore likely that during the process of DNA replication, transcription, recombination and DNA 

repair, DNA is transiently relaxed from the histone core to allow various proteins to access the 

DNA within the nucleosome.5 Since most DNA exists as the form of nucleosomes, it is of great 

interest to understand the stability of the nucleosome and how different components affect the 

unfolding process of nucleosomes. 

 

Figure 4.1 Nucleosomes with linker DNA and linker histone H1 
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Traditional measurement of DNA thermal stability by UV-vis follows the hyperchromic 

change that occur as DNA melts, and requires clear solution.6 Chromatin is soluble only in low 

salt conditions but will aggregate at physiological salt range, which makes it impossible to analyze 

by spectrometric-based methods due to scatter from the aggregated particles. For this reason, 

differential scanning calorimetry (DSC) has been widely used for the thermal characterization of 

chromatin DNA and more complicated biological systems under physiologically relevant 

conditions. In the early 1980s, isolated chromatin, intact nuclei, or even the whole cells, have been 

characterized by DSC to probe the DNA structural changes induced by temperature. In these 

studies, the roles of ionic strength, pH, and also the presence of the H1 histone were investigated.6-

13 DSC has also been employed to monitor structural changes in chromatin during the cell aging 

process or when treated by various chemotherapeutic agents.14, 15 Although these DSC studies 

provided a broad perspective of DNA thermal stabilities, it is quite challenging to assign individual 

transitions to the corresponding chromatin DNA unfolding process. In fact, contradictory results 

have been reported from different research groups even though the thermal denaturation profiles 

are consistent.8, 9 Furthermore, the coupling of post-translational modification of histone proteins 

and DNA sequence heterogeneity makes it difficult to provide detailed information about the 

factors that contribute to the stability of DNA in chromatin when samples are prepared from 

biological sources.5, 16 Therefore, the study of a simple control system, such as the nucleosome and 

its subunits, has become a focus in recent years. Several studies have examined the stabilities of 

the histone H2A/H2B dimer and the (H3-H4)2 tetramer by spectroscopic- or DSC-based 

analysis.17-19 Besides the histone protein components, DNA sequences have also been investigated 

for their effects on the nucleosome stability. Several natural or artificial nucleosomal DNA 
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sequences have been discovered that show strong affinity towards histone protein core and only 

adopt a single translational position relative to the histone octamer.20-22 

In this study, we constructed a model nucleosome system using a bottom-up approach with 

recombinant histone proteins. The thermal stabilities of histone H2A/H2B dimer, (H3-H4)2 

tetramer and octamer were examined under various salt conditions by DSC. We also employed 

two model nucleosome positioning DNA sequences (S1 and 601 DNA), which only adopt a single 

translational position relative to the histone core, to evaluate the sequence effect on nucleosome 

stability by DSC. In particular, as discussed in Chapter 3, we want to explore the thermodynamic 

consequences of by trinucleotide (TNR) DNA expansion in Huntington’s disease (HD). Clinical 

data from HD patients showed a narrow range of CAG/CTG repeat number variation from healthy 

(5-35) to diseased state (>40).23 Besides, an earlier onset of disease and severe symptoms are 

anticipated when patients have a larger tract of CAG/CTG repeats. 23 It is therefore interesting to 

know how the variation of CAG/CTG repeat number contributes to the propensity of TNR 

expansion in the nucleosome level. Hence, the S1 sequence with 10, 20 and 30 of CAG repeats 

were prepared, representing the progression of DNA expansion in HD, and the effect of repeat 

number on the nucleosome stability is evaluated by DSC. Results from these analyses provide 

insight into the understanding of DNA stability in chromatin and potential mechanistic details of 

the repeat length-dependent TNR expansion. 

 

4.3 Experimental Procedure 

4.3.1 Preparation of Nucleosomal DNA 

All nucleosomal DNA template (601, S1, S1-10CAG, S1-20CAG, S1-30CAG) sequences 

were synthesized and purified according to methods published previously in our laboratory24 and  
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Table 4.1 DNA sequences used in this study 

* Sequence is only shown for one strand of the nucleosomal DNA 

the actual template sequences are listed in Table 4.1. In order to generate large scale of 

nucleosomal DNA, the above DNA templates were cloned into pUC19 plasmid according to 

published strategies to generate plasmids contain multiple repeats of give nucleosomal DNA 

sequences.25-27 In general, template DNA was PCR amplified with forward and reverse primers to 

introduce one EcoRI, one XbaI, one NheI and two EcoRV restriction sites. The PCR product DNA 

were double digested with EcoRI and XbaI, the fragment containing DNA of interest was purified 

and ligated into the pUC19 EcoRI and XbaI sites, followed by transformation and amplification in 

