
 

Sequence Specificity of Transient Hoogsteen Base-Pairs in Canonical 1 
Duplex DNA and Z-DNA Formation 2 

 3 
by 4 

Heidi Suzanne Alvey 5 
 6 
 7 
 8 

A dissertation submitted in partial fulfillment 9 
of the requirements for the degree of 10 

Doctor of Philosophy 11 
(Chemistry) 12 

in The University of Michigan 13 
2014 14 

 15 
 16 
 17 
 18 
 19 

 20 
 21 

Doctoral Committee 22 
 23 
Professor Hashim M. Al-Hashimi, Chair 24 
Professor Carol Fierke 25 
Professor Patrick O’Brien 26 
Professor Ayyalusamy Ramamoorthy 27 



 

© Heidi Suzanne Alvey 28 
2014 29 



 

	  ii 

 30 

 31 

Dedication 32 

 33 
To my mother and father for teaching me to do what is right over what is easy. 34 

35 



 

	  iii 

 36 

 37 

Acknowledgements 38 

 39 

Thank you to my advisor, Professor Hashim M. Al-Hashimi for his contagious 40 

tenacity and perseverance for discovering the truth in nature. Thank you to my past lab 41 

mates for setting the bar high and helping me in so many ways over the years, especially 42 

Dr. Catherine Eichhorn, Dr. Annette Casiano-Negroni, Dr. Evgenia Nikolova, Dr. Katja 43 

Petzold, Dr. Elizabeth Dethoff, Dr. Jeetender Chugh, Dr. Loïc Salmon, Dr. Jameson 44 

Bothe, Dr. Joseph Yesselman, Dr. Scott Horowitz and Federico Gottardo. Thank you to 45 

my past and current lab mates for your relentless appetite for robust science and brutal 46 

honesty when it comes to comments and critiques of my work, especially Dr. Bharathwaj 47 

Sathyamoorthy, Dr. Yi Xue, Tony Mustoe, Janghyun (Kevin) Lee, Shan Yang, Huiqing 48 

(Jane) Zhou, Isaac Kimsey, Anisha Shakya, Zachary Stein and Yu Chen. The Al-Hashimi 49 

Lab is an exceptional environment where great science meets ferocity, encouragement, 50 

support and friendship, so thank you to everyone above for the latter as well. 51 

Thank you sincerely to our collaborator, Dr. Ky Lowenhaupt, (formerly) of 52 

Professor Alexander Rich’s lab at MIT. Her passion for Z-DNA projects has been a 53 

saving grace for my thesis work and I am extremely thankful for her willingness and 54 

talent to supply us with copious amounts of protein, even when it must be in her free time 55 

as of late. Thank you also to Professor Gafni for giving me carte blanche to the Gafni 56 

Lab CD instrument. Also, thank you to Dr. James Windak for his incredible knowledge 57 



 

	  iv 

and attentiveness regarding the Chemistry Department CD instrument. The kinetic 58 

measurements presented in this thesis would not have been possible without his help. 59 

 Graduate school would have been insurmountable without the enormous amount 60 

of mentorship and support I’ve had along the way. Thank you to my undergraduate 61 

advisor, Professor David Rueda, for providing an environment where I became obsessed 62 

with science, as well as my former Rueda Lab members Professor Elvin Alemán, Dr. 63 

Rajan Lamichhane and Dr. May Daher for your continued mentorship, encouragement 64 

and friendship. Thank you to my very special friends Professor Arlie Rinaldi, Dr. Mario 65 

Blanco, Matt Marek, Matt Kahlscheuer and the whole crew for such fun and supportive 66 

times. I am forever indebted to my parents for their unconditional love and support. I 67 

would not have made it through college, graduate school, or life without them and I am 68 

so thankful to have them in my life in so many ways. Thank you to my brother for his 69 

deep friendship and inspiration for the ‘spiraling out’ that is scientific research. Thank 70 

you to my extended family too (yes, all of you) for your love, support and fun times. 71 

 72 
73 



 

	  v 

 74 

 75 

Table of Contents 76 

Dedication .......................................................................................................................... ii	   77 

Acknowledgements .......................................................................................................... iii	   78 

List of Figures .................................................................................................................... x	   79 

List of Tables .................................................................................................................. xiv	   80 

List of Appendices ........................................................................................................... xv	   81 

Abstract ........................................................................................................................... xvi	   82 

 83 

Chapter 1 | Introduction ................................................................................................... 1	   84 

1.1 Milestones in Discoveries of DNA and their Surrounding Controversy ............ 1	   85 

1.1.1 The Discovery of Deoxyribonucleic Acid ......................................................... 1	   86 

1.1.2 History of Base-Pair and Helical Structures of DNA ........................................ 1	   87 

1.2 The Surprising Discovery of Z-DNA and its Surrounding Controversy ........... 5	   88 

1.2.1 A Brief History of Z-DNA Structure ................................................................. 5	   89 

1.2.2 Biological Relevance of Z-DNA ....................................................................... 8	   90 

1.2.3 B-DNA to Z-DNA Transition Kinetics ............................................................ 12	   91 

1.2.4 Kinetic Rate Laws ............................................................................................ 14	   92 

1.3 Circular Dichroism as a Tool to Measure Biomolecular Conformational 93 

Change ......................................................................................................................... 16	   94 

1.4 Nuclear Magnetic Resonance Spectroscopy of DNA ......................................... 18	   95 



 

	  vi 

1.4.1 Nuclear Magnetic Resonance Fundamentals ................................................... 18	   96 

1.4.2 Chemical Exchange and R1ρ ............................................................................ 25	   97 

1.5 Statistics Used for Model Selection ..................................................................... 30	   98 

1.6 References .............................................................................................................. 31	   99 

 100 

Chapter 2 | Transient Hoogsteen Base-Pairs Occur Robustly in Canonical Duplex 101 

DNA Across Diverse Sequence and Positional Contexts via a Late Transition State 102 

 ........................................................................................................................................... 41	   103 

2.1 Introduction ........................................................................................................... 41	   104 

2.2 Methods .................................................................................................................. 42	   105 

2.2.1 NMR Samples and Resonance Assignments ................................................... 42	   106 

2.2.2 NMR R1ρ Relaxation Dispersion ...................................................................... 44	   107 

2.2.3 DNA Melting Monitored via Circular Dichroism ........................................... 46	   108 

2.2.4 Phi (Φ)-Value Analysis .................................................................................... 47	   109 

2.3 Results and Discussion .......................................................................................... 48	   110 

2.4 Conclusions ............................................................................................................ 63	   111 

2.5 References .............................................................................................................. 64	   112 

 113 

Chapter 3 | Equilibrium and Transient Kinetics suggest at least Three Species in the 114 

B-to-Z-DNA Transition .................................................................................................. 69	   115 

3.1 Introduction ........................................................................................................... 69	   116 

3.2 Methods .................................................................................................................. 71	   117 

3.2.1 DNA Sample Preparation ................................................................................ 71	   118 



 

	  vii 

3.2.2 Circular Dichroism Thermodynamics .............................................................. 71	   119 

3.2.3 Circular Dichroism Kinetics ............................................................................ 72	   120 

3.2.4 Calculating Fraction of Z-DNA using θ254nm ................................................... 73	   121 

3.2.5 Fitting of CD Wavelength Spectra to a Linear Combination of Two Species. 74	   122 

3.2.6 Determining the B-Z Transition Midpoint using the Boltzmann Equation ..... 75	   123 

3.2.7 Solving for Residual CD Signal ....................................................................... 75	   124 

3.2.8 Fitting B-to-Z-DNA Transient Kinetics ........................................................... 75 125 

3.2.9 Isotopically Labeled DNA Sample Preparation ............................................... 76 126 

3.2.10 NMR Experiments ......................................................................................... 76 127 

3.3 Results and Discussion .......................................................................................... 76	   128 

3.3.1 The B-to-Z-DNA Transition Involves more than Two Species ....................... 76	   129 

3.3.2 Residual Signal Demonstrates CG3 can Adopt at least One Non-B/Z Structure 130 

 ................................................................................................................................... 82	   131 

3.3.3 Biphasic Nature of the B-Z Transition ............................................................. 84	   132 

3.3.4 Preliminary Insights into Potential B-to-Z-DNA Transition Kinetic Models . 87	   133 

3.3.5 Observation of Additional Species at Intermediate Protein:DNA Ratios ........ 97	   134 

3.4 Conclusions ............................................................................................................ 99	   135 

3.5 References ............................................................................................................ 101	   136 

 137 

Chapter 4 | Kinetic Analysis of the B-DNA to Z-DNA Transition in Short DNA 138 

Sequences; Examining the Consequences of DNA Methylation ............................... 106	   139 

4.1 Introduction ......................................................................................................... 106	   140 

4.2.1 DNA Sample Preparation .............................................................................. 107	   141 



 

	  viii 

4.2 Methods ................................................................................................................ 107	   142 

4.2.2 Circular Dichroism Thermodynamics and Kinetics ...................................... 107	   143 

4.2.3 Simulations of the Observed Circular Dichroism Signal ............................... 107	   144 

4.3 Results and Discussion ........................................................................................ 108	   145 

4.3.1 Impact of 5-Methylcytosine on Transient Kinetics of the B-to-Z-DNA 146 

Transition ................................................................................................................ 108	   147 

4.3.2 Simulation of a Kinetic Model for the NaCl-Induced B-to-Z-DNA Transition 148 

in CG3 ...................................................................................................................... 112	   149 

4.4 Conclusions .......................................................................................................... 119	   150 

4.5 References ............................................................................................................ 120	   151 

 152 

Chapter 5 | The Impact of C7-Deazaguanine and N1-Methylguanine Modifications 153 

on DNA Structure and the Equilibrium Between B-DNA and Z-DNA ................... 122	   154 

5.1 Introduction ......................................................................................................... 122	   155 

5.1.1 Importance of C7-Deazaguanine and N1-Methylguanine ............................. 122	   156 

5.1.2 NMR Spectroscopy of Z-DNA ...................................................................... 123	   157 

5.2 Experimental Methods ....................................................................................... 126	   158 

5.2.1 DNA Sample Preparation .............................................................................. 126	   159 

5.2.3 Circular Dichroism Equilibrium Measurements ............................................ 126	   160 

5.2.4 NMR Experiments ......................................................................................... 127	   161 

5.3 Results and Discussion ........................................................................................ 128	   162 

5.3.1 Impact of the 7-Deazaguanine Modification on the B-to-Z-DNA Transition 128 163 

5.3.2 Impact of the N1-Methylguanine Modification on DNA Structure ............... 133 164 



 

	  ix 

5.3.3 Preliminary NMR Spectroscopic Investigations of Z-DNA: (5meCG)3 and a 165 

(CG)3:Zα Complex .................................................................................................. 139	   166 

5.4 Conclusions .......................................................................................................... 145	   167 

5.5 References ............................................................................................................ 146	   168 

 169 

Chapter 6 | Conclusions and Future Perspectives ..................................................... 150	   170 

6.1 Transient Watson-Crick to Hoogsteen Transitions in Canonical Duplex DNA 171 

 ..................................................................................................................................... 150	   172 

6.2 The B-DNA to Z-DNA Transition and Consequences of Sequence Variations 173 

 ..................................................................................................................................... 151	   174 

6.3 Future Perspective .............................................................................................. 153	   175 

6.4 References ............................................................................................................ 153 176 

Appendices ..................................................................................................................... 155 177 

178 



 

	  x 

 179 

 180 
List of Figures 181 

 182 
Figure 1.1 | Hoogsteen Base-Pairs in Canonical Duplex DNA. ......................................... 5	   183 

Figure 1.2 | Atomic Resolution Structure of B-DNA and Z-DNA. .................................... 7	   184 

Figure 1.3 | Involvement of DNA Deformation in Cellular Processes ............................. 11	   185 

Figure 1.4 | Crystal Structure of Zα Bound to CG3 ........................................................... 11	   186 

Figure 1.5 | Proposed Schemes for the B-to-Z-DNA Transition. ..................................... 14	   187 

Figure 1.6 | CD Spectroscopy of the B-to-Z-DNA Transition .......................................... 17	   188 

Figure 1.7 | DNA Melting as measured by Circular Dichroism ....................................... 18 189 

Figure 1.8 | Nuclear Magnetic Resonance Fundamentals ................................................. 21	   190 

Figure 1.9 | Proton Chemical Shifts of a DNA Duplex .................................................... 21	   191 

Figure 1.10 | Target DNA Resonances for NMR Spectroscopy ....................................... 22	   192 

Figure 1.11 | Example of a 1H-1H NOE DNA Assignment .............................................. 24	   193 

Figure 1.12 | Chemical Exchange ..................................................................................... 26	   194 

Figure 1.13 | Concepts of R1ρ Relaxation Dispersion ....................................................... 29	   195 

Figure 2.1 | Probing the occurrence of transient A•T and G•C Hoogsteen Base-Pairs .... 49 196 

Figure 2.2 | Characterizing Transient Hoogsteen Base-Pairs using On- and Off-Resonance 197 

13C and 15N R1ρ Relaxation Dispersion ..................................................................... 50	   198 

Figure 2.3 | Sequence and Position Dependence of Population and Lifetime of Transient 199 

Hoogsteen Base-Pairs ............................................................................................... 52 200 

Figure 2.4 | Sequence and Position Dependence of Thermodynamic and Kinetic 201 

Parameters Describing the Watson-Crick to Hoogsteen Transition ......................... 55 202 



 

	  xi 

Figure 2.5 | Circular Dichroism DNA Duplex Melting Experiments ............................... 56 203 

Figure 2.6 | Correlation of Free Energy of Stabilization and Forward Free Energy Barrier 204 

for the Watson-Crick-to-Hoogsteen Transition ........................................................ 59 205 

Figure 2.7 | Correlation between the Free Energy Difference and Forward Free Energy 206 

Barrier for Base-Pair Opening as Measured by Imino Proton Exchange in the 207 

Highlighted Data taken from Russu and Coworkers in Reference 56. ..................... 60 208 

Figure 2.8 | Φ-Value Analysis .......................................................................................... 61 209 

Figure 3.1 | Monitoring of the B-Z transition in CG3 DNA .............................................. 77 210 

Figure 3.2 | Linear Combination of B- and Z-DNA Spectra for the Salt-Induced 211 

Transition .................................................................................................................. 78 212 

Figure 3.3 | Linear Combination of B- and Z-DNA Spectra for the Zα-induced Transition 213 

 ................................................................................................................................... 79 214 

Figure 3.4 | Fraction of B- and Z-DNA Species ............................................................... 81 215 

Figure 3.5 | B-Z Transition Midpoints .............................................................................. 82 216 

Figure 3.6 | Residual Circular Dichroism Signal of the B-to-Z-DNA Transition of CG3 83 217 

Figure 3.7 | B-Z Transient Kinetics of CG3 using 3.0 M NaCl ......................................... 85 218 

Figure 3.8 | Comparison of Monophasic Fit with and without Weights ........................... 87 219 

Figure 3.9 | NaCl-Induced CG3 Transient Kinetics .......................................................... 88	   220 

Figure 3.10 | CG3 Residual Signal for Fits of Transient Kinetics of the NaCl-Induced B- 221 

to-Z-DNA Transition ................................................................................................ 90	   222 

Figure 3.11 | Observed Rate Constants ............................................................................. 91 223 

Figure 3.12 | Transient Kinetics, Controls and Residuals of the NaCl-Induced B-to-Z- 224 

DNA Transition in CG6 ............................................................................................. 92	   225 



 

	  xii 

Figure 3.13 | Transient Kinetics, Controls and Residuals of the Zα-Induced B-to-Z-DNA 226 

Transition in CG3 ...................................................................................................... 93	   227 

Figure 3.14 | NaCl-Induced Transient Kinetics of CG3 with Two-Fold Concentration 228 

Increase ..................................................................................................................... 94	   229 

Figure 3.15 | NaCl-Induced Transient Kinetics of CG3 with Two-Fold Concentration 230 

Decrease .................................................................................................................... 96	   231 

Figure 3.16 | Observed Rate Constants of CG3 Transition over a Four-Fold Range of 232 

DNA Concentrations ................................................................................................. 97	   233 

Figure 3.17 | Titration of Zα into 13C/15N ZJXN at R= 2 .................................................. 99	   234 

Figure 4.1 | Transient Kinetics, Controls and Residuals of the NaCl-Induced B-to-Z-DNA 235 

Transition in (5meCG)3 Induced by 3.0 M NaCl ...................................................... 110	   236 

Figure 4.2 | Transient Kinetics, Controls and Residuals of the B-to-Z-DNA Transition of 237 

(5meCG)3 Induced by 4.0 M NaCl ............................................................................ 111	   238 

Figure 4.3 | Observed Rate Constant Perturbation Upon C5 Methylation ...................... 112	   239 

Figure 4.4 | Simulations of the B-to-Z-DNA Transition in CG3 ..................................... 114	   240 

Figure 4.5 | Microscopic Rate Constants of the B-to-Z-DNA Transition of CG3 .......... 115	   241 

Figure 4.6 | (5meCG)3 NaCl Titration and Residual Signal .............................................. 116	   242 

Figure 4.7 | Simulation of the B-to-Z-DNA Transition in (5meCG)3 ............................... 117	   243 

Figure 5.1 | Crystal Structure of the Zα-Stabilized B/Z Junction ................................... 124	   244 

Figure 5.2 | Preliminary Transient Kinetics of the B-to-Z-DNA Transition in (CG)3
G47dG 245 

 ................................................................................................................................. 129	   246 

Figure 5.3 | Thermodynamic Propensity of N7-Deazaguanine Mutations ..................... 131	   247 

Figure 5.4 | pH and Solvent Affects on the B-Z-DNA Equilibrium in (C7dG)3 .............. 133	   248 



 

	  xiii 

Figure 5.5 | Structural Impact of N1-Methylguanine on Short DNAs ............................ 134	   249 

Figure 5.6 | Changes in 13C and 1H NMR Chemical Shifts due to the N1-Methylguanine 250 

Modification in CG3 ................................................................................................ 135	   251 

Figure 5.7 | Changes in 13C and 1H NMR Chemical Shifts due to the N1-Methylguanine 252 

Modification in A6 .................................................................................................. 136	   253 

Figure 5.8 | pH Affects on Modified DNAs .................................................................... 138	   254 

Figure 5.9 | NMR Spectroscopy of (5meCG)3 in Z-Form ................................................. 141	   255 

Figure 5.10 | Titration of Zα into 13C/15N ZJXN ............................................................ 144	   256 

Figure A1.1 | Characterizing transient Hoogsteen base-pairs using on- and off-resonance 257 

13C and 15N R1ρ relaxation dispersion ..................................................................... 156	   258 

Figure A1.2 | Melting Temperature Compared to Population and Lifetime of Hoogsteen 259 

Transient State ......................................................................................................... 161	   260 

Figure A2.1 | Single-Stranded DNA CD Spectrum Benchmark ..................................... 166	   261 

Figure A2.2 | Simplest Kinetic Models Giving Rise to Two Observed Phases .............. 167	   262 

Figure A4.1 | Two Most Plausible Mechanistic Schemes for the B-to-Z-DNA Transition 263 

 ................................................................................................................................. 169	   264 

Figure A4.2 | Recognition of (CG)3, (CG)3
G4N1meG and (CN1meG)3 but not (TG)3 by Zα ...... 265 

 ................................................................................................................................. 170	   266 

267 



 

	  xiv 

 268 

 269 

List of Tables 270 

 271 
Table 1.1 | I = 1/2 Nuclei Commonly Studied by NMR Spectroscopy ............................ 19	   272 

Table 2.1 | Chemical Exchange Parameters from fits of R1ρ Relaxation Dispersion Data to 273 

Eq. 2.1 ....................................................................................................................... 53	   274 

Table 2.2 | Experimentally Determined Melting Temperatures ....................................... 55 275 

Table 2.3 | Ψ-Wild Type and Sequence Variants for Φ-Value Analysis .......................... 62	   276 

Table 4.1 | Perturbation of Representative Microscopic Rate Constants upon Cytosine C5 277 

Methylation ............................................................................................................. 118	   278 

Table A1.1 | R1ρ RD experimental parameters ................................................................ 155 279 

Table A2.1 | CG3 + 2.5 M NaCl B-to-Z-DNA Transition Fitting Values ...................... 162	   280 

Table A2.2 | CG3 + 3.0 M NaCl B-to-Z-DNA Transition Fitting Values ...................... 163	   281 

Table A2.4 | CG3 + 4.0 M NaCl B-to-Z-DNA Transition Fitting Values ...................... 163	   282 

Table A2.5 | CG3 + 4.5 M NaCl B-to-Z-DNA Transition Fitting Values ...................... 163	   283 

Table A2.6 | CG3 + 5.0 M NaCl B-to-Z-DNA Transition Fitting Values ...................... 164	   284 

Table A2.7 | 5.5 µM (0.5 X) CG3 + 3.0 M NaCl B-to-Z-DNA Transition Fitting Values 285 

 ................................................................................................................................. 164	   286 

Table A2.8 | 22 µM (2 X) CG3 + 3.0 M NaCl B-to-Z-DNA Transition Fitting Values . 164	   287 

Table A2.9 | CG6 + 4.0 M NaCl B-to-Z-DNA Transition Fitting Values ...................... 165	   288 

Table A2.10 | CG3 + 22 µM Zα B-to-Z-DNA Transition Fitting Values ....................... 165	   289 

Table A3.1 | Molar Extinction Coefficients Used for Eq. 4.1. ....................................... 168	   290 

Table A3.2 | Microscopic Rate Comparison for 3.0 M NaCl-Induced (5meCG)3 ............ 168 291 



 

	  xv 

 292 

List of Appendices 293 

 294 
Appendix 1 | R1ρ Relaxation Dispersion Experimental Parameters ................................ 155	   295 

Appendix 2 | CG3 B-to-Z-DNA Controls and Transition Fits to Sum of Exponentials .. 162	   296 

Appendix 3 | Kinetic Simulation Parameters for (5meCG)3 ............................................. 168	   297 

Appendix 4 | Single-Stranded DNA Circular Dichroism Controls ................................. 169	   298 

299 



 

	  xvi 

 300 

 301 

Abstract 302 

 303 

Sequence-specific DNA flexibility provides an additional layer of the genetic 304 

code. Using Nuclear Magnetic Resonance R1ρ relaxation dispersion we recently 305 

discovered that Watson-Crick (WC) base-pairs in flexible CA/TG and TA/TA steps of 306 

DNA transiently morph into Hoogsteen (HG) base-pairs in the context of canonical 307 

duplex DNA. CA/TG and TA/TA steps are the most flexible of all 10 dinucleotide steps. 308 

We designed DNA duplexes to contain flexible and rigid dinucleotide steps and strikingly 309 

obtained evidence for transient Hoogsteen base-pairs in all contexts examined. We 310 

observe small, significant variations in the population and lifetime of transient HG base- 311 

pairs that are anti-correlated to WC dinucleotide step stabilities. Phi-value analysis 312 

suggests a late transition state possibly involving a syn purine base. The broad and robust 313 

occurrence of transient HG base-pairs suggests their broad presence in the genome. In 314 

contrast to the sequence specificity of HG base-pairs, Z-DNA formation is favored in 315 

rigid and stable dinucleotide steps, specifically purine-pyrimidine repeats. Interestingly, 316 

transient, lowly populated HG base-pairs can still be observed in a Z-DNA forming 317 

sequence despite the increased dinucleotide step stability. We monitored the salt- and 318 

human adenosine deaminase- (hADAR1-Zα) induced B-to-Z-DNA transitions in a CpG 319 

hexamer using Circular Dichroism (CD) to monitor global DNA conformational changes. 320 

Time-resolved CD measurements revealed a biphasic B-to-Z-DNA transition consisting 321 

of fast and slow phases for both salt- and Zα-induced transitions. These data are 322 



 

	  xvii 

consistent with a B-to-Z-DNA transition involving at least two sequential steps. Uniform 323 

5-Methylcytosine modification increases the fast phase two-fold while N1-methylguanine 324 

and 7-deazaguanine modifications cause unique structural perturbations precluding B-Z 325 

transient kinetics that potentially reveal new features of HG dependent DNA flexibility 326 

and structure. Overall, the findings presented in this thesis reveal an additional 327 

widespread layer to the genetic code and call for a deeper understanding of their behavior 328 

when adjacent to one another for further insight into potential roles in vivo.  329 

 330 
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Chapter 1 

Introduction 

 

1.1 Milestones in Discoveries of DNA and their Surrounding Controversy 

1.1.1 The Discovery of Deoxyribonucleic Acid 

 The most essential molecule of life, deoxyribonucleic acid (DNA), has been 

surprising us since its accidental discovery by Dr. Friedrich Miescher in 1869 who was 

investigating the composition of lymphocytes.1 Near the end of his studies he dismissed 

the notion that this ‘nuclein’ holds hereditary information1 and not until many decades 

later, introduced in 1944 by Avery and confirmed by Hershey and Chase in 1953, would 

we understand DNA as the carrier of genetic information containing guanine (G), 

cytosine (C), adenine (A) and thymine (T) nucleotides.2-5 Two months prior to the final 

heralded ‘Hershey and Chase’ experiment, Watson and Crick proposed a subjective 

atomic resolution structure based on their model of DNA made from cardboard and 

metal6,7 after Franklin shared her X-ray fiber diffraction data8,9 on what is now known as 

the B-form DNA double helix.  

 

1.1.2 History of Base-Pair and Helical Structures of DNA 

Soon after Watson and Crick proposed their double helical model, many efforts 

were made at uncovering the specific base-pairing partners and geometry among the 

aforementioned nucleotides. Technological improvements in X-ray instrumentation 

afforded higher resolution and strategies shifted toward pioneering base-pair patterns in 
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free purine-pyrimidine (pur-pyr) constructs. In 1959 Hoogsteen presented the first high 

resolution X-ray structure of crystals containing 9-methyladenine base-paired with 1-

methylthymine, where methyl groups were used to cap base moieties where their 

corresponding sugars were omitted.10 Interestingly, Hoogsteen did not observe the base-

pairing pattern proposed by Watson and Crick.6,7 Rather, he observed a base-pairing 

geometry by which the 9-methyladenine employed the opposite side of the base in base-

pairing with 1-methylthymine.10,11 Such a base-pairing motif within the DNA duplex 

proposed by Watson and Crick would require the glycosyl bond connecting the unique 

DNA base to its corresponding sugar to rotate 180 ° from the anti to syn orientation. In 

these ‘Hoogsteen’ (HG) base-pairs, rather than employing the N1 and exocyclic moiety at 

carbon 6 as proposed by Watson and Crick, the N7 is used in lieu of N1 while hydrogen 

bonding with the C6 exocyclic group is still employed (Figure 1.1 A). Despite this HG 

hydrogen bonding scheme requiring restriction of the DNA double helix by ~2.5 Å as 

compared to the model Watson and Crick built based on their and Franklin’s data, this 

discovery brings into question the base-pairing scheme proposed by Watson and Crick. 

This unique hydrogen bonding pattern was proposed two years earlier by Rich and 

colleagues in the context of RNA triplexes.12  

In 1963, one year after Watson and Crick were awarded the Noble Prize in 

Physiology or Medicine, Rich and coworkers reported a high resolution single crystal 

structures for G!C base-pairs of 9-ethylguanine with 1-methylcytosine and 1-methyl-5-

bromocytosine, respectively.13 Watson-Crick (WC) base-pairing was observed in the two 

cases, but skepticism surrounded the proposed base-pairing patterns since A!T base-pairs 

crystallized opposite to that proposed by Watson and Crick. Adding to the skepticism is 
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the fact that these modified G!C base-pairs were stabilized by three, not two, hydrogen 

bonds as proposed by Watson and Crick.6,7 Pauling and coworkers proposed three 

hydrogen bonds in a G!C base-pair prior to this experimental evidence presented by Rich 

and coworkers.14 Subsequent X-ray diffraction studies of co-crystals involving guanine 

and cytosine derivatives consistently formed the expected WC base-pairs with three 

hydrogen bonds.15 However, to much dismay, attempts to generate co-crystals of 

adenines and thymine derivatives failed to produce WC base-pairs and, in most cases, 

favored HG base-pairs.15-17 In 1968, Guschlbauer and colleagues proposed the formation 

of protonated G!C HG base-pairs in poly(dG-dC) at pH 3-4 based on optical rotatory 

dispersion spectra sensing molecule chirality and suggesting guanine adopted a syn 

conformation under such conditions.18 The first crystallographic observation of a 

protonated G!C HG base-pair came many years later in 1986 for a DNA duplex in 

complex with the bisintercalating antibiotic triostin A.19  

The only experimental indication that both G!C, A!T and A!U base-pairs could 

form WC base-pairs in duplexes void of crystal packing forces came from subsequent 

solution NMR studies of tRNA and polynucleotide complexes in the 1970s.20-26 These 

studies presented unique chemical shift signatures that were consistent with theoretical 

predictions for WC rather than HG hydrogen bonding in A!T and A!U base-pairs, further 

strengthening the original claim by Watson and Crick. Six years later in 1979, significant 

advancements in chemical synthesis of homogeneous oligonucleotides27,28 gave rise to a 

report by Rich and colleagues of the first single crystal X-ray structure of a DNA duplex 

for the hexameric CpG repeat (CG)3.29 Surprisingly, (CG)3 crystalized as a duplex with 

opposite handedness to that consistent with the previous X-ray diffraction patterns 
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presented in the 1950s and 1960s. This bizarre structure consisted of 7-7.5 base-pairs per 

turn, which is stereochemically disallowed by the right-handed configuration. It therefore 

did not give rise to the heralded X-ray diffraction data presented by Watson and Crick6,7 

and Franklin,8,9 and reignited the skepticism surrounding the DNA duplex structure. It 

would not be until 1980, nearly 30 years after the original proposal of a right-handed 

helical DNA structure and particular hydrogen bonding pattern for which a Nobel Prize 

was awarded, that objective evidence for such is actually achieved by Dickerson and 

coworkers.30 

 Roughly another 30 years later in 2011, our lab would present evidence for the 

transient excursion of a WC base-pair within a canonical right-handed helix, like that first 

published by Dickerson and coworkers,30 to the HG form first observed by 

Hoogsteen.10,11 This report again was met with controversy31 despite positive controls 

that used DNA damage of the WC face to ‘trap’ the HG form as a reference and detailed 

comparison of energetic parameters of the transition as compared to other process 

involving local base-pair disruption, such as base-pair opening, or ‘breathing’. We 

observed such instances at two unique base-pairs located at a junction between B-DNA 

and homopolymeric (A!T)n repeats, or ‘A-tracts’. The unique location at the B-DNA/A-

tract junction of these specific transient HG base-pairs provides the foundation for a 

portion of the work presented in this thesis, whereby a wide range of sequence contexts 

are explored in the context of the transient HG base-pair. 
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Figure 1.1 | Hoogsteen Base-Pairs in Canonical Duplex DNA. (A) A!T (top) and G!C 
(bottom) Watson-Crick and Hoogsteen base-pairs. (B) Proposed structure of Hoogsteen 
base-pairs (orange) embedded within Watson-Crick duplex DNA, reported previously 
(blue).32 Experimental probes are marked with green spheres.  
 