DH5& cells. Small amount of the obtained plasmids were double digested by EcoRI and NheI to 

generate the plasmid backbone for next round ligation, the rest of the plasmids were double 

digested by EcoRI and XbaI to generate the insert and was ligated into the EcoRI and NheI sites 

prepared above. The process is continued until the plasmid contains 16 repeats of sequence of 

interest. The prepared plasmids were then amplified in large scale in 2 L of cell culture and 

DNA Sequence (all sequences are shown from 5’ to 3’ direction) 
S1* ATCAATTAATAGTTGAAGTTGTAGTAAATGTTAATGTAGGTCTGTTGTTCCGAT

ATTACCAAAACCTTCACCTAATAGCGCTAGTACACAGGAGAAGGACATGAACA
TGAACCTAATGAACACAACAAATAATGTAAGTGCCCGAT 

S1-10CAG* ATCAATTAATAGTTGAAGTTGTAGTAAATGTTAATGTAGGTCTGTTGTTCCGAT
ATTACCACAGCAGCAGCAGCAGCAGCAGCAGCAGCAGGAGAAGGACATGAAC
ATGAACCTAATGAACACAACAAATAATGTAAGTGCCCGAT 

S1-20CAG* ATCAATTAATAGTTGAAGTTGTAGTAAATGTTAATGTAGGTCTGTTCAGCAGCA
GCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGGAGCAGCAGCAGCAG
CAGAACCTAATGAACACAACAAATAATGTAAGTGCCCGAT 

S1-30CAG* ATCAATTAATAGTTGAAGTTGTAGTAAATGTCAGCAGCAGCAGCAGCAGCAGC
AGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCA
GCAGCAGCAGCAGCAGACAACAAATAATGTAAGTGCCCGAT 

601* ATCGATGTATATATCTGACACGTGCTTGGAGACTAGGGAGTAATCCCCTTGGCG
GTTAAAACGCGGGGGACAGCGCGTACGTGCGTTTAAGCGGTGCTAGAGCTGTC
TACGACCAATTGAGCGGCCTCGGCACCGGGATTCTGAT 

S1 primers Forward:TGACTAGAATTCTGACTAGCTAGCTGATATCAATTAATAGTTGAAGTT
GTAG 
Reverse: TAGTCATCTAGATAATTAGATATCGGGCACTTACATTAT 

601 primers Forward:TGACTAGAATTCTGACTAGCTAGCTGATATCGATGTATATATCTGACA
CGTGCTTGGAGACTAG 
Reverse:TAGTCATCTAGATAATTAGATATCAGAATCCCGGTGCCGAG 
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plasmids were purified according to protocol.27 The obtained plasmids were then digested with 

EcoRV to retrieve the nucleosomal DNA. After ethanol precipitation, the nucleosomal DNA were 

further purified by HPLC on a DEAE column () to remove the small fragment between the two 

tandem repeats. The DNA collected from HPLC were concentrated and store at -20 °C. 

 

4.3.2 Histone Expression and Purification 

Individual full length histone proteins from Xenopus laevis were expressed and purified 

according to published protocol28 with several modifications. In short, BL21(DE3) cells that 

expressed histone proteins were lysed in 50 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA, 1 mM 

benzamidine, 5 mM 2-mercaptoethanol, pH 7.5 buffer by several rounds of “freeze-and-thaw 

cycle”, followed by homogenization on ice to reduce the viscosity. Inclusion bodies were collected 

by centrifugation and purified with four washing steps with lysis buffer that supplemented with 1% 

Triton X-100 (v/v) or 2 M NaCl in the first three washes. Histones were then extracted from 

inclusion bodies with DMSO and unfolding buffer (7 M guanidinium-HCl, 20 mM Tris-HCl, 10 

mM DTT, pH 7.5). The extracted histones were loaded into Sephacryl S-200 high resolution size 

exclusion column (2.5 cm ID × 75 cm height) to remove the sheared E. coli genomic DNA under 

unfolding conditions (7 M urea (batch deionized), 20 mM sodium acetate, 1 M NaCl, 1 mM EDTA, 

5 mM 2-mercaptoethanol, pH 5.2). The collected fractions were then dialyzed against H2O with 2 

mM 2-mercaptoethanol and dried by lyophilization. The obtained histones were then purified by 

both anion- and cation-exchang chromatography with salt gradient (200 mM to 1 M NaCl) under 

denatured conditions. After the gradient, columns were regenerated with unfolding buffer (the 

majority of H3 histone will elute in this regeneration step while all other three histones elute within 
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the salt gradient). The purified histones were dialysis against H2O with 2 mM 2-mercaptoethanol 

and dried in aliquots by lyophilization. 