 

1.2 The Surprising Discovery of Z-DNA and its Surrounding Controversy 

1.2.1 A Brief History of Z-DNA Structure 

Unlike most biomolecular systems of interest, Z-DNA was discovered at atomic 

resolution before its precedence was set with biochemical experiments. Z-DNA’s 

accidental discovery was made at an uncanny time when the very nature of the DNA 

double helix was being questioned by biophysicists (Section 1.1). Add to this the very 

exotic, unintuitive structure of Z-DNA (Figure 1.2) and it becomes clear why Z-DNA 

was met with staunch skepticism that continued for decades. Z-DNA would make its first 

mark on the literature in 1972 when Pohl and Jovin discovered a ‘reverse’ CD spectrum 

of poly(dG-dC) upon addition of high concentrations of NaCl, MgCl2 and other salts.33 
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Their preliminary kinetic studies suggested a high energetic cost (an activation energy of 

~ 20 kcal/mol) for the change responsible for the reverse CD spectrum. Seven years later 

Rich and coworkers would obtain crystals of a CpG dinucleotide with the intercalator 

acridine orange, in contrast to exhaustive efforts on free nucleosides for the past two 

decades.34 They presented evidence that G!C base-pairs were capable of forming the 

Watson-Crick base-pairs originally proposed, strikingly with three hydrogen bonds 

instead of the two proposed by Watson and Crick.6 The ‘Dickerson dodecamer’ that 

exhibits a full turn of right-handed B-DNA supported the three base-pair scheme of G!C 

base-pairs.30 

In their following manuscript, Rich and coworkers explained they were 

encouraged by the high resolution crystals obtained from the dinucleotide CpG and 

pursued crystallization of all C- and G-containing tetrameric DNA oligonucleotides. The 

sequence that diffracted best was that of d(CpGpCpG), but after two years of attempts at 

solving the structure, Rich and coworkers moved to the crystallization of hexamers. 

Again, the CpG repeat crystallized best and it was with this diffraction data they solved 

the proclaimed left-handed structure and published the first understanding of DNA in 

absence of modifications and intercalators.29 Rich and coworkers then revisited their 

tetrameric CpG diffraction data and solved the structure as, again, left-handed.35 Other 

groups would immediately begin attempts at understanding how DNA adopts the Z-

form.36,37 After Dickerson and coworkers published the first high resolution crystal 

structure of a full helical turn of right-handed DNA, it became clear what structural 

features were distinct for B- and Z-DNA that created their opposite backbone 

configurations. For B-DNA to convert to Z-DNA, both bases in each base-pair must flip 
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upside down and maintain (or restore if broken during the transition) WC hydrogen 

bonds. As in HG base-pairs, the purine base is flipped from the B-like anti into the syn 

conformation. The purine sugar pucker also changes from the DNA-like C2’-endo to the 

RNA-like C3’-endo. Importantly, in Z-DNA, the flipping of the cytosine base and sugar 

moiety necessitates translation of the cytosine moiety to restore the WC bonds in the 

upside down fashion. It is the flipping of the cytosine that causes the dramatic zig-zag in 

the Z-DNA phosphate backbone (Figure 1.2). 

 
Figure 1.2 | Atomic Resolution Structure of B-DNA and Z-DNA. B-DNA PDB ID: 
1UQG. Z-DNA PDB ID: 3QBA. 
 

In 1979 Patel and coworkers presented the first evidence for Z-DNA structure in 

solution using 1H and 31P NMR and confirm this “alternating B-DNA” molecule 

contained an alternating pattern that repeated itself every other nucleotide, as the name 

suggests.38 Contrary to B-DNA, where every non-terminal base forms favorable stacking 
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interactions with both of its neighbors, bases in Z-form adopt a bifurcated stacking 

pattern whereby pyr-pur form stacking interactions (i.e. CpG, TpA, etc.) and pur-pyr do 

not (i.e. GpC, ApT, etc.). The atomic resolution NMR data provided evidence that Z-

DNA may be something more than a crystal packing artifact. Despite Z-DNA’s initial 

discovery being in 5 M NaCl or 2 M MgCl2, preliminary evidence for a biological role of 

Z-DNA quickly began accumulating as scientists investigated its behavior under the 

biologically relevant perturbations of DNA damage39 and the epigenetic modification (5-

methylcytosine).40 In 1980 Dickerson and colleagues crystallized the so-called Z’ form; a 

left-handed helix with slightly different parameters, including C1’-exo purines and ~6° 

decreased glycosidic angle for the syn conformation.41 The variability between this left-

handed helix and that originally published by Rich and coworkers coincides with 

variability comparing the RNA-like A and A’ forms.42 Since then many left-handed 

DNAs crystal structures have been solved and Z-DNA is now thought of as a family of 

left-handed structures,29,43-47 similar to that of A-and B-forms.42,48 

 

1.2.2 Biological Relevance of Z-DNA  

 A decade after the controversial discovery of Z-DNA its structure still seemed 

biologically unnecessary to many scientists at the time. Z-DNA would experience a 

curiosity-inspired boom in research in the 1980s with few explicit demonstrations of its 

involvement in vivo. Rather, focus was on probing simply for Z-DNA formation in some 

cases, and trying to induce the structure in others. Amongst these efforts include 

discoveries that non-CpG pyr-pur repeats adopt Z-DNA49-51 and that Z-DNA can 

accommodate imperfect pyr-pur repeats52 as well as base-pair mismatches53-57 and 
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damage.58-60 Although the primary investigations of Z-DNA used near-saturating salt 

concentrations for stabilization,33,38,39,61 chemists discovered in the 1980s that 

spermine46,62-66 and spermidine67-71 stabilize Z-DNA by binding to the minor groove at 

physiological (micromolar) concentrations. Moreover, certain types of naturally 

occurring DNA damage moieties stabilize Z-DNA formation, suggesting DNA damage 

and Z-DNA formation could be correlated.72-81 In some rare cases, carcinogens react with 

B-DNA but not Z-DNA.59,82  

Wells and coworkers shortly thereafter built a recombinant plasmid containing 

poly(dG-dC) purified by high performance liquid chromatography (HPLC) and 

monitored elipticity from Circular Dichroism (CD), agarose gel migration and 

phosphorus chemical shifts to demonstrate Z-DNA induction in a relatively short (~150 

base-pair) CpG repeat comprising ~1 % of the plasmid was enough to significantly 

change the overall morphology of the plasmid. Significantly, this study demonstrated B-

DNA and Z-DNA can coexist within the same closed circular genomic DNA, suggesting 

Z-DNA formation and supercoil-driven overall molecular topology are linked.83 Shortly 

thereafter Z-DNA was discovered to be stabilized by natural amounts of supercoiling 

with a high degree of sequence variability, demonstrating a broader range for Z-DNA 

forming conditions.39,49,83-88 Rabbits immunized with poly(dG-dC) developed 

‘antiserum’, or antibodies to Z-DNA,89,90 and importantly autoantibodies of the 

autoimmune disease Lupus bind preferentially to Z-DNA, providing the first evidence for 

a relationship between Z-DNA and disease.91 In the same era, Behe and Felsenfeld 

presented evidence Z-DNA forms in vivo.40 Groups then reported Z-DNA regions in 

polytene chromosomes of Drosophila melanogaster, the household fruit fly, in 
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transcriptionally active, or ‘puff’, regions, suggesting Z-DNA forms near 

transcriptionally active regions in eukaryotes.92-94 Damaged DNA in the form of 

alkylated59,60,95,96 and brominated97-99 bases was then demonstrated to sufficiently 

stabilize Z-DNA under native levels of supercoiling in low salt. The aforementioned 

experiments gave indirect evidence for the biological relevance of Z-DNA.  

In 1987 Liu and Wang boldly proposed that eukaryotic RNA polymerase (RNAP) 

does not rotate around the DNA and instead remains rather stationary while it ‘plows 

through’ the DNA duplex. This model then predicts a large degree of positive 

supercoiling ahead of RNAP and a large amount of Z-DNA in its wake (Figure 1.3).100 

Shortly thereafter, in 1991, Rich and colleagues would present the first strong evidence 

for Z-DNA formation in vivo.101-103 Rich and colleagues elegantly encapsulated 

mammalian cells in agarose beads and mild detergent to lyse the cytoplasmic membrane, 

permeabilize the nuclear membrane and leave the nucleus intact without altering the rate 

of replication as compared to that in vivo.101 Using the same assay, Rich and colleagues 

probed for Z-DNA forming regions in the nucleus using biotinylated Z-DNA antibodies 

and found that the extent of Z-DNA formation was regulated by torsional strain101 and 

correlated with RNA synthesis,102 confirming the model proposed by Liu and Wang in 

1987.100 In 2004 Levens and coworkers would provide additional evidence for severe 

DNA distortions in the wake of RNAP.104,105 Z-DNA has also been associated with 

regulation of gene expression,106-112 and more recently Ray and coworkers demonstrated 

DNA structures driven by supercoiling regulate gene expression of the breast cancer-

associated ADAM-12 gene.109 Rich and Ray confirmed the same gene to have a Z-DNA 

negative regulatory element.113 In 2012 Zhao and coworkers demonstrated that 
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nucleosome remodeling causes Z-DNA formation when Z-DNA forming sequences are 

present (Figure 1.3).114 

  

Figure 1.3 | Involvement of DNA Deformation in Cellular Processes. Blue represents 
DNA. Yellow balls wrapped with DNA under ‘Genome Packing’ represent nucleosomes. 
 

 Perhaps more encouraging than the elaborate experiments to show Z-DNA’s 

involvement in genome packaging, DNA replication and transcription, is the discovery of 

a family of eukaryotic Z-DNA binding proteins that are part of the adenosine deaminase 

ADAR1 in humans, zebra fish, puffer fish and chickens (Figure 1.4).115-118 These Z-DNA 

binding proteins were subsequently found to bind many sequences in the Z-form with 

nanomolar affinity.119,120 The E3L Z-DNA binding protein produced by vaccinia virus 

belongs to this family and is essential for mortality in mice.121 

 

Figure 1.4 | Crystal Structure of Zα Bound to CG3. PDB ID: 1QBJ. 
 
Quite amazingly, despite very elegant and finely tuned experiments in vivo and in situ 

that have revealed Z-DNA’s formation during chromatin remodeling,114 regulation of 
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gene expression,106-112 and RNA synthesis by RNAP,102,122 we still do not fully 

understand Z-DNA’s role in the cell. 

 
1.2.3 B-DNA to Z-DNA Transition Kinetics 

 In the cell, B-DNA must convert to Z-DNA during dynamic, hierarchical, 

concerted processes and it is therefore believed Z-DNA is in dynamic equilibrium with 

B-DNA in vivo. As such, a fundamental understanding of the B-to-Z-DNA kinetic 

transition is essential for gaining further insight into Z-DNA’s potential role in the 

aforementioned genetic processes. There are near one dozen proposed molecular models 

for the B-to-Z-DNA transition (Figure 1.5) but experimental observables hardly merit 

such discrimination between the models. Models that involve base-pair opening include 

the all-or-none, Wang, thermal fluctuation base-pair opening, helix-coil and solitary 

excitations models (Figure 1.5 A-E). Models that are not described with base-pair 

opening, but rather involve base-pair rotation while retaining WC base-pairs include the 

theoretical Olson proposal, Harvey and Ansevin-Wang models. We note that none of the 

aforementioned mechanistic models explicitly address the concept of an observable 

intermediate. A separate category of B-to-Z-DNA transition models exists whereby stable 

intermediates are explicitly proposed. These include the zipper, C-DNA-like 

intermediate, and stretched intermediate models which all define the intermediate as 

containing disrupted hydrogen bonds, and the Saenger and Heinemann model which 

proposes an intermediate without hydrogen bonding disruption along the transition. 

Lastly, two models have been proposed to the end of encompassing all kinetic 

observations in the literature: the unified biophysical and empirical salt-threshold models. 
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 Proposed by Pohl and Jovin in their original study reporting the ‘reverse’ CD 

spectrum, the all-or-none model (Figure 1.5 A) involves a high energy nucleation point at 

the DNA terminus followed by a series of lower energy propagation steps.33 The Wang 

model involves a similar energetic description of a nucleation point followed by 

propagation, with the distinction being that the nucleation point occurs within a duplex 

and propagates unidirectionally (Figure 1.5 B). The thermal fluctuation base-pair opening 

model describes a successive series of base-pairs that stochastically open spontaneously, 

followed by the same base-pairs returning to the confines of the double helix in Z-form to 

create a nucleation point of several Z-form nucleotides that propagates bidirectionally 

(Figure 1.5 C). The helix-coil model describes B-DNA as melting to single-stranded coils 

that adopt a single-stranded Z-form structure and re-anneal as Z-DNA (Figure 1.15 E). 

The model involving solitary excitations is similar to the Wang model (Figure 1.5 B) 

except it explicitly requires base flipping to occur extrahelically. For those models 

describing the B-to-Z-DNA transition restraining nucleotides in the base-paired fashion 

(Figure 1.15 F-H), the theoretical Olson proposal suggests two base-pairs flip 

simultaneously such that their stacking faces are pointing away from one another, 

creating an intermediate point, from which Z-DNA formation proceeds bidirectionally 

(Figure 1.15 F). The theoretical Harvey model builds off of the Olson model, but 

describes one base-pair as flipping at a time with the concomitantly created cavity 

propagating down the helix. The solution of Ansevin-Wang describes the backbone as 

transforming from B-form to Z-like, while the WC base-pairs remain in a B-like 

orientation, followed by rearrangement of the bases from B-like to Z-like conformations. 
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Figure 1.5 | Proposed Schemes for the B-to-Z-DNA Transition. Shown are the (A) 
All-or none, (B) Wang, (C) thermal fluctuation base-pair opening, (D) helix-coil 
transition, (E) solitary excitations, (F) Olson, (G) Harvey models and (H) the solution of 
Ansevin-Wang. B-DNA (grey), intermediate (black) and Z-DNA (red) structural features 
are highlighted, where an intermediate refers to a non-B- and non-Z-like structure. 
 

1.2.4 Kinetic Rate Laws 

Consider a sequential two-step reaction whereby species A is converted to the 

intermediate B, and B is subsequently converted to the product C in a reversible fashion. 

Such a mechanistic model would be described as 

 

where k1 and k3 are the microscopic forward rate constants and k2 and k4 are the reverse 

microscopic rate constants. The time dependence of the species’ concentrations is given 

by 

dA
dt = −k1A+ k2B              (1.1) 
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dB
dt = k1A− k2 + k3( )B+ k4C             (1.2) 

dC
dt = k3B− k4C              (1.3) 

where A, B and C are the species’ concentrations. Conservation of mass is defined by 

A0 = A+B+C              (1.4) 

where A0 is the concentration of species A when time is equal to zero. Solving Eq. 1.4 for 

C and substituting into Eq. 1.2 yields 

dB
dt = k1A− (k2 + k3)B+ k4 (A0 − A−B)           (1.5) 

The form of Eq.’s 1.1, 1.3 and 1.5 following the Laplace transform and general partition 

theorem are given by 

A = A0
k2k4
αβ
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where 

α = kobs,1 =
k1 + k2 + k3 + k4 + (k1 + k2 + k3 + k4 )

2 − 4(k1k3 + k2k4 + k1k4 )
2

,      (1.9) 

β = kobs,2 =
k1 + k2 + k3 + k4 − (k1 + k2 + k3 + k4 )

2 − 4(k1k3 + k2k4 + k1k4 )
2

,    (1.10) 

and kobs,1 and kobs,2 are the observed rate constants. Care must be taken when monitoring a 

kinetic reaction to consider if species’ signals overlap such that the acquired time course 



 

 16 

contains a superposition of species. The observed signal of the reaction is given by 

y = Aε Aλ +Bε
B
λ +Cε

c
λ            (1.11) 

where ε Aλ , εBλ  and εCλ  are the molar absorptivity coefficients for A, B and C at a given 

wavelength, λ. Substituting Eq.’s 1.9 and 1.10 into 1.6- 1.8 then the latter into Eq. 1.11 

yields a considerably complex equation that is not practical for fitting a kinetic trace, or 

‘transient’. However, the same observed rate constants describe each of the three species, 

allowing for a fit to the more general sum of exponentials as given by 

y = yf − A1e
−kobs,1t + A2e

−kobs,2t( )           (1.12) 

where y is the observed signal as a function of time, yf is the final observed signal, A1 and 

A2 represent the signal magnitudes corresponding to each phase and kobs,1 and kobs,2 

represent the observed rate constants for each phase of a given transition. 

 

1.3 Circular Dichroism as a Tool to Measure Biomolecular Conformational Change 

 CD is a powerful, robust technique used to assess biomolecular structure due to its 

unique ability to sense the difference in chirality of molecules.123-126 B-form, A-form and 

Z-form DNAs, as well as quadruplexes and hairpins, all give rise to unique CD 

signals.127-131 The ability to use low concentrations (~5 µM for 12-mers) affords rapid 

data acquisition, especially when many solution conditions are used. Moreover, nucleic 

acids and proteins absorb circularly polarized light in different spectral regions, allowing 

for trivial background subtraction of protein-containing solutions. In the case of the 

protein-induced B-to-Z-DNA transition, a near-inversion of the CD spectrum is observed 

due to the change from a right- to left-handed structure (Figure 1.6 A). Perhaps not as 

common, but equally powerful is the potential to measure the CD signal of a given 
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conformational change over time due to CDs acute sensitivity to DNA structural changes 

(Figure 1.6 B). 

 

Figure 1.6 | CD Spectroscopy of the B-to-Z-DNA Transition. (A) Wavelength scan 
showing large spectral change near 254 nm upon Z-DNA formation. (B) Example time 
course curve at 254 nm. B-DNA PDB ID: 1UQC. Z-DNA PDB ID: 1QBJ. See Chapter 3 
for details. 
 
CD is also a useful tool for monitoring DNA melting for its sensitivity, precision and 

stability. As temperature is increased, the signal magnitude due to B-DNA structure 

decreases (Figure 1.7 A). The fraction of signal change observed at a given wavelength is 

plotted as a function of temperature (Figure 1.7 B) and can be described as  

           (1.13) 

where 𝜃 is the elipticity at 254 nm normalized to the signal change magnitude, 𝐿𝐿 and 𝑈𝐿 

are the lower and upper limits of the transition, respectively, 𝑎 is the Hill slope, 𝑇! is the 

melting temperature defined as the point of inflection of the melting curve and 𝑇 is the 

independent variable temperature. 

θ = LL +UL − LL

1+ e
Tm−T
a
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Figure 1.7 | DNA Melting as measured by Circular Dichroism. (A) Wavelength scans 
and (B) single wavelength measurement as a function of increasing temperature. Legend 
in ‘A’ represents °C. See Chapter 2 for details. 
 
 

1.4 Nuclear Magnetic Resonance Spectroscopy of DNA 

1.4.1 Nuclear Magnetic Resonance Fundamentals 

 NMR compounds are active due to their possession of nuclear spin, which is a 

complex phenomenon dictated by the nuclear spin quantum number, or nuclear spin 

angular momentum vector, I. For a nucleus in which I is non-zero, a non-zero nuclear 

magnetic moment exists, µ. The vector µ is projected along the spin angular momentum 

vector such that they are collinear (Figure 1.8 A) and 

µ
!"
= γ I
"

             (1.14) 

where γ is the gyromagnetic ratio, an intrinsic constant for a given nucleus (Table 1.1). 
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Table 1.1 | I = 1/2 Nuclei Commonly Studied by NMR Spectroscopy.132 
Nucleus γ (T!s)-1 Natural Abundance (%) 

1H 2.6752 x108 99.99 
13C 6.728 x107 1.07 
15N -2.713 x107 0.37 

 

 |I| = 1/2 is the most fruitful NMR active spin because they have relatively long lifetimes 

compared to their quadrupolar counterparts (|I|>1/2), and also lack electric quadrupolar 

moments arising from asymmetric distribution of charges in the nucleus. 

Once put in an NMR magnet, the nuclear spins in a given sample will be 

polarized and a bias in their z component will be instilled either parallel or antiparallel to 

the external magnetic field of the NMR spectrometer, B0 (Figure 1.8 B). The minimum 

energy of a given spin angular momentum is achieved with maximum projection along 

the external magnetic field. This orientation is therefore the most likely state for a given 

vector to adopt. However, the projection of µ along B0 follows a Boltzmann distribution 

of orientations of µ projected parallel or perpendicular to B0. This phenomenon is known 

as ‘Zeeman splitting’ and occurs when a sample is placed inside an NMR magnet. 

Because there is no bias in the x or y dimensions, the sum of x and y components of the 

nuclear spin vectors is zero. Once a Boltzmann distribution of spin vector orientations is 

reached, the spin vectors are summed and the slight bias in populations across Boltzmann 

energy levels in an orientation parallel to the external magnetic field is described as the 

‘bulk magnetization’ vector, M0 (Figure 1.8 D). Under free precession in the absence of 

applied radio frequency (RF) pulses, M0 is given by the Bloch equations133,134 as  

d
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where Mx, My and Mz are the x, y and z components of the bulk magnetization vector, 

respectively, Ω is the offset in Hz relative to the carrier frequency and ω1 is the frequency 

at which the bulk magnetization precesses about the effective magnetic field and M0 

describes the bulk magnetization vector at thermal equilibrium under the influence of an 

external magnetic field. R1 and R2 are the longitudinal and transverse relaxation rate 

constants that describe the decay of the bulk magnetization along z and in the xy plane, 

respectively.  

 From Table 1.1, one would predict all nuclei of the same identity have the same 

NMR observable frequency, or chemical shift. Indeed each nucleus type has unique 

chemical shifts relative to one another. However, when in context of a biomolecule, every 

individual nucleus of a given type will experience a slightly different effective magnetic 

field induced by electron currents in molecular orbitals in close proximity (Figure 1.8 E). 

Though this effect is exceptionally small, with high field magnets atomic resolution is 

increasingly afforded and such resonances become resolved from one another in the 

NMR spectrum, even for biomolecules which possess many nuclear spins compared to 

small molecules. The magnitude of a given electronic current is proportional to the local 

electron density. For such affects creating higher local magnetic fields, the affected spin 

is ‘shielded’ and will be observed ‘upfield’ at a lower chemical shift relative to the 

theoretical, non-shielded chemical shift. Similarly, the opposite is true for a spin 

experiencing a lower local magnetic field; it is ‘deshielded’ and observed ‘downfield’ 

with a higher chemical shift. 
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Figure 1.8 | Nuclear Magnetic Resonance Fundamentals. (A) A nucleus with magnetic 
moment, µ, shown (top) individually and (bottom) in the context of an NMR sample. (B) 
Affect of an external magnetic field on µ upon placing the sample into an NMR magnet 
(Coil). (C) Representation of µ for many spins within a sample at equilibrium in the 
laboratory frame. (D) Sum over all nuclear magnetic moments to arrive at M0, the bulk 
magnetization vector at equilibrium in the rotating frame. 
 
Finally, the consequence of each nuclear spin type possessing a unique γ, and each 

nuclear spin in a biomolecule experiencing a unique local magnetic field is observed in 

Figure 1.9, a 1D 1H NMR spectrum in which a DNA duplex is measured. 

 

 

Figure 1.9 | Proton Chemical Shifts of a DNA Duplex. 
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 The first step in studying a biological macromolecule by NMR is to assign the 

resonances of interest. For the studies presented herein, we will focus on adenine C8-H8 

and C2-H2, thymine N3-H3, C6-H6 and C5 methyl, guanine C8-H8 and N1-H1 and 

lastly cytosine C6-H6 (Figure 1.10). 

 

Figure 1.10 | Target DNA Resonances for NMR Spectroscopy 
 
Resonance assignments of DNA are well established and have been reviewed extensively 

by Wijmenga and coworkers.135,136 After significant advancements in synthesizing 

isotopically labeled (13C and/or 15N) DNA in vitro,137 elaborate resonance assignment 

strategies were developed that rely on transfer of magnetization from 1H to 13C and/or 15N 

(reviewed in Wijmenga and coworkers references above). While this synthesis method 

greatly simplified obtaining isotopically labeled DNA, its Achilles heel would be the 

necessity of gel electrophoresis to separate tens of milligrams of template from labeled 

product such that extremely short DNAs (<8 nucleotides) cannot be effectively resolved 

in such large quantities. In the studies presented in this thesis we focus much attention on 

six-nucleotide DNAs, or ‘6-mers’, thus precluding reliable purification by the method 

presented by Zimmer and Crothers137 despite exhaustive efforts. We therefore employ the 

conventional 1H-1H assignment technique for its ability to bypass isotopic enrichment. 
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 The classical 1H-1H assignment first polarizes the protons by applying an RF pulse 

that tips M0 from the z axis into the xy, or transverse, plane. The spins are allowed to 

precess and thus become encoded with their unique frequencies, similar to those shown in 

Figure 1.9, then brought back to the z axis where a ‘mixing’ phenomenon occurs, 

followed finally by tipping the frequency- and mixing- encoded spins back to the 

transverse plane for detection. The mixing phenomenon is known as the nuclear 

Overhauser effect (NOE), which describes the transfer of a given spin’s magnetic 

polarization through space to other extremely close (<5 Å) spins, or cross relaxation. The 

result is a 2D NMR spectrum where each axis represents all proton chemical shifts 

excited by the experiment. A diagonal exists for each ‘auto’ peak and all off diagonal, or 

‘cross’ peaks represent cross relaxation events between the two protons represented by 

each axis of the spectrum. The highly repetitive nature of DNA nucleotides strung 

together to make one strand of a DNA helix allows for very straightforward assignment 

of sugar (H1’) and aromatic (G and A H8, A H2, T and C H6) resonances. The aromatic 

resonances within a nucleoside unit will always experience cross relaxation with, or ‘talk 

to’ each other as colloquially referred to by NMR spectroscopists. In a unidirectional 

manner (5’ to 3’ along one DNA strand) the 5’ aromatic resonance will ‘talk’ to the 3’ 

H1’ resonance, provided one or both resonances are in a canonical duplex formation and 

are not experiencing significant chemical exchange. This, of course, means no cross 

relaxation between a terminal aromatic resonance and its neighboring H1’ will be 

observed. The lack of a cross peak between these two helps to provide a clue to the 

experimentalist assigning the DNA resonances. Once the terminal resonances are 

identified, one can ‘walk’ up the helix as indicated by red dotted lines in Figure 1.11. 
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Upon full assignment of aromatic and sugar proton resonances (Figure 1.11, top 

spectrum), assignments can then be extrapolated to separate NMR experiments involving 

heteronuclear correlations between protons and carbons or nitrogens (HSQCs or 

HMQCs) as shown in the bottom spectrum of Figure 1.11. Once DNA resonances of 

interest are assigned, measurements of DNA dynamics may be implemented. 

 

Figure 1.11 | Example of a 1H-1H NOE DNA Assignment. 
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1.4.2 Chemical Exchange and R1ρ 

 DNA dynamics are exhibited on a wide range of timescales from picoseconds to 

minutes, reviewed by Bothe and coworkers.138 Those relative to many biological events, 

such as ligand binding, conformational changes and protein recognition, occur on the 

NMR timescale of microseconds to milliseconds. Chemical exchange refers to the 

process of a given NMR-observable nucleus experiencing two distinct electronic (and 

subsequently chemical) environments on the NMR timescale. To account for 

magnetization that is undergoing chemical exchange, the Bloch equations (Eq. 1.15) were 

subsequently modified. Here, the so-called Bloch-McConnell equations139,140 to describe 

the magnetization of a system in two-state exchange (Figure 1.9)  
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  (1.16) 

where δA =ΩA −ωrf  and δB =ΩB −ωrf  are the resonance offsets of the ground (A) and 

transient (B) states in the rotating frame. ΩA and ΩB are the respective Larmor 

frequencies of A and B and ωrf is the frequency of the applied RF field. kAB and kBA are 

the rates of exchange between the two states, respectively. R1 and R2 are assumed to be 

identical for the ground and transient states. 

 When a given nuclear spin exists in electronically and chemically distinct states A 

and B in a mutually exclusive manner, each state gives rise to an observed resonance with 

volumes and heights proportional to each state’s population (Figure 1.12 A). If exchange 

were to occur between states A and B, peak broadening occurs due to the chemical 
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exchange phenomenon. In cases such as DNA chemical exchange, state B is usually <5 

%, causing resonance B to broaden out to the point where it evades direct detection. 

However, the distinct chemical exchange between states A and B has still left its mark on 

resonance A (Figure 1.12 B). Moreover, when exchange between states A and B occurs 

on a timescale faster than that of the NMR experiment (µsec- msec), there is no ability to 

distinguish between the two and a population-weighted average peak is observed, instead. 

 

Figure 1.12 | Chemical Exchange. A resonance (violet) exists in two conformations 
with (A) no chemical exchange and (B) the presence of chemical exchange. Shown on 
the right are observable spectra for each scenario. Dashed line represents ωA. 
 

Relaxation dispersion experiments have been developed to measure such 

chemical exchange, especially Carr-Purcell-Meiboom-Gill (CPMG) and rotating frame 

relaxation dispersion (R1ρ).141,142 R1ρ relaxation dispersion measures the relaxation rate of 

the transverse magnetization decay due to R2 as well as that due to chemical exchange 

(Rex). When an RF pulse is applied to tip the bulk magnetization into the transverse plane, 

creating Mxy, the spins are said to be in a ‘phase coherence’ whereby there is relatively 
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little inhomogeneity in the nuclear spin orientations comprising Mxy. After a time period, 

Δt, corresponding to one period of precession, some phase coherence will be lost due to 

inhomogeneity of the external magnetic field, differences in the local magnetic field that 

cause unique chemical shifts, imperfections in the RF pulse(s) used to create the xy 

component of M and relaxation due to R2 and Rex. As phase coherence is lost among 

spins, Mxy decays at a monoexponential rate (Figure 1.13 A). R1ρ relaxation dispersion 

measures the projection of magnetization along the effective magnetic field, ωeff. To gain 

information about the exchange rates and populations of states A and B, the R1ρ 

relaxation dispersion experiment probes the intensity of the observed resonance (Figure 

1.10 B) as a function of the two experimental parameters, spin lock power (ω1) and 

resonance offset (Ω). ω1 is incrementally increased to suppress the extent of chemical 

exchange, and consequently the contribution of Rex to Mxz relaxation. The observed peak 

intensity of the target peak will therefore decay faster as a result of more chemical 

exchange at a lower ω1 (Figure 1.13 C) as compared to that at higher ω1 (Figure 1.13 D). 