 

4.3.3 Histone H2A/H2B Dimer, (H3-H4)2 Tetramer and Histone Octamer Assembly 

Histone H2A/H2B dimer, (H3-H4)2 tetramer and histone octamer were assembled 

according to Luger and coworkers.28 Lyophilized histone proteins (~6-8 mg each) were 

resuspended in unfolding buffer and the concentrations were determined by UV-vis at 276 nm. 

Equal molars of each histone were mixed together and diluted with unfolding buffer to 1 mg/mL. 

The mixture was then dialyzed against refolding buffer (2 M NaCl, 10 mM Tris-HCl, 1 mM EDTA, 

5 mM 2-mercaptoethanol, pH 7.5) overnight at 4 °C with three changes of buffer. The obtained 

solution was concentrated to ~1 mL and loaded into a Superdex 200 size exclusion column (1.5 

cm ID X 70 cm height). Fractions were collected and monitored by UV-vis at 276 nm, all fractions 

absorbed at 276 nm were characterized by SDS-PAGE. Fractions contain all four histone proteins 

were combined and concentrated, adjusted with glycerol and store at -20 °C. 

 

4.3.4 Nnucleosome Reconstitution and Purification 

Histone octamer was first dialyzed against refolding buffer overnight to remove glycerol 

and quantitated with UV-vis afterwards. Nucleosomal DNA was adjusted with 4 M KCl to make 

the final salt concentration 2 M and add DTT to a final concentration of 10 mM. DNA was then 

incubated at 4 °C for 30 min. Histone octamer was then added to DNA with a molar ratio 1�1.1 

with slightly excess of DNA. The mixture was then dialyzed against 2 M KCl with continuous 

reducing salt concentration overnight described in the published protocol.28 After the salt gradient 

is finished, the reconstituted nucleosome was dialyzed in 10 mM Tris-HCl, 100 mM KCl, 1 mM 
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DTT, 1 mM EDTA, pH 7.5 for 3 hours. For nucleosomes reconstituted with S1 series DNA, the 

obtained solutions were incubated at 55 °C for 1 hour, while this step is not necessary for 

nucleosome reconstituted with 601 DNA. Nucleosomes were then purified by HPLC with the 

DEAE column at 10 °C and the same salt gradient mentioned above. 

 

4.3.5 DSC Characterization of Nucleosomes 

After the HPLC purification, nucleosomes were immediately buffer exchanged to DSC 

buffer (20 mM KPi, 100 mM KCl pH 7.2) using the 3 K MWCO concentrators. The concentrations 

were determined by UV-vis at 260 nm. nucleosome solutions were prepared for DSC experiments 

by diluting the stock purified nucleosomes in DSC buffer to desired concentration. 10 uL of the 

degassed nucleosome solution was analyzed by DEAE column on HPLC to characterize the 

sample loaded into the DSC.  

Calorimetric experiments were performed using a TA Instruments Nano DSC III. The S1 

series nucleosomes were at concentrations of 100 µM and the 601 nucleosome was at 

concentrations of 50 µM. All nucleosomes were suspended in 20 mM potassium phosphate, 100 

mM KCl, pH 7.2. Both the oligonucleotide samples and reference buffer sample were degassed in 

vacuo for 15 min at 25 °C before analysis. All data were recorded with TA Instrument Nano 

DSCRun software version 4.2.6. Data were obtained by continuously monitoring the excess power 

required to maintain both sample cell and reference cell at the same temperature. The samples were 

heated from 4 °C to 100 °C followed by cooling from 100 °C to 4 °C, both at 1.0 °C/min. The 

sample equilibrated for 10 min at 4 and 100 °C between each cooling and heating cycle, 

respectively. The resulting thermograms display excess heat capacity as a function of temperature. 

A buffer reference was analyzed using the same procedure described above and the thermograms 
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were corrected using this background. Further analyses were performed on TA NanoAnalyze 

software version 3.5.1. The melting temperature (Tm) was determined as the Tmax of each transition.  