By fitting the peak intensity to a monoexponential decay we directly obtain R1ρ. ω1 and Ω 

are varied and peak intensity is measured for each combination of the two. The lowest ω1 

used is limited by the minimum amplitude required to suppress unwanted 13C-13C scalar 

couplings and the highest is limited by the capability of the NMR probe hardware to 

produce hard pulses with high amplitude for an extended period of time. Ω is varied from 

negative to positive values. When Ω=ΩB, Rex is maximum and the greatest sensitivity to 

the chemical exchange process occurs under these parameters. The R1ρ, and consequently 

R2+Rex, profile collection of many (ω1, Ω) combinations is given by a combination of 

distinct values describing the unique targeted chemical exchange process (Figure 1.11 E). 
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While the Bloch-McConnell equations fully describe a two-state exchange 

process as written in Eq. 1.2, they are not practically implemented as a fitting technique 

due to the high computational cost associated with doing so. Considerable theory has 

been developed to approximate the real solution to Eq. 1.2 using a single algebraic 

expression under a variety of scenarios taking into account pB and the relative magnitudes 

of kex and |ΔωAB|.132,141,143-147 The Laguerre approximation is the most accurate of these, 

provided pA and pB are highly skewed (pB< ~30 %),146 as it accounts for pA, pB, kex, 

ΔωAB, R1 and R2 each individually,146 which is not the case in such other scenarios.147  
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where , ω 2
A = (ΩA −ωrf )

2 +ω1
2

 and ω 2
B = (ΩB −ωrf )

2 +ω1
2 . 

 where ω1 is the spin lock power strength. where Ω is the 

offset of the spin lock carrier frequency (ωrf) from the observed resonance frequency 

(Ωobs).  where pA and pB are the ground and transient state 

populations and . kex is the chemical exchange rate constant for a two-state 

exchange process where kex = kA + kB , kA = kex pB  and kB = kex pA . Plots of R1ρ data are 

presented as R2eff (R2eff = R2 + Rex), where 

.            (1.4) 

ω 2
eff =Ω

2 +ω1
2

θ = arctan ω1 /Ω( ) Ω =Ωobs −ωrf

Ωobs = pAΩA + pBΩB

pA + pB =1

R2,eff =
R1ρ
sin2θ

−
R 1

tan2θ
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Figure 1.13 | Concepts of R1ρ Relaxation Dispersion. (A) Representation of the bulk 
magnetization in the transverse (xy) plane, Mxy, before free precession begins (left) 
followed by precession of Mxy (large arrow). Representative individual spins are shown 
with small arrows. Each subsequent plot is after a period Δt, representing one full 
revolution of Mxy. Small arrows depict loss of coherence of individual spins, contributing 
to the decay of Mxy. (B) Vector diagram representing the effective field, ωeff, along which 
R1ρ is projected. (C-E) The decay of the bulk magnetization component along R1ρ is 
measured as a function of spin lock power (SLP), ω1, and offset, Ω. (C-D) Vector 
diagrams depicting chemical exchange between ωA and ωB during an R1ρ experiment. 
Blurred black arrows depict individual spins that are stochastically exchanging from ωA 
to ωB and vice versa. Examples are shown at (C) low and (D) high spin lock power. (E) 
Theoretical plots of R2+Rex calculated from R1ρ using Eq. 1.4. (Left) On- and (Right) off-
resonance plots. In practice the magnitude of ωB is much less than that of ωA for the 
systems studied in this thesis. 
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1.5 Statistics Used for Model Selection 

A set of data must often be fit to a model to gain valuable information for the 

interpretation of the event causing the data. The type of model chosen will dictate the 

potential interpretations, so comparing how well each model fits is of utmost importance. 

Moreover, a model with more variables (the full model) will always fit a set of data better 

than the restricted model. To assess if the full model fits significantly better, thus 

meriting the imposition of an increasingly complex model onto the data, statistical tests 

have been developed. Here, we use two such tests, the F-test and Akaike Information 

Criterion (AIC) test. 

The F-test148 compares two nested models fit to the same data. Two models are 

nested if the restricted model can be obtained from setting one or more variables in the 

full model equal to zero. The F-Test operates under the null hypothesis that the residual 

sum of squares of the restricted model is not significantly larger than that of the full 

model, where 

F = ΔSS /ΔDF
SSF /DFF

.           (1.18) 

∆𝑆𝑆 is the difference in the residual sum of squares of the full model as compared to the 

restricted model, ∆𝐷𝐹 is the difference in the number of degrees of freedom of the full 

model as compared to the restricted model, 𝑆𝑆! is the residual sum of square of the full 

model, and 𝐷𝐹! is the number of degrees of freedom of the full model. The F value that 

is calculated from Eq. 1.18 is then compared to standardized F values taking into account 

the number of degrees of freedom in the restricted and full models with a particular 

confidence level (here, 0.95). If the calculated F value is greater than the tabulated F 
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value, the null hypothesis fails and the residual sum of squares of the restricted model are 

significantly larger than that of the full model. The p value can then be calculated for a 

given F-test. A p value less than the significance level (here, 0.05) means the null 

hypothesis is rejected. If the null hypothesis is rejected, the full model describes the 

process that gives rise to the data significantly better than the restricted model. 

The AIC test149 minimizes the amount of information lost when describing the 

process that generates the data by using a likelihood function, where 

AIC = N ln(L)+ 2K .           (1.19) 

𝑁 is the number of trials, 𝐾 is number of free parameters and 𝐿 is the likelihood function, 

where 

L(θ x) = P(X = x;θ ) ,           (1.20) 

or the likelihood of a parameter 𝜃 given the outcome 𝑥 of 𝑋. The likelihood ranges from 

0 to 1. Because the natural log is taken of the likelihood, a smaller AIC value means the 

corresponding model is more likely to describe the act that gives rise to the data. 
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Chapter 2  

Transient Hoogsteen Base-Pairs Occur Robustly in Canonical Duplex DNA Across 

Diverse Sequence and Positional Contexts via a Late Transition State* 

 

2.1 Introduction 

We recently showed1-3 using Nuclear Magnetic Resonance (NMR) R1ρ relaxation 

dispersion techniques4-7 that A•T and G•C Watson-Crick (WC) base pairs in CA/TG and 

TA/TA steps of duplex DNA can transiently form Hoogsteen (HG) base-pairs (base-

pair)1,8,9 (Figure 1A) with populations in the range of 0.14–0.49 % and lifetimes of 0.3–

2.5 ms at pH ~6. This, together with previous studies examining the occurrence10-12 and 

energetics11,13-15 of HG base-pair in DNA duplexes and their involvement in DNA-

protein recognition,16,17 DNA replication,18,19 and DNA damage repair,20-22 raise the 

possibility that HG base-pairs may exist in much greater abundance in the genome where 

they can carry out functions inaccessible to Watson-Crick base-pairs. Here, we use 13C 

and 15N NMR R1ρ relaxation dispersion to more broadly examine the occurrence of 

transient HG base-pair across diverse sequence and positional contexts in canonical 

duplex DNA.23  

R1ρ relaxation dispersion NMR experiments offer a unique opportunity to 

characterize conformations of biomolecules that exist in low abundance and for short 
                                                
*HSA, FLG, and HMA conceived the idea. HSA prepared ZJXN and CG3. FLG and ENN prepared A5 and 
CA3. ENN prepared A2, A4, A6 and E. HAS measured NMR data on ZJXN and CG3. FLG measured NMR 
data on A2, A4, A5 and A6. ENN measured NMR data on A2, A4, A6 and E. HSA carried out the data 
analysis with help from FLG, ENN, and HMA. 
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period of times.1,2,6,24-37 Transitions between ground states (GS) and higher energy 

transient states of biomolecules with populations (pB)> 0.05 % and lifetimes (τB) between 

~0.1 and ~10 ms can result in exchange broadening of NMR resonances. In the R1ρ 

relaxation dispersion experiment, this chemical exchange contribution (Rex) to the 

observed rotating frame relaxation rate constant (R1ρ) is modulated by varying the offset 

frequency (Ω) and power (ω1) of an applied radiofrequency (RF) spin lock field. The R1ρ 

relaxation dispersion data measured as a function of Ω and ω1 can be fit using established 

algebraic expressions describing 2-state chemical exchange to extract the chemical shift 

(ωB), population (pB) and lifetime (τB) of the transient state.5,28,35 We have adapted low 

spin lock field R1ρ relaxation dispersion experiments developed for protein 

applications4,5,38,39 to allow application of 13C,1,6 and more recently 15N,2 R1ρ relaxation 

dispersion experiments in studies of nucleic acid conformational exchange with broad 

exchange rate (kex) timescale sensitivity between ~60 s-1 and ~100,000 s-1.2,6 Using these 

experiments, we broadly probed for the occurrence of transient HG base-pair in 22 A!T 

and 16 G!C base-pairs in 8 DNA duplexes ranging in size from 6 to 15 base-pairs. These 

constructs encompass a variety of sequence motifs including (A!T)n repeats of varying 

length (n=2, 4, 5 and 6), a (CA)3 repeat, a duplex sequence that forms HG base-pair upon 

binding to the drug echinomycin,40,41 a (CG)3 repeat capable of forming Z-DNA,42 and a 

B/Z junction forming sequence.26,43  

 

2.2 Methods 

2.2.1 NMR Samples and Resonance Assignments 
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All DNA samples were prepared as previously described1,2 in NMR buffer 

containing 15 mM Sodium phosphate pH 5.2 (A5), 5.4 (A2, A4, A6, CA3 and CG3), 6.8 (E) 

or 7.5 (ZJXN), 25 mM NaCl, 25 mM NaCl, 0.1 mM EDTA, 10 % D2O. CG3 and E are 

unlabeled DNA samples, the T-rich strand of A5 is 13C/15N labeled while A6, A4, A2 CA3 

and ZJXN are fully 13C/15N-labeled. 

Unlabeled DNA samples were purchased from Integrated DNA Technologies, 

Inc. (IDT, Inc.) and prepared as described previously1 at 2-4 mM concentrations. The 

semi- 13C/15N-labeled A5-DNA duplex was prepared by annealing an unlabeled modified 

strand to a labeled unmodified strand. The fully 13C/15N-labeled, unmodified DNA 

duplexes were prepared by annealing two labeled strands together. All labeled single 

strands were synthesized in vitro by the method of Zimmer and coworkers,44 using a 

DNA hairpin template with a 5’ overhang corresponding to the complement of the target 

labeled strand and a 3’ ribose (IDT, Inc.). In this study we used the same hairpin 

sequence as Zimmer and coworkers,44 Klenow fragment DNA polymerase (NEB, Inc.) 

NEB2 buffer (NEB, Inc.), and uniformly 13C/15N-labeled dNTPs (Isotec, Sigma-Aldrich 

and Silantes). Base- and heat-catalyzed cleavage separated the hairpin template from the 

13C/15N-labeled synthesized product. The single-stranded DNA product was purified by 

20 % denaturing polyacrylamide gel electrophoresis, isolated by passive elution from 

crushed gel pieces and desalted on a C18 reverse-phase column (Sep-Pak, Waters). The 

oligo was lyophilized and suspended in NMR buffer. The semi-labeled DNA samples 

were prepared by titrating the unlabeled strand directly into an NMR tube containing the 

13C/15N-labeled strand and monitoring the disappearance of single-stranded DNA peaks 

using quick HSQC experiments. The fully labeled samples were annealed in a similar 
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fashion. Sample pH was adjusted as described above. 

All NMR experiments were performed on a Bruker Avance 600 MHz NMR 

spectrometer equipped with a 5mm triple-resonance cryogenic probe. Standard 2D 1H-1H 

NOESY experiments at 26 °C (A2, A4, A5, A6, CA3, E) or 25 °C (CG3 and ZJXN) and pH 

5.2 (A5), 5.4 (A2, A4, A5, A6, CA3, CG3), 6.8 (E) or 7.5 (ZJXN) were used to assigned 

resonances as described previously.1,26 

 

2.2.2 NMR R1ρ Relaxation Dispersion 

Carbon and nitrogen rotating frame (R1ρ) relaxation dispersion profiles for 

guanine/adenine C8, guanine/adenine C1’, cytosine C6, guanine N1 and thymine N3 

were measured using a 1D acquisition scheme which uses selective Hartmann-Hahn 

polarization transfer45 to selectively excite one C-H or N-H spin system at a time and 

extends the detectable exchange regime to tens of milliseconds and analyzed as 

previously reported.1,2 See Supplementary Table 4 for spin lock power and offset 

frequencies. The following delays were used: A2: A3 C1’, G10 C1’, A17 C1’, A7/21 C1’; 

A4: A5 C1’, G10 C1’, A16 C1’, A19 C1’; CA3: G10 C1’; A5: A3 C1’, C5 C1’ [0, 4, 8, 

12, 18, 26, 34, 42, 12, 42]; A5 G11 C8 [0, 12, 32, 26, 32]; A4 A17 C8, A6 A17 C8 [0, 4, 

12, 32, 26, 32]; A2: C2 C6, T9 C6, G11 C8, A16 C8, A17 C2; CA3: A16 C8, C17 C6, 

C19 C6, A21 C1’; A4 C15 C6, G11 C8; A5: C9 C6, G10 C8; A6: G10 C8, A16 C8 [0, 4, 

8, 12, 16, 20, 26, 32, 12, 32]; A2: T8 N3, G10 N1; A5: T4 N3, T5 N3, T6 N3, T7 N3, T8 

N3; A2 G23 N1; A6 G10 N1 [0, 8, 16, 24, 36, 48, 60, 80, 100, 16, 70, 100]; CG3: G4 C8 

[0, 60, 60]; ZJXN: A6 C8, A24 C8 [0, 4, 8, 12, 16, 20, 24, 30, 12, 30]; E A5 C8: [0, 48, 

48]. 
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Data points meeting C-C Hartmann-Hahn matching conditions were omitted as 

described previously.6 Data were processed using NMRPipe46 and R1ρ values were 

determined from monoexponential decay fits of the resonance intensities using a script47 

in Mathematica 9 (Wolfram Research, Inc.). On- and off-resonance R1ρ data were fit to 

the Laguerre equation (Eq. 2.1) with the Levenberg-Marquardt algorithm48 using Origin 

8.6 (OriginLab).  

The Laguerre equation is given by, 

R1ρ =
R1 cos

2θ + R2 sin
2θ + sin2θ pApBΔω

2kex
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(2.1) 

where , ω 2
A = (ΩA −ωrf )

2 +ω1
2 and ω 2

B = (ΩB −ωrf )
2 +ω1

2 . R1 and R2 are the 

intrinsic longitudinal and transverse relaxation rate constants, respectively, and are 

assumed to be identical for the ground (A) and transient (B) states.  

where ω1 is the spin lock power strength. where Ω is the offset of the spin 

lock carrier frequency (ωrf) from the observed resonance frequency (Ωobs). 

 where pA and pB are the ground and transient state populations and 

. kex is the chemical exchange rate constant for a two-state exchange process 

where ,  and . Plots of R1ρ data are presented as R2eff 

(R2eff = R2 + Rex), where 

.            (2.2) 

In cases where large errors were accompanied by small Rex, model selection 

comparing presence and absence of exchange was carried out using the F- and Akaike’s 

ω 2
eff =Ω

2 +ω1
2

θ = arctan ω1 /Ω( )

Ω =Ωobs −ωrf

Ωobs = pAΩA + pBΩB

pA + pB =1

kex = k1 + k2 k1 = kex pB k2 = kex pA

R2,eff =
R1ρ
sin2θ

−
R 1

tan2θ
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Information Criterion (AIC)49 tests to discriminate between exchange and no detectable 

exchange (data not shown). The F-Test compares two nested models fit to the same data 

under the null hypothesis that the residual sum of squares of the less complex, restricted 

model is not significantly larger than that of the more complex, full model. The AIC Test 

assesses the likelihood of a model given the data and seeks to minimize loss of 

information embedded within the data. For A2 G23 N1 no exchange is the selected model 

under the conditions used. Because of lower sensitivity to exchange, we did not interpret 

absence of 15N dispersion as evidence for absence of transient HG base-pair.  

 

2.2.3 DNA Melting Monitored via Circular Dichroism  

DNA duplexes (IDT, Inc.) were prepared as described previously1 in 90 % NMR 

buffer (15 mM Phosphate buffer, 0.1 mM EDTA, 25 mM NaCl) pH 5.4, 10 % D2O. 

Duplexes were prepared by diluting complementary single-stranded stocks to 50 µM in 

the same tube with a final volume of 200 µL. Samples were denatured at 95 °C for 5 min 

followed by annealing of at least 10 min on the bench top. Samples were transferred to a 

1 mm cuvette (Starna Cells), mineral oil was added to the top of the solution and the 

cuvette was capped. Melting experiments were performed on a Jasco Spectropolarimeter 

equipped with a recirculating water bath and Peltier temperature control unit. 

Temperature ramps were performed from 5 °C to 80 °C with a bandwidth of 5 nm (1 nm 

for ZJXN), ramp rate of 1 °C/min, equilibration time of 20 sec and sensitivity of 100 

mdeg. Wavelength scans used the same sensitivity and bandwidth as melting runs. 

Spectral measurements were performed from 220 nm to 330 nm with a scan rate of 100 
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nm/min. Temperature ramp profiles were fit to the Boltzmann model,50 which has 

previously been used to determine nucleic acid melting temperatures,51 

             (2.3) 

where 𝜃 is the elipticity at 254 nm normalized to the signal change magnitude, 𝐿𝐿 and 𝑈𝐿 

are the lower and upper limits of the transition, respectively, 𝑎 is the Hill slope, 𝑇! is the 

melting temperature defined as the point of inflection of the melting curve and 𝑇 is the 

independent variable temperature. The thermodynamic model52,53 has also been used to 

characterize melting temperatures of nucleic acids, but we focus on the Boltzmann model 

in order to simply rank the inflection/midpoint of the DNA sequences used herein as was 

done previously.50 

 

2.2.4 Phi (Φ)-Value Analysis 

Φ-value analysis was carried out by computing: 

,            (2.4) 

where ΔΔGTS-WC= ΔG‡
WC-HG,mut-ΔG‡

WC-HG,Ψ-WT and ΔΔGWC-HG= ΔGWC-HG,mut-ΔGWC-HG,Ψ-

WT are the change in free energy difference between the transition and WC, and WC and 

HG states, respectively, upon introduction of one or multiple ‘mutations’, or sequence 

variants, as compared to an arbitrarily defined ‘wild type’ (Ψ-WT), or reference base-

pair. Sequence variants describe changing the neighboring sequence context and position 

relative to terminal ends. Reference base-pairs are defined as A4 T4 N3 and A2 G10 N1 

for A!T and G!C base-pair, respectively. To control for systematic errors in Φ arising 

due to Ψ-WT referencing, we also performed Φ-value analysis assigning a 13C resonance 

θ = LL +UL − LL

1+ e
Tm−T
a

Φ = ΔΔGTS−WC /ΔΔGWC−HG
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as Ψ-WT for A!T and G!C base-pairs in a mutually exclusive manner (data not shown). 

ΔG‡
WC-HG,mut and ΔG‡

WC-HG,Ψ-WT are the free energy barriers of the WC-HG transition for 

mutant and Ψ-WT base-pair, respectively. Φ≈ 0 when ΔΔGTS-WC≈ ΔΔGWC-HG and Φ≈ 1 

when ΔΔGTS-WC≈ ΔΔGWC-HG. Φ≈ 0 or 1 suggests an ‘early’ (WC-like) or late (HG-like) 

transition state in terms of free energy, from which structural inferences of the transition 

state can be made. 

 

2.3 Results and Discussion 

R1ρ relaxation dispersion experiments were performed at pH 5.2–7.5 and 5.2–5.4 

for A!T and G!C base-pairs, respectively. We use low pH conditions for transient (and 

protonated) G•C base-pairs in order to increase the WC-to-HG chemical exchange 

signature detected by NMR R1ρ relaxation dispersion.3 We recently reported a detailed 

analysis of the pH dependence of chemical exchange corresponding to transient HG base-

pair formation and how measurements at such lower pH conditions can be qualitatively 

interpolated to assess exchange at higher pH.3  
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Figure 2.1 | Probing the occurrence of transient A•T and G•C Hoogsteen Base-Pairs. 
(A) The equilibrium between Watson-Crick and Hoogsteen base-pairs. Shown are the 
average forward (kA) and reverse (kB) rate constants and populations obtained in this 
study. (B) DNA duplexes sequences used in this study. Base-pairs targeted for relaxation 
dispersion measurements are highlighted with a star.  
 

We used R1ρ relaxation dispersion experiments on well-resolved sugar (C1’) or 

base (C6/8, N1/3) resonances to probe for the occurrence of transient HG base-pairs in 

the eight duplexes studied (Figure 2.1 B). A total of 41 R1ρ relaxation dispersion profiles 

were measured targeting 21 and 13 unique A•T and G•C base-pairs, respectively, 
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embedded within 6/10 distinct dinucleotide steps– 11x AA/TT, 4x GA/TC, 3x GG/CC, 

3x CG/CG, 2x TA/TA and 11x TG/CA or 7x CA/TG, where the underlined nucleotide is 

the purine of the base-pair for which R1ρ relaxation dispersion was measured. These base-

pairs encompass 16/64 unique trinucleotide sequences and vary with respect to position 

relative to the terminal end ranging between n-1 and n-6, where n is the numbers of base-

pair from the closest terminal end.  

 

Figure 2.2 | Characterizing Transient Hoogsteen Base-Pairs using On- and Off-
Resonance 13C and 15N R1ρ Relaxation Dispersion. Shown are representative examples 
of relaxation dispersion profiles for different sequence and positional contexts fit to Eq. 
2.1 with spin lock powers (Hz) indicated in plot insets. Error bars represent experimental 
uncertainty (one standard deviation) estimated from monoexponential fitting of duplicate 
R1ρ data. Buffer conditions are 15 mM Sodium phosphate, 25 mM NaCl, 0.1 mM EDTA, 
10 % D2O pH 5.2 (A6 C15 C6, A5, A4: C15 C6, A16 C1’, G10 C1’), 5.4 (A2, A4, A6, 
CA3, CG3), 6.8 (E) or 7.5 (ZJXN), 26 °C (A2, A4, A5, A6, CA3, E) or 25 °C (A2 A3 C1’, 
CG3, ZJXN). 26 °C (A2, A4, A5, CA3, E) or 25 °C (ZJXN). 
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For the 34 unique base-pairs examined, we measured significant R1ρ relaxation 

dispersion indicating chemical exchange consistent with transient HG base-pair 

formation (representative plots in Figure 2.2, all plots in Figure A1.1). A two-state 

analysis ( ) of the R1ρ relaxation dispersion data using the Laguerre54 equation 

yielded the downfield shifted purine C8 (Δω≈ 2.86 ppm), purine C1’ (Δω≈ 3.17 ppm), 

cytosine C6 (Δω≈ 2.40 ppm), and upfield shifted imino nitrogen N1/3 (Δω≈ -1.84 ppm) 

chemical shifts that are expected for HG base-pair (Figure 2.3 C).1,2 Consistent with 

transient HG base-pair formation, we do not observe chemical exchange at adenine C2 

and thymine C6, which do not undergo large chemical shift changes upon HG formation1 

(Figure A1.1). These results establish the existence of transient HG base-pairs broadly 

outside CA/TG and TA/TA steps.  

We observe significant variations in the populations (0.08-2.73 % for A•T and 

0.13-2.11 % G•C) and lifetimes (0.12-2.57 ms for A•T and 0.40–2.08 ms for G•C base-

pair) of the transient HG base-pair (Figure 2.3 and Table 2.1).1,2 Variations are also 

observed in the differences between WC and HG chemical shifts (C8 Δω= 1.27-3.89 

ppm, C6 Δω= 1.90-3.36 ppm, C1’ Δω= 0.90-4.12 ppm, N1/3 Δω= -0.99- -2.51 ppm) that 

could reflect sequence-specific contributions to chemical shifts or variations in WC 

and/or HG geometry (Figure 2.3 C).  

A kA
kB

! →!← !! B
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Figure 2.3 | Sequence and Position Dependence of Population and Lifetime of 
Transient Hoogsteen Base-Pairs. Shown are (A) populations (pB) and (B) lifetimes (τB) 
of transient HG A•T (red) and G•C (blue) base-pairs. (C) Transient Hoogsteen state 
chemical shift differences (ΔωAB) relative to the Watson-Crick state obtained from R1ρ 
relaxation dispersion for A•T (red) and G•C (blue) base-pairs, respectively. Trapped 
Hoogsteen base-pair references1,2 are shown in grey. Error bars represent experimental 
uncertainty (one SD) using propagation of errors from monoexponential fitting of 
duplicate R1ρ relaxation dispersion measurements and analysis of signal-to-noise.  
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Table 2.1 | Chemical Exchange Parameters from fits of R1ρ Relaxation Dispersion 
Data to Eq. 2.1. Error bars represent experimental uncertainty (one SD) estimation based 
on monoexponential fitting of duplicate R1ρ relaxation dispersion measurements and 
analysis of signal-to-noise. Error is not determined by fit for values equal to zero. 

 
Probe pB (%) kex (s-1) ΔωAB (ppm) R1 (s-1) R2 (s-1) τB (ms) 

A2 C2 C6 0.13±0.02 1357±335 3.36±0.23 2.90±0.03 26.74±0.09 0.74±0.18 
A2 A3 C1' 0.52±0.11 7946±699 2.94±0.29 1.86±0.03 15.37±0.33 0.13±0.01 
A2 T8 N3 0.78±0.25 1962±156 -1.74±0.29 1.44±0.02 4.51±0.03 0.51±0.04 

A2 G10 C1' 1.01±0.02 2157±86 3.74±0.06 1.72±0.06 14.85±0.20 0.47±0.02 
A2 G10 N1 1.88±0.63 2542±152 -1.55±0.26 1.78±0.03 4.92±0.05 0.40±0.02 
A2 G11 C8 0.44±0.10 1828±238 1.27±0.16 2.31±0.02 21.40±0.09 0.55±0.07 
A2 A16 C8 0.50±0.08 4264±394 2.68±0.20 2.22±0.05 22.64±0.29 0.24±0.02 
A2 A17 C1' 0.54±0.02 2074±132 3.20±0.10 1.81±0.05 14.74±0.15 0.48±0.03 

A2 A7/A21 C1' 0.34±0.02 3157±161 3.03±0.11 1.87±0.02 15.14±0.11 0.32±0.02 
A4 A5 C1’ 0.08±0.01 1439±387 3.52±0.30 1.82±0.03 15.83±0.08 0.70±0.19 
A4 G10 C1' 1.04±0.03 1865±108 3.82±0.08 2.17±0.09 14.41±0.30 0.54±0.03 
A4 G11 C8 0.13±0.16 482±695 3.05±0.33 2.18±0.03 20.33±0.12 2.08±3.00 
A4 C15 C6 2.11±0.26 698±132 2.10±0.11 3.99±0.16 28.03±0.52 1.46±0.28 
A4 A16 C1' 0.53±0.05 3905±272 3.17±0.16 2.05±0.06 14.94±0.29 0.26±0.02 
A4 A17 C8 0.19±0.03 1493±369 3.68±0.29 2.39±0.06 21.03±0.17 0.67±0.17 
A4 A19 C1' 0.29±0.05 945±247 3.10±0.18 1.87±0.08 14.55±0.17 1.06±0.28 
A5 A3 C1' 0.21±0.25 390±512 2.77±0.20 1.24±0.05 16.31±0.06 2.57±3.37 
A5 T4 N3 2.73±1.46 2724±144 -0.99±0.26 1.28±0.01 4.44±0.02 0.38±0.02 
A5 T5 N3 0.32±0.17 1474±264 -1.74±0.48 1.26±0.01 4.40±0.02 0.68±0.12 
A5 T6 N3 0.24±0.05 990±208 -2.51±0.24 1.35±0.01 4.47±0.02 1.01±0.21 
A5 T7 N3 0.37±0.06 637±161 -2.35±0.14 1.27±0.01 4.45±0.02 1.58±0.40 
A5 T8 N3 0.33±0.19 2712±297 -1.98±0.58 1.28±0.01 4.37±0.03 0.37±0.04 
A5 C9 C6 0.55±0.08 863±223 2.52±0.18 2.87±0.08 29.74±0.30 1.17±0.30 

A5 G10 C8 1.45±0.02 1077±21 3.49±0.02 2.14±0.03 22.10±0.11 0.94±0.02 
A5 G11 C8 1.10±0.17 647±106 0.90±0.07 2.29±0.02 23.18±0.08 1.56±0.26 
A6 G10 C8 0.68±0.02 611±26 3.08±0.02 2.44±0.01 23.04±0.04 1.65±0.07 
A6 G10 N1 0.39±0.18 811±391 -1.84±0.48 1.60±0.03 4.74±0.04 1.24±0.60 
A6 A16 C8 0.34±0.02 3172±157 3.08±0.09 2.33±0.02 23.80±0.11 0.32±0.02 
A6 A17 C8 0.65±1.00 3940±2173 1.57±1.23 2.38±0.19 20.97±0.76 0.26±0.14 

CA3 G10 C1' 0.96±0.01 1947±43 3.74±0.03 1.93±0.03 14.37±0.12 0.52±0.01 
CA3 A16 C8 0.20±0.02 2389±362 2.91±0.23 2.46±0.04 25.02±0.18 0.42±0.06 
CA3 C17 C6 0.47±0.09 1091±277 1.90±0.24 3.21±0.07 28.62±0.28 0.92±0.23 
CA3 C19 C6 0.61±0.09 819±227 2.10±0.18 3.34±0.10 28.69±0.28 1.23±0.34 
CA3 A21 C1' 0.27±0.06 7190±981 4.12±0.48 2.82±0.03 20.44±0.43 0.14±0.02 

E A5 C8 0.44±0.16 8177±1012 3.89±0.59 4.54±0.21 16.96±0.76 0.12±0.02 
CG3 G4 C8 0.21±0.03 1938±451 3.02±0.34 4.22±0.09 11.90±0.21 0.52±0.12 

ZJXN A6 C8 1.16±0.09 2582±167 2.46±0.13 1.46±0.09 28.55±0.30 0.39±0.03 
ZJXN A24 C8 0.57±0.08 3377±411 3.05±0.26 2.02±0.10 29.49±0.43 0.30±0.04 

A2 T9 C6 0 0 0 3.18±0.08 26.04±0.11 0 
A2 A17 C2 0 0 0 2.59±0.05 25.49±0.07 0 
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We previously reported2 that owing to smaller Δω and Rex contributions, 15N 

dispersion data alone may not allow for a reliable determination of the population of HG 

transient states. Moreover, moderate differences in pH may explain some of the observed 

variations. However, we observe significant variations in the populations (0.08-0.65 % 

for A•T and 0.13-2.11 % G•C) and lifetimes (0.13-1.06 ms for A•T and 0.47-2.08 ms for 

G•C base-pair) even when focusing on 13C R1ρ relaxation dispersion data only measured 

at a very narrow pH range (pH= 5.2-5.4). The WC-to-HG variations are also not 

systematic across different duplexes and no correlation between exchange parameters and 

melting temperatures as measured by Circular Dichroism is observed (Figure 2.4 and 

Table 2.2, also see Figure A1.2 for Tm according to pHG and τHG.).  
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Figure 2.4 | Circular Dichroism DNA Duplex Melting Experiments. (A) Fraction of 
the melting transition calculated from elipticity at 254 nm as a function of increasing 
temperature. Data are fit to Eq. 3. (B) Circular Dichroism spectra measured at 25 °C are 
shown in solid black and dotted red lines, before and after melting experiments 
respectively. Buffer conditions are 15 mM Sodium phosphate, 25 mM NaCl, 0.1 mM 
EDTA, 10 % D2O pH 5.2 (A6 C15 C6, A5, A4: C15 C6, A16 C1’, G10 C1’), 5.4 (A2, A4, 
A6, CA3, CG3), 6.8 (E) or 7.5 (ZJXN), 26 °C (A2, A4, A5, A6, CA3, E) or 25 °C (A2 A3 
C1’, CG3, ZJXN). 
 