 

4.4 Results and Discussion 

4.4.1 Preparation of Nucleosomal DNA 

In order to evaluate the sequence effect on the thermal stability of nucleosome, two 

nucleosome positioning sequences, S1 and 601 DNA, were prepared in this study. 601 DNA is by 

far the strongest nucleosome positioning sequence screened by SELEX while S1 DNA is a 

moderately strong positioning sequence, which has been used previously in our lab for nucleosome 

reconstitutions.21, 24, 29, 30 Both sequences adopt a single translational position relative to the histone 

octamer core to obtain homogeneous nucleosome. Additionally, in order to systematically evaluate 

how the number of CAG repeats affects nucleosome incorporation and nucleosome stability, the 

central region of the S1 sequence was replaced by either 10, 20, or 30 CAG repeats (defined as 

S1-10CAG, S1-20CAG, S1-30CAG) while maintaining the flanking sequences on both sides . In 

this way, any observed changes will be contributed from the variation int the CAG repeat number 

(Figure 4.2A).  

 
Figure 4.2 (A) S1 series DNA and 601 DNA. Incorporation of 10, 20 and 30 CAG repeats into 
S1 DNA results in the gradual loss of HhaI and MslI restriction sites. (B) Restriction enzyme 

digestion of S1 series DNA by HhaI and MslI. 
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The generation of each sequence in the S1 series DNA involves the same primers, and the 

PCR reactions become increasingly difficult when the template DNA includes more CAG repeats. 

Therefore, it is very important that there is no cross-contamination between DNA templates. Our 

results show that for any CAG repreat-containing template DNA, even trace amount of S1 template 

contamination will dominate the PCR product. This result is consistent with previous reports that 

polymerase stalls at TNR sites during replication.31, 32 For 601 and S1 DNA, the sequence identities 

are confirmed by Maxam-Gilbert DNA sequencing. The successful incorporation of 10, 20 and 30 

CAG repeats in S1 DNA is confirmed by both restriction enzyme digestion as a result of gradual 

loss of restriction sites (Figure 4.2B) and by the shift in Tm during DSC analysis. 

 

4.4.2 DSC Characterization of Nucleosomal DNA 

When characterized by DSC under physiologically relevant salt condition, both S1 and 601 

DNA show a single transition centered around 82 or 90 °C (Figure 4.3A), with an enthalpy change 

(ΔH) of around 1050 or 1400 kcal mol-1, respectively. Changing the DNA concentration does not 

affect the Tm of the S1 DNA, although the intensity of the overall signal increases (Figure 4.3B). 

The 601 DNA is thermally and enthalpically more stable than the S1 DNA. This result is consistent 

with the base composition of each sequence. 601 DNA has a 54.5% GC content, which is almost 

20% higher than the S1 DNA (35.6%); the higher GC content contributes to the higher Tm and 

larger enthalpy change. Besides the difference of thermal and thermodynamic stability, the two 

sequences also exhibit small differencse in the shapes of their melting profiles. The melting curve 

of 601 DNA is more Gaussian in shape, while S1 DNA has a minor shoulder transition prior to the 

major transition. This difference is also reflected when we fit our data to a two-state model: the 

601 DNA signal can be modeled by a single unfolding transition (Figure 4.3D), while the S1 DNA 
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signal is best modeled by two unfolding transitions (Figure 4.3C). These results suggest that 

melting of 601 DNA is a more cooperative process and that S1 DNA is comprised of two distinct 

domains that melt at slightly different temperatures. It is generally thought that DNA unfolding 

 

Figure 4.3 (A) DSC thermograms for S1 and 601 DNA. (B) DNA concentration effect on 
thermograms. (C) Deconvolution of S1 thermogram with two two-state unfolding model. (D) 
Deconvolution of 601 with one two-state unfolding model. 
 
fails to follow the two-state unfolding model when the length is approaching a threshold.33 In our 

case, S1 and 601 are almost identical in length. It is therefore possible to argue that the melting of 

DNA does not solely depends on the length of DNA, but also on whether the base composition is 

distributed evenly throughout the sequence. In order to support our argument, a 5 k bp plasmid 
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was prepared with 16 tandem S1 DNA repeats (2.5 k bp) inserted into the 2.5 k bp pUC19 

backbone. The pUC19 plasmid itself, either circular or linear, showed multiple transitions from 

88-95 °C (Figure 4.4). When the 16 tandem S1 DNA repeats (2.5 k bp) were inserted into the 

pUC19 plasmid, the pUC19 portion showed the same transitions as the unmodified pUC19 plasmid, 

although of much weaker intensity (Figure 4.4); however, a strong signal is also observed at around 

82 °C, which is similar to the S1 DNA Tm (Figure 4.4). It is obvious that this transition corresponds 

to the melting of the 16 tandem S1 DNA repeats and that the synergic effect of all 16 S1 DNA 

domains contributes to the intense signal. The analyses of the plasmid DNA support our 

assumption that sequence distribution also affects the melting of DNA. 