Table 2.2 | Experimentally Determined Melting Temperatures. The buffer conditions 
are 15 mM phosphate buffer pH 5.4, 25 mM NaCl, 0.1 mM EDTA, 10 % D2O. Error bars 
reported are from a χ2 minimization performed using Eq. 3 in Origin 8.6 (Origin Lab). 
 

Sequence Tm (°C) 
A2 53.9±0.4 
A4 55.0±0.3 
A5 51.1±0.3 
A6 46.5±0.2 

CA3 51.4±0.4 
E 26.8±0.8 

CG3 51.3±0.2 
ZJXN 73.6±3.6 
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Figure 2.5 | Sequence and Position Dependence of Thermodynamic and Kinetic 
Parameters Describing the Watson-Crick to Hoogsteen Transition. Black bars 
represent (A) free energy difference (ΔGWC-HG) and (B) forward barrier (ΔGWC-HG) of the 
Watson-Crick to Hoogsteen transition for base-pairs probed. Labels follow the 
nomenclature: sequence context (i.e. TAT), base-pairs form nearest terminal end (i.e. -5), 
sequence (i.e. h), residue number (i.e. 6) such as TAT-5h6. Error bars represent 
experimental uncertainty (one standard deviation) estimated from propagation of errors 
from monoexponential fitting of duplicate R1ρ relaxation dispersion measurements and 
analysis of signal-to-noise. Average and standard deviation for dinucleotide steps are 
shown using white bars.  

 

Strikingly, we find that the sequence dependent contribution to WC-to-HG 

equilibrium can be ascribed in part to energetic interactions with neighboring base-pairs 

at the dinucleotide level. In Figure 2.5, we plot the free energy difference (ΔGWC-HG= 

GHG-GWC) and forward free energy barrier (ΔG‡
WC-HG=GTS-GWC) for the WC-to-HG 

transition classified by each target base-pair’s individual dinucleotide step. Presenting our 
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data in terms of free energies allows for comparison with those previously reported for 

WC stability55 and other dynamic transitions involving DNA, such as base opening.56 

Although we do observe variations in ΔGWC-HG and ΔG‡
WC-HG for the same dinucleotide 

steps related to both the position of the step and broader sequence context, on average, 

the measured stability of transient HG A!T base-pair (TA/TA>CA/TG>AA/TT>GA/TC, 

where the underlined base-pair represents the transient HG base-pair probed) is nearly 

inverted relative to WC dinucleotide stability (GA/TC≥CA/TG>AA/TT>TA/TA).55  

This suggests that steps that are less energetically favorable in the WC state, such 

as CA/TG and TA/TA steps, are more likely to form HG base-pairs as compared to more 

stable WC dinucleotide steps such as GA/TC, CG/CG and GG/CC. The preference for 

forming HG base-pair at TA/TA steps observed here is consistent with a large body of 

data showing that HG base-pair are favored in A-T rich sequences, in particular TA/TA 

steps (reviewed by Nikolova and coworkers). Likewise, the order of stability for transient 

G!C HG base-pair (TG/CA≥CG/CG≥GG/CC) is nearly inverted relative to WC 

dinucleotide stability55 (CG/CG>GG/CC>TG/CA) though it should be noted that the 

stability of transient G!C HG base-pair also depends on the pKa of cytosine N3 and can 

vary due to small variations in pH.1-3 These results suggest that the observed variations in 

kinetic and thermodynamic parameters for the WC-to-HG transition may arise in part due 

to sequence-specific variations in WC stability.  

In addition, as might be expected, base-pairs within the same trinucleotide 

sequence context and identical position relative to duplex ends (e.g. CAA/TTA n-3, 

AAT/ATT n-4, AAA/TTT n-4, AAA/TTT n-5, GGC/GCC n-1, TGG/CCA n-2; Figure 

2.3 A and B and Table 2.1) have similar populations and lifetimes as compared to the 
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entire distribution (for a free energy description see Figure 2.6). In addition, there are 

variations that seem to depend position context within a given sequence. Thus, the 

population and lifetime of transient HG base-pairs can vary significantly for the same 

trinucleotide sequence context across different positions along a duplex. For example, at 

the n-3 position, AAT/ATT CA3 A21 C1’ has exchange parameters (pB= 0.27±0.06 %, 

τB= 0.14±0.02 ms, Δω= 4.12±0.48 ppm) that differ from those observed for AAT/ATT in 

the n-4 position in A2 A17 C1’ (pB= 0.54±0.02 %, τB= 0.48±0.03 ms, Δω= 3.20±0.10 

ppm). Similarly, AAA/TTT at n-4 and n-5 positions in A4 A17 C8 and A4 A19 C1’ have 

significantly different exchange parameters of pB= 0.19±0.03 %, τB= 0.67±0.17 ms and 

Δω= 3.68±0.29 ppm as compared to pB= 0.29±0.05 %, τB= 1.06±0.28 ms and Δω= 

3.10±0.18 ppm, respectively. In general, the relative stability of HG base-pairs increases 

as the base-pair is embedded deeper within the double helix away from terminal ends. 

Our prior studies showed that formation of HG base-pair is accompanied by unfavorable 

entropy;1 it is possible that reduced flexibility with the core of duplexes as compared to 

the terminal ends favors the more rigid HG as compared to WC base-pair.  
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Figure 2.6 | Correlation of Free Energy of Stabilization and Forward Free Energy 
Barrier for the Watson-Crick-to-Hoogsteen Transition. Shown are corresponding 
energetic differences (ΔGWC-HG and ΔG‡

WC-HG) for resonances with the same sequence 
and positional context and the correlation coefficient (R2). Error bars represent 
experimental uncertainty (one standard deviation) estimated from propagation of errors 
from monoexponential fitting of duplicate R1ρ relaxation dispersion measurements and 
analysis of signal-to-noise. 
 

Interestingly, we observe a correlation between ΔGWC-HG and ΔG‡
WC-HG (Figure 

2.6) and a relatively uniform backward free energy barrier (ΔG‡
HG-WC) of ~13 kcal/mol 

(data not shown). Again this suggests that the sequence-specific variations in the free 

energy of the TS and HG state are either small or highly correlated and distinct from the 

sequence/position dependencies of the WC state. If the WC stabilities dominate the 

observed sequence-specific variations, one might expect a similar correlation to emerge 

for the WC to base-opening transition, which involves a distinct final state (and possibly 

TS) that might be expected to have distinct sequence dependencies. Indeed, even though 

the experiments are preformed on different DNA sequences under higher pH conditions 

with base present as a catalyst of base-pair opening, as typically used in the imino proton 
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exchange measurements, a similar correlation exists between forward free energy barrier 

and free energy difference measured for DNA base-opening determined by imino proton 

exchange by Russu and coworkers (Figure 2.7).56 Taken together, these data suggest that 

the sequence-specific variations in energetics of the WC-to-HG transition and base-

opening are dominated by sequence specific variations in WC stabilities. The smaller, 

possibly correlated sequence-specific variations in the free energy stability for the TS and 

HG state may reflect weaker, less ideal stacking interactions with neighboring base-pairs; 

however this requires further investigation. 

 
Figure 2.7 | Correlation between the Free Energy Difference and Forward Free 
Energy Barrier for Base-Pair Opening as Measured by Imino Proton Exchange in 
the Highlighted Data taken from Russu and Coworkers in Reference 56. Shown is 
the best-fit line and correlation coefficient (R2). For errors and experimental conditions 
see original study.56 

 

Φ-value analysis57,58 is employed to assess the energetic similarity of the TS to either the 

beginnign or final state (here, WC and HG, respectively) and subsequently infer 

qualitative structural features. Indeed, as expected, Φ-value analysis of the measured 

ΔGTS-WC and ΔGWC-HG values for A!T and G!C base-pairs (Φ = ΔΔGTS-WC/ΔΔGWC-HG 

~1.1.) suggest a ‘late’ HG-like transition state (Figure 2.8 and Table 2.3). The TS may 

involve a syn-like purine given that this structural aspect dominates the underlying carbon 
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chemical shifts measured here. Indeed, Previous Conjugate Peak Refinement simulations 

suggest a TS consistent with the syn purine orientation.1 Interestingly, a syn conformation 

is observed for a transition state mimic (Immucillin-H)59 of base phosphorolysis by 

mammalian purine nucleoside phosphorylases (PNPs), which are essential for proper 

immune system function,60 demonstrating the feasibility of a HG-like TS. 

 

Figure 2.8 | Φ-Value Analysis. Shown is reference (Ψ-WT) base-pair (A5 T4 N3 for 
A!T and A2 G10 N1 for G!C) and ‘mutants’ (1-21 and 22-36) for (A) A!T and (B) G!C 
base-pairs. (C) Φ-values for A!T (top) and G!C (bottom) base-pairs, respectively. Error 
bars represent experimental uncertainty (one SD). 
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Table 2.3 | Ψ-Wild Type and Sequence Variants for Φ-Value Analysis. Ψ-Wild Type 
and Variants for which Φ-Value Analysis was calculated. n.d. indicates Φ-value not determined 
for Ψ-Wild Type. Φ-values were calculated using Eq. 2.4. Error bars represent experimental 
uncertainty (one SD) using propagation of errors from monoexponential fitting of duplicate R1ρ 
Relaxation Dispersion measurements and analysis of signal-to-noise. 

 

Variant RD Probe Φ 
Ψ-WT A5 T4 N3 n.d. 

1 ZJXN A6 C8 1.0±0.9 
2 A2 T8 N3 1.2±0.8 
3 ZJXN A24 C8 0.9±0.5 
4 A2 A17 C1ʹ′ 1.2±0.5 
5 A4 A16 C1ʹ′ 0.8±0.4 
6 A2 A16 C8 0.7±0.4 
7 E A5 C8 0.4±0.4 
8 A5 T7 N3 1.7±0.6 
9 A6 A16 C8 0.9±0.3 

10 A5 T8 N3 1.0±0.5 
11 A5 T5 N3 1.3±0.6 
12 A4 A19 C1ʹ′ 1.5±0.5 
13 CA3 A21 C1ʹ′ 0.6±0.3 
14 A5 T6 N3 1.4±0.4 
15 A5 A3 C1ʹ′ 1.7±1.7 
16 CA3 A16 C8 1.0±0.3 
17 A4 A17 C8 1.2±0.4 
18 A4 A5 C1ʹ′ 1.2±0.3 

Ψ-WT A2 G10 N1 n.d.  
19 A5 G11 C8 3.5±3.0 
20 A4 G10 C1ʹ′ 1.5±1.1 
21 A2 G10 C1ʹ′ 1.2±0.9 
22 CA3 G10 C1ʹ′ 1.4±0.9 
23 A6 G10 C8 2.4±0.9 
24 CA3 C19 C6 2.0±1.0 
25 A5 C9 C6 1.9±0.9 
26 CA3 C17 C6 1.6±0.7 
27 A2 G11 C8 1.2±0.5 
28 A6 G10 N1 1.7±1.1 
29 CG3 G4 C8 1.1±0.3 
30 A2 C2 C6 1.2±0.3 
31 A4 G11 C8 1.6±1.6 
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Our results show that transient HG base-pairs occur ubiquitously across a wide 

range of sequence and positional contexts. We observe small but significant variations in 

the lifetime (~20-fold) and populations (~30-fold) of HG base-pairs that depend on both 

sequence and position context. The sequence dependence can be partially described at the 

dinucleotide level and the stability of HG relative to WC is inversely correlated to the 

stability of the WC dinucleotide step. This provides a simple and robust mechanism for 

achieving sequence-specific DNA recognition of HG base-pairs via indirect readout-type 

mechanisms. Finally, our results suggest a late TS for the WC-to-HG transition that is 

energetically similar to the base opening TS and possibly involving a syn purine base. 

The broad and sequence-specific occurrence of transient HG base-pairs in canonical 

duplex DNA suggests a potentially broader role in biology. 

 

2.4 Conclusions 

We recently showed using R1ρ NMR relaxation dispersion that Watson-Crick 

base-pairs in CA/TG and TA/TA steps of canonical duplex DNA transiently form short-

lived (~0.3-2.5 ms) and sparsely populated (pB ~0.14-0.49 %) Hoogsteen base-pairs. 

Here, we show that transient Hoogsteen base-pairs occur robustly across a wide range of 

DNA sequence and positional contexts, sampling a wider range of lifetimes (~0.12-2.57 

ms) and populations (~0.08-2.73 %) than previously reported. Off-resonance NMR 

relaxation dispersion experiments preformed on eight distinct duplexes provided 

evidence for transient Hoogsteen base-pairs in 22 A!T (pH= 5.2-7.5) and 16 G!C (pH= 

5.2-5.4) base-pairs in all six dinucleotide steps (GA/TC, AA/TT, TA/TA, GG/CC, 
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CG/CG and TG/CA or CA/TG) and sixteen trinucleotide sequences (TAT/ATA, 

CAA/TTG, CAT/ATG, CAC/GTG, TAC/GTA, AAA/TTT, AAT/ATT, GAT/ATC, 

GAA/TTC, CGG/CCG, TGG/CCA, GGC/GCC, CGC/GCG, TGT/ACA, CGA/TCG and 

TGC/GCA) examined. We observe correlated variations in the energetic stabilities and 

forward barriers (R2=0.61) for transient Hoogsteen base-pairs that are inversely 

correlated to Watson-Crick base-pair stability at dinucleotide steps, with Hoogsteen base-

pairs being energetically preferred at less stable TA/TA and CA/TG dinucleotide steps. 

Phi-value analysis suggests a late transition state for the Watson-Crick to Hoogsteen 

transition for both A!T (phi ~1.1) and G!C (phi ~1.7) base-pairs that possibly involve the 

purine in a syn-like conformation. The widespread sequence-dependent occurrence of 

transient Hoogsteen base-pairs in DNA suggests a potentially broader role in DNA-based 

functions.  
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Chapter 3 

Equilibrium and Transient Kinetics suggest at least Three Species in the B-to-Z-

DNA Transition* 

 

3.1 Introduction 

Since the discovery of the exotic left-handed form of DNA nearly half a century 

ago1 Z-DNA has been a controversial focal point of DNA structure and dynamics.2-5 It is 

now known that Z-DNA formation in pyr-pur repeats is correlated with supercoiling,6-14 

regulation of gene expression,15-21 DNA damage,22 the epigenetic modification 5-

methylcytosine,23,24 and the incurable Lupus erythematosus21,25-28 and Crohn’s 

disease.29,30 B- and Z-DNA exist in dynamic equilibrium in vivo,31,32 which requires 

knowledge of the B-to-Z-DNA transition kinetics to understand the role of the transition 

in biological events. Moreover, understanding the B-Z transition mechanism will allow 

for a robust understanding of DNA’s most peculiar structural change and could motivate 

the discovery of drugs targeting transiently forming Z-DNA. Z-DNA forming 

pyrimidine-purine repeat (pyr-pur) sequences undergo the B-Z transition in genomic 

DNA in vivo23,33 and exist on lengths of ~4 to 16 base-pairs;34 potentially even longer, as 

the upper limit of Z-DNA forming sequences in genomic DNA is poorly defined due to 

ambiguity in structures adopted by long palindromic sequences.35,36  

                                                
*HSA and HMA conceived the idea with help from PJO and CF; HSA prepared samples and carried out the 
experiments and data analysis with help from HMA. 
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Kinetic studies seeking to understand the B-to-Z-DNA transition have been 

reported in the literature, including those for longer Z-DNA forming sequences that 

robustly describe the B-Z kinetics with at least two states,37 

 , 

and others that exhibit greater complexities.38,39 Prior to technological advancements in 

the chemical synthesis of DNA, B-to-Z-DNA transition kinetics employed the use of 

much longer poly(dG-dC) sequences for ease of isolating from genomic DNA. However, 

these are often inhomogeneous in length and the pyr-pur repeat nature may not always be 

uniform, potentially convoluting and masking important features of the transition. While 

the ability of Z-DNA to accommodate imperfect repeats in vivo remains an important 

question,40-43 care must be taken when choosing a model system for the purpose of 

demonstrating robust observables for the B-to-Z-DNA transition. For those reports of 

complex B-to-Z-DNA transition pathways, including those induced by the Z-DNA 

binding domain of the human adenosine deaminase enzyme ADAR1 (Zα; Section 1.2.1), 

no observed rate constants are reported which precludes many kinetic models.44,45 Many 

B-to-Z-DNA transition mechanistic schemes have been proposed, reviewed by Fuertes 

and coworkers46 and discussed in Section 1.2.3, yet none have been explicitly tested. As 

the majority of these proposed mechanisms postulate intermediate structures that could 

be discernable by Circular Dichroism (CD), we turn to this powerful and sensitive tool to 

measure chirality of chemical bonds and subsequently DNA backbone conformation 

(Figure 1.6). Here, we use CD spectroscopy to focus on characterizing the 

thermodynamic and kinetic features of the B-Z transition in hexameric pyr-pur repeats, 

namely 5’-CGCGCG-3’ (CG3), anticipating kinetic complexities with the goal of gaining 
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insights into the B-to-Z-DNA transition mechanism. Moreover, despite extensive 

proposals of molecular models, a rigorous kinetic model has yet to be presented for the 

B-to-Z-DNA transition of lengths less than 1,000 base-pairs, leaving much room in the 

field for variability in analysis. Here we probe the B-to-Z-DNA transition of short (6 

nucleotide) CpG repeats to obtain robust experimental observables and hope to provide 

the conceptual framework for future investigations of the B-Z transition and potentially 

other biomolecular conformational changes. 