 When replacing the central region of S1 DNA with 10, 20 and 30 of CAG repeats, the DNA 

becomes increasingly more stable overall compared with non-repeat S1 DNA, as indicated by the 

shift of Tm to higher temperatures (Figure 4.5). S1-10CAG DNA shows a major transition at 84 °C 

with a minor transition around 81 °C, which is the Tm of S1 DNA. S1-20CAG DNA showed a 

Figure 4.4 DSC characterization of 
length effect of S1 DNA on the 
unfolding progress. 
	

Figure 4.5 DSC thermograms of S1, S1-
10CAG, S1-20CAG and S1-30CAG DNA 
in 20 mM potassium phosphate, 100 mM 
KCl, pH 7.2.	
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major transition at 90 °C with several minor transitions from 80-88 °C, which correspond to the 

the predominant transitions of S1 and S1-10CAG DNA. S1-30CAG shows a major transition 

centered at 92 °C. Surprisingly, the minor transitions are less prominent for the S1-30CAG DNA 

than for the S1-20CAG DNA. Differences in base distribution may also explain this observation. 

S1 DNA has an overall low GC content (35.6%). When replacing the central region with the high 

GC content CAG repeat (66.7%), it will introduce different sequence domains with Tm variations, 

and therefore several minor transitions occur in the S1 DNA containing different numbers of CAG 

repeats. 

The multi-domain melting of DNA is also affected by the salt concentration. S1 DNA 

shows a well-defined melting curve and a corresponding Tm shift when increasing the salt 

concentration (Figure 4.6). A subsequent heating scan (2nd heating scan) following annealing can 

reproduce an identical melting curve under high salt conditions but not under low salt conditions. 

The existence of a shoulder peak in the 2nd heating scan under low salt conditions suggests that the 

S1 DNA has different sequence domains that melt at different Tm. The existence of multiple 

domains is probably due to an insufficient number of counter ions to fully stabilize duplex DNA, 

as suggested by the shape recovery at high salt conditions. The melting of 601 DNA also shows 

different shapes depending on salt concentration, but these shapes are not affected by the annealing 

process (Figure 4.6B). Two transitions are observed under low salt conditions, with a minor 

transition consistent at 90 °C and a major transition shift to higher Tm when increasing the salt. 

Starting from 100 mM KCl, the two transitions merge and only a single transition is observed 

(Figure 4.6B). We think that in the case of 601 DNA, the counter ions might selectively stabilize 

some sequence regions more than others, and divergence occurs. The above observation suggests 

that low salt conditions will result in less well-defined peak shape or even large peak splitting 
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depending on the DNA sequence. 100 mM salt seems to be the threshold to offer enough counter 

ion stabilization to DNA to restore the DNA melting curve to a single well-defined transition. As 

discussed previously forS1 containing different numbers of CAG repeats, we postulate that the 

existence of multiple transitions at low salt is due to the lack of counter ions. Increasing the salt 

concentration from 100 mM to 200 mM KCl in the S1 series does not merge the transitions into 

one, but every single transition moves towards higher temperature (Figure 4.6C). Therefore, the 

multiple transition observed in S1-10CAG, S1-20CAG and S1-30CAG are reflect sequence region 

heterogeneity rather than counter ion stabilization. 

 

Figure 4.6 The effect of salt concentration on the thermal denaturation of (A) S1 DNA, (B) 601 
DNA and (C) S1-10CAG and S1-20CAG DNA. 
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4.4.3 DSC Characterization of Histone H2A/H2B Dimer, (H3-H4)2 Tetramer and Octamer 

The histone octamer is composed of two copies of the H2A/H2B dimer and one copy of 

the (H3-H4)2 tetramer. We therefore examined these two subunits. In 100 mM KCl, H2A/H2B 

shows a transition centered at around 56 °C. Subsequent scans demonstrate that unfolding of the 

H2A/H2B dimer is partially reversible, as indicated by the gradual loss of signal (Figure 4.7A). 

Increasing the salt concentration to 1 M KCl significantly enhances the thermal stability of the 

 

Figure 4.7 The effect of salt concentration on the thermal denaturation of (A) H2A/H2B dimer 
and (B) (H3-H4)2 tetramer. 
 

H2A/H2B dimer, increasing the Tm to 68 °C. The increased salt prevents the H2A/H2B dimer from 

folding back to its native structure as indicated by the significant loss of signal during the second 

round heating scan. On the other hand, (H3-H4)2 tetramer melts at much lower temperature 

compared with H2A/H2B dimer at the same buffer conditions. For example, in 1 M KCl buffer, 

(H3-H4)2 tetramer has a Tm of 47 °C, more than 20 °C lower than the H2A/H2B dimer (Figure 

4.7B). This result is consistent with previous reports that (H3-H4)2 tetramer is thermally and 

thermodynamically less stable compared with the H2A/H2B dimer.19, 34 Increasing the salt to 2 M 

KCl shifts the Tm to 52 °C and gives a better defined transition. The thermal denaturation of (H3-
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H4)2 tetramer does not show any reversibility as subsequent heating scans do not generate any heat 

capacity change. The stabilities of the histone H2A/H2B dimer and the (H3-H4)2 tetramer, isolated 

either from biological source or assembled from the purified recombinant histones, have been 

examined by several techniques, including spectrometric or DSC methods. Karantza and 

coworkers have characterized the pH and ion strength dependence of the thermodynamic stability 

of the H2A/H2B dimer by DSC,35 and showed that the unfolding process is thermally reversible 

under low salt conditions within the neutral pH region. They also later investigated the (H3-H4)2 

tetramer and showed that the unfolding process is irreversible at any salt concentration, while its 

dimer form, H3/H4, is only reversible at low ionic strength and pH 4.5. Gloss and Placek were 

able to assemble the H2A/H2B dimer from recombinant proteins and showed that the H2A/H2B 

dimer also undergoes reversible unfolding when treated with urea.17 They concluded that the 

stability of the H2A/H2B dimer arises from screening the electrostatic repulsion of the highly 

charged histone tails. 

 
Figure 4.8 DSC characterization of thermal denaturation of histone octamer in different salt 

concentration under (A) whole temperature range and (B) controlled temperature range. 
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When the H2A/H2B dimer and the (H3-H4)2 tetramer are assembled into the histone 

octamer, it is only stable under high salt conditions, and dissociates under low salt conditions. 

Therefore, we performed DSC on the histone octamer at 1 M and 2 M KCl (Figure 4.8A). For both 

salt conditions, we observed two transitions at 48 and 65 °C at 1 M KCl and 52 and 74 °C at 2 M 

KCl. These transitions are consistent with the results derived from the denaturation profiles of the 

individual subunits. The existence of two transitions suggests that histone octamer melts in 

stepwise fashion, with (H3-H4)2 tetramer unfolding first and H2A/H2B dimer unfolding later. In 

order to confirm the stepwise melting mode, we performed a controlled-temperature DSC 

experiment on the histone octamer (Figure 4.8B). In this experiment, the scanning temperature 

was reversed immediately after the first transition (52 or 57 °C for 1 M or 2 M KCl condition), 

presumably the unfolding temperature of the (H3-H4)2 tetramer. When the scan was repeated in 

the same temperature range, no signal was detected, suggesting that unfolding is irreversible. 

However, when the scan was performed across the whole temperature range (up to 90 °C), an 

additional transition appeard at 66 or 76 °C at 1 M or 2 M KCl, corresponding to H2A/H2B 

unfolding. Notably, the intensity of the unfolding transition of the (H3-H4)2 tetramer is 

significantly larger that the unfolding transition of the H2A/H2B dimer. This difference in intensity 

is inconsistent with the results that the (H3-H4)2 tetramer is thermodynamically less stable than 

the H2A/H2B dimer when these subunits are characterized individually.19, 34 We think that the low 

temperature transitions observed during the histone octamer unfolding process do not only include 

the unfolding of the (H3-H4)2 tetramer itself, but also the dissociation of the tetramer from the two 

H2/H2B dimers. However, we cannot tell whether it is the unfolding of the tetramer that promotes 

the dissociation from the two dimers, or whether the tetramer and dimers dissociate first, followed 

by tetramer unfolding.  
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4.4.4 DSC Characterization of Nucleosome 

With the prepared five different DNA sequences, we were able to reconstitute five different 

nucleosomes using the same procedure. HPLC with a DEAE column was used to separate the 

nucleosome from the unincorporated free DNA (Figure 4.9A). Immediately after reconstitution, 

some S1 series nucleosomes showed more than one population, with different translational 

positions as indicated by peak broadening or peak splitting in the HPLC chromatograms at 14 min 

(Figure 4.9B). After heat treatment at 55 °C for 1 hour, the S1 series nucleosomes converted to a 

homogeneous system as indicated by the sharp peak in HPLC (Figure 4.8C, 14 min). On the 

contrary, nucleosomes prepared with 601 DNA showed a single translational position, as indicated 

by the sharp peak in HPLC (Figure 4.9E, 14 min) without the heat treatment. With necessary heat 

treatment, homogenous nucleosomes with different DNA sequences were prepared for the DSC 

analysis (Figure 4.9E-I). 

The DSC profile of the nucleosome with S1 DNA showed two transitions, with the minor 

transition centered at 72 °C and the major transition at 83 °C (Figure 4.10). With the identification 

of the major transition as the melting of S1 DNA compared with the free S1 DNA, we propose 

that the minor transition corresponds to the S1 DNA unwrapping from the histone core. In order 

to confirm our assignment, we also performed temperature-dependent HPLC analysis on the S1 

nucleosome. S1 nucleosome was incubated at two temperatures either pre- or post- the assumed 

nucleosome unfolding transition for various times and then analyzed by HPLC (Figure 4.9C,D). 

At a temperature lower than the proposed nucleosome unfolding temperature, a single peak was 

observed that corresponds to the retention time of nucleosome (14 min); at temperature slightly 

above the proposed nucleosome unfolding temperature, the peaks disappeared at the nucleosome 

retention time (14 min), but another peak shows up that  
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Figure 4.9 HPLC analysis of DNA and nucleosome (NCP) (A) S1 DNA (B) S1 nucleosome direct 
after reconstitution (C) S1 nucleosome incubated at 55 °C for 1 hour (D) S1 nucleosome incubated 
at 78 °C for 10 min (E-F) Purified 601, S1, S1-10CAG, S1-20CAG, S1-30CAG nucleosomes. 
 

 

Figure 4.10 DSC characterization of S1 and 601 nucleosome (NCP). 
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to melting of free S1 DNA (21 min). The HPLC analysis confirms our assignment for the minor 

transition. Nucleosomes reconstituted with the strong positioning 601 DNA also show two 

transitions at 76 and 91 °C, respectively, which are 4 and 8 °C higher than the S1 nucleosome 

(Figure 4.10). Additionally, the unfolding of 601 DNA from the histone core has a better defined 

transition compared to the S1 nucleosome. 

 

Figure 4.11 (A) DSC characterization of S1 series nucleosome (NCP) with 0, 10, 20 and 30 CAG 
repeat. (B) Zoom in the region from 60 to 80 °C. 
 

For nucleosome reconstituted with S1 series DNA with different numbers of CAG repeats, 

the results are slightly different from the 601 nucleosome but similar within the series (Figure 

4.11). A weak lower temperature transition was observed at around 72 °C, followed by a strong 

characteristic DNA transitions similar to the free DNA with varying Tm depending on the CAG 

repeat number. Increasing the CAG repeat number within the S1 DNA does not seem to affect the 

unfolding of nucleosomes, since the 72 °C transition is similar in both Tm and intensity throughout 

the series (Figure 4.11B). Earlier studies on chromosome unfolding in cell nuclei or in whole cells 

by DSC showed conflicting results between different research groups, despite consistency in the 

number of thermal transitions and their corresponding Tm values.8, 9 It is possible that the 
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assignment of individual thermal transitions to chromatin conformational changes is challenging 

due to the complex nature of these systems. In summary, four transitions were observed in the 

thermal denaturation profile of nuclei or whole cell at 58-66 °C (transition I), 73-76 °C (transition 

II), 85-92 °C (transition III) and 105-107 °C (transition IV) under physiological salt conditions.6, 

8-10, 14, 36, 37 Eligio and coworkers assigned transition I as the unfolding of scaffolding structure and 

proteins associated with heterogeneous nuclear RNA, transition II as the unfolding linker DNA 

region within the chromatin, transition III and IV as the unfolding of the nucleosome core particle 

placed within an expanded loop and the 30 nm fiber of chromatin, respectively,9, 10 their results 

included the extrapolation of previously published thermal denaturation data of nucleosomes or 

digested chromatin in low salt conditions (< 5 mM monovalent cations). Such analyses are possibly 

inaccurate due to the fact the DNA will exhibit very different thermal unfolding behavior with the 

protein components under low ionic conditions.38-40 On the contrary, various studies from Cole 

group gave a much more convincing explanation for assignment of these transitions. A 

combination of proteinase K, DNase I, linker histone, salt effects, and different cell types have 

been thoroughly examined to make the conclusion that transition II corresponds to the unfolding 

of the nucleosome, while transitions III and IV correspond to the melting of relaxed and 

supercoiled DNA.6, 8, 11, 12, 14, 15, 36, 37 Our results from the characterization of single nucleosomes, 

the basic unit of chromatin, support the assignment from Cole group. Although our system did not 

include linker histone H1, which is necessary for the higher order chromatin structure organization, 

it has been previously shown that the linker histone H1 does not contribute to the thermal stability 

of chromatin. When the H1 proteins are removed, there is no significant shifts of individual 

transitions.11 It is surprising that our simple nucleosome system reflects the results of the isolated 
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chromatin, nuclei or the whole cells, considering that the biological samples are highly 

heterogeneous in terms of DNA sequence and histone protein post-modifications. 

The DNA sequence-dependence of nucleosome formation has been examined extensively 

over the past decades.20, 21, 41-44 Interactions between DNA and the histone octamer includes the 

electrostatic interactions of the negative DNA phosphate backbone and the positively charged 

histone octamer core. The strength of the interaction depends on how closely these two 

components fit with each other, and therefore DNA sequences with the flexibility to bend are 

optimal for nucleosome formation. It is generally considered that there are two major sequence 

determinants affecting the bending property.45 The bendable TA or AT dinucleotides, when 

occuring in a 10 bp periodic pattern, are in closer contact with the histones, allowing the DNA to 

fit closer to the histone core. While other stiff sequences, such as polyG/C or polyA/T, are often 

found in nucleosome depletion regions, which are important for promoter accessibility and 

transcriptional activity. Crystal structures and mechanistic studies on 601 nucleosomes reveal that 

the sequence preference and their bendable features facilitate DNA incorporation.46, 47 Although 

crystal structures are not available for our S1 series nucleosomes to give detailed structure 

preference of DNA incorporation, other methods have been developed to estimate the overall DNA 

sequence preference for nucleosome formation. Previous competitive nucleosome incorporation 

results from our lab showed that S1 DNA with more CAG repeats will facilitate the incorporation 

of DNA, with S1-30CAG showing the highest incorporation ratio.24 The CAG repeat sequence is 

one of the naturally occurring sequences with high affinity towards the histone octamer, with a 

slight preference over the well-studied nucleosome positioning sequence L. variegatus 5S RNA 

gene.21 Therefore, we expect to see increased stability when more CAG repeats are introduced in 

the S1 sequence. Although we observed that the melting of DNA increases with increasing 
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numbers of CAG repeats, unfolding of the nucleosome does not seem to be affected by the number 

of CAG repeats. Competitive nucleosome incorporation studies on different nucleosomal DNA 

sequences showed that CAG repeat-containing DNA only exhibits a slight preference over the 5S 

RNA gene, with a free energy difference of around 0.53 kcal mol-1 more stable. In contrast, the 

601 nucleosomal sequence showed a much larger free energy difference when compared with 5S 

RNA, with a increase in stability of 2.89 kcal mol-1. This is almost 1000-fold more favorable 

compared with the 5S RNA gene. It is probable that the DSC measurement is not sensitive enough, 

or that the DNA affinity to histone core needs to be significantly different, in order to observe a 

shift in the DSC thermogram for unfolding of the nucleosome.  

 

4.5 Conclusion 

In conclusion, we characterized the unfolding of histone H2A/H2B dimer, (H3-H4)2 

tetramer, histone octamer, nucleosomal DNA with different sequences and also their 

corresponding nucleosomes under various conditions by DSC. Understanding the unfolding 

process of the nucleosome and its subunits is the first step to understand the DNA dynamics in 

chromatin. It will also be interesting to see how other factors, such as histone post-translational 

modification or the presence of chromatin remodeling proteins, affect the stability of DNA in the 

nucleosome. Such experiments will provide a full analysis of nucleosome stability. 
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