 

3.2 Methods 

3.2.1 DNA Sample Preparation 

Oligonucleotides were purchased from Integrated DNA Technologies with 

standard desalting. Oligonucleotides were resuspended in milliQ H2O and dialyzed 

against 2-4 L of milliQ H2O using a mini dialysis kit with a 1 kDa molecular weight 

cutoff (GE Healthcare Lifesciences). Dialyzed samples were lyophilized and resuspended 

in the appropriate phosphate buffer. Oligos for salt-induced transition were resuspended 

in 15 mM Phosphate Buffer, 0.1 mM EDTA, pH 7.5 (indicated in plots as ‘X M’ where X 

is the concentration of NaCl added to induce the B-Z transition). Oligos for Zα-induced 

transition were resuspended in 15 mM Phosphate Buffer, 0.1 mM EDTA, 25 mM NaCl, 

pH 7.5. A260 values were measured and oligo concentrations were calculated using the 

manufacturer-supplied extinction coefficients. Stock oligos were diluted to 1 mM and 

stored at -20 °C.  

 

3.2.2 Circular Dichroism Thermodynamics 
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Samples for the thermodynamic NaCl-induced transition were heated to 95 °C for 

5 min and allowed to cool to room temperature for at least 10 min before use in sample 

preparation. Samples for the thermodynamic Zα-induced transition were allowed to reach 

thermal equilibrium by sitting at room temperature for at least 60 min. CD 

thermodynamics were measured on a Jasco CD spectropolarimeter equipped with a 

Peltier temperature control unit hooked up to a recirculating water bath. Wavelength 

scans were taken from 220-330 nm for salt-induced B-Z transitions and controls, and 

240-330 nm for Zα-induced transitions and controls. Scan rate was 100 nm/min, 

sensitivity was 100 mdeg, data were acquired every 1 nm with an integral time of 1 sec. 

Samples were allowed 2 minutes to equilibrate to cell temperature and data were acquired 

at 5 °C. Samples were either 2 mL of 11 µM DNA in a 10 mm path length quartz cuvette 

(Starna Cells) or 200 µL of 110 µM in a 1 mm path length quartz cell (Starna Cells). 

Subtraction of background signal was performed using identical solutions for each given 

measurement excluding DNA in preparation of the blank. A baseline adjustment was 

performed to make θ330nm= 0 where DNA, protein and buffer do not exhibit CD signal. 

 

3.2.3 Circular Dichroism Kinetics 

CD kinetics were measured on an Aviv 202 CD spectropolarimeter equipped with 

a Peltier temperature control unit and a recirculating cooling water bath. Temperature 

was set at 5 °C with a 0.5 °C dead band. Sensitivity was 100 mdeg. Data were acquired 

every 1 ms for 150 s (CG3 + 4.0 M, 4.5 M and 5.0 M NaCl), 360 s (CG3 + 2.5 M, 3.0 M, 

3.5 M NaCl-induced) or 1,800 s (CG3 + 22 µM Zα). Data were acquired every 150 ms for  
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5,500 s for CG6 + 4.0 M NaCl. Signal integration times were set equal to data collection 

times. 

1 mM DNA stocks in appropriate buffer containing 0 M NaCl (for salt-induced) 

or 25 mM NaCl (for Zα-induced) were heated to 95 °C for 5 min and allowed to cool to 

room temperature for at least 10 minutes then stored on ice until use. 22 µL of 1 mM B-

DNA was placed in the bottom of a 10 mm path length quartz cuvette. The cuvette was 

placed in the temperature regulated cell and allowed to equilibrate to the set temperature 

for 2 min. Salt- and Zα-induced kinetic measurements were performed by rapidly 

expelling 2 mL of the appropriate inducing solution into the cuvette containing 

concentrated B-DNA to yield a final DNA concentration of ~11 µM. The CD signal was 

monitored as a function of time at 254 nm. Dead times were ~10 s.  

Subtraction of background signal was performed using identical solutions for each 

given measurement excluding DNA in preparation of the blank. A baseline adjustment 

was then performed to make θ330nm= 0 mdeg according to thermodynamic controls. θ254nm 

of samples at thermodynamic equilibrium (prepared as described in Section 3.2.2) were 

acquired to benchmark the exact signal expected at the beginning and end of each 

transition.  

 

3.2.4 Calculating Fraction of Z-DNA using θ254nm 

The magnitude of signal change at 254 nm is given by 1,37 

            (3.1) 

where, for a given wavelength,  represents the fraction of Z-DNA formed, θi is the 

CD signal at a particular titration point, θB-DNA and θZ-DNA are the signals of B- and Z-

fZ−DNA =
θi −θB−DNA

θZ−DNA −θB−DNA

fZ−DNA
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DNA, respectively. B- and Z-DNA spectra must be chosen with care as outlined in 

Section 3.2.5. 

 

3.2.5 Fitting of CD Wavelength Spectra to a Linear Combination of Two Species. 

CD Spectra were acquired as outlined in Section 3.2.2. B-DNA and Z-DNA 

spectra were assigned as those without and with maximum inducing solution 

concentrations, respectively. For the NaCl-induced transition B-DNA and Z-DNA 

references were CG3 + 0 M NaCl and CG3 + 5.0 M NaCl both in 15 mM Phosphate, 0.1 

mM EDTA, pH 7.5. For the Zα-induced transition B-DNA and Z-DNA references were 

CG3 + R=0 Zα and CG3 + R=2 Zα, both in 15 mM Phosphate, 0.1 mM EDTA, 25 mM 

NaCl, pH 7.5. Note saturation of signal change was observed for maximum inducing 

solution scenarios (Figure 3.1). NaCl and Zα titrations of CG3 were performed separately 

at 5 °C and the CD signal is represented as 

               (3.2) 

where θ is the observed signal, β is the fraction of B-DNA, B represents the B-DNA 

spectrum, ζ is the fraction of Z-DNA and Z represents the Z-DNA spectrum under 

saturating inducing solution. β and ζ were determined using the fitting function 

NonLinearModelFit of Mathematica, the restraint β+ζ=1 was imposed and β and ζ were 

successively varied by 0.001 in Eq. 3.2 to find the best fit to θ when given spectra 

representing B and Z. Error bars were determined from χ2 based on fit of Eq. 3.2 to CD 

signal.  

 

 

θ = βB+ζZ
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3.2.6 Determining the B-Z Transition Midpoint using the Boltzmann Equation 

We use the Boltzmann equation for its simplicity in describing conformational 

changes of biomolecules47 where 

         (3.3) 

and f is the fraction of species at a given concentration of inducing solution, x, fi and ff are 

the initial and final fraction of the target species, x0.5 is the midpoint of the transition and 

n’ is a reflection of the cooperativity of the transition. 

 

3.2.7 Solving for Residual CD Signal 

To solve for the residual CD signal, θR, we use: 

             (3.4) 

where θi is the CD signal under a given set of conditions, θB and θZ are the CD spectra of 

the B and Z species, respectively. 

 

3.2.8 Fitting B-to-Z-DNA Transient Kinetics 

 Time traces of the B-to-Z-DNA transition were fit to the generalized monophasic 

and biphasic exponential growth functions as given by 

             (3.5) 

and  

,
            (3.6) 

respectively, where y is the CD signal observed as a function of time, yf is the final 

observed signal, A (Eq. 3.5), A1 and A2 (Eq. 3.6) represent the magnitudes in millidegrees 

f = f f +
fi − f f( )

1+ e(x−x0.5 )/n '

θR =θi − βθB +ζθZ( )

y = yf − Ae
−kobst

y = yf − A1e
−kobs,1t + A2e

−kobs,2t( )
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corresponding to each phase and kobs (Eq. 3.5), kobs,1 and kobs,2 (Eq. 3.6) represent the 

observed rate constants for a given transition. Fits were performed without weights in 

Origin 8.6 (OriginLab) and with x-2 weights in Prism (Graph Pad Software). 

 

3.2.9 Isotopically Labeled DNA Sample Preparation 

13C/15N ZJXN DNA was prepared as described previously48,49 and in Section 2.2.1. Zα (9 

kDa) was prepared at natural abundance as described previously.50 His tag cleavage was 

omitted as his tag does not affect Zα binding to DNA (data not shown). 

 

3.2.10 NMR Experiments 

 Buffer was 15 mM Phosphate buffer pH 7.5, 0.1 mM EDTA, 25 mM NaCl for 

13C/15N ZJXN in absence and presence (R=2) of natural abundance Zα. Temperature was 

25 °C. NMR experiments were ran on ~0.4 mM uniformly 13C/15N labeled ZJXN 

samples. 2D aromatic SOFAST-HMQC experiments were ran on Zα:13C/15N ZJXN R=2 

(~27 kDa). Samples were ran on an Agilent 600 MHz NMR spectrometer equipped with 

a 5 mm triple resonance cryogenic probe.  

 

3.3 Results and Discussion 

3.3.1 The B-to-Z-DNA Transition Involves more than Two Species 

 We first performed independent titrations of NaCl and Zα into the pyr-pur repeat 

CG3 under experimental conditions we plan to use for kinetics (Figure 3.1) and observe 

saturation of the transition at NaCl37 and Zα50-52 concentrations as demonstrated 

previously.  
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Figure 3.1 | Monitoring of the B-Z transition in CG3 DNA. Inducing the B-Z transition 
in (A) CG3 with (B) NaCl and (C) Zα where insets annotate inducing solution amount. “R 
P:N” is the protein:DNA ratio. 15 mM Phosphate buffer pH 7.5, 0.1 mM EDTA, (B) 0 M 
or (C) 25 mM NaCl, 5 °C. 
 

Our lab recently developed a technique to quantitatively determine fractions of B- 

and Z-DNA accounting for a given CD signal that relies on the concept that the CD 

signal is a linear combination of the species present in solution.53 The observed CD signal 

for a thermodynamic measurement of DNA in equilibrium between B- and Z-forms is 

given by  (Eq. 3.2) where θ is the observed signal, β is the fraction of B-

DNA, B represents the B-DNA spectrum, ζ is the fraction of Z-DNA, Z represents the Z-

DNA spectrum under saturating inducing solution and β+ζ=1. β and ζ were determined 

using the fitting function NonLinearModelFit of Mathematica to iteratively vary β and ζ. 

We fit these titrations to a linear combination of B- and Z-DNA spectra (Section 3.2.5) 

and next back-calculated a CD signal to represent the fit to Eq. 3.2. Comparing the fits to 

the observed signal reveals poor recapitulation of NaCl-induced spectra, especially at 

intermediate salt concentrations, suggesting a 2-state model cannot fully describe the 

NaCl-induced B-to-Z-DNA transition (Figure 3.2). We note these discrepancies occur 

primarily in the 255- 274 nm and secondarily near 290 nm regions. 

θ = βB+ζZ
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Figure 3.2 | Linear Combination of B- and Z-DNA Spectra for the Salt-Induced 
Transition. NaCl-induced B-Z transition from Figure 3.1 (black) was fit using 
NonLinearModelFit in Mathematica 9.0 as described in Section 3.2.5 and observed signal 
was calculated using Eq. 3.2 (dashed red). Black arrow heads highlight poor 
recapitulation of observed signal. 15 mM Phosphate buffer, 0.1 mM EDTA, pH 7.5, 5°C. 
NaCl concentration indicated in plot inset. 
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We next examined the fractional species contribution of the Zα-induced B-Z 

transition (Figure 3.3) using the method outlined in Section 3.2.5 and used for the NaCl-

induced transition. The spectral recapitulation is quite precise and does not merit the 

introduction of a model containing at least three species but also does not preclude a 

complex kinetic mechanism beyond a two-state model.  

 

Figure 3.3 | Linear Combination of B- and Z-DNA Spectra for the Zα-Induced 
Transition. Zα-induced B-Z transition from Figure 3.1 (black) was fit using 
NonLinearModelFit in Mathematica 9.0 as described in Section 3.2.5 and observed signal 
was calculated from best fit using Eq. 3.2 (dashed red). 15 mM Phosphate buffer, 0.1 mM 
EDTA, 25 mM NaCl, pH 7.5, 5°C. Zα:CG3 ratio denoted as ‘R’.  
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Reasons for no detectable deviation from a 2-state fit for titrations monitored by CD 

include cases where a third species or intermediate is at very low population (<~5 %), or 

is unstructured such that its molar absorptivity constant is nearly zero. 

From these titrations we represent the extent of transition as the fraction of 

species obtained from the two-state fits (Figure 3.2 and 3.3) and benchmark these against 

the conventional method of calculating the fraction of Z-DNA formation as given by 

 where, for a given wavelength,  represents 

the fraction of Z-DNA formed, θi is the CD signal at a particular titration point, θB-DNA 

and θZ-DNA are the signals of B- and Z-DNA, respectively. We chose 254 nm for its 

common use as a metric for the B-to-Z-DNA transition.1,37  profiles, as well as 

those from 2-state fits, qualitatively recapitulate the corresponding transition midpoints 

previously reported for NaCl-1 and Zα-51 induced transitions with midpoints near 2.5 M 

NaCl for the NaCl-induced transition and a minimal lag before Z-DNA formation in the 

Zα-induced transition followed by saturation at R=2 (Figure 3.4 triangles). 

fZ−DNA = (θi −θB−DNA ) / (θZ−DNA −θB−DNA ) fZ−DNA

fZ−DNA
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Figure 3.4 | Fraction of B- and Z-DNA Species. (A) NaCl and (B) Zα-induced 
transitions. B- (black squares) and Z- (light grey circles) were calculated from 
NonLinearModelFit in Mathematica 9.0 as described in Section 3.2.5 and used 
previously.53 Error bars were determined from χ2 based on fit of Eq. 3.2 to CD signal. 
θ254nm was used to calculated fraction Z-DNA with Eq. 3.1 (dark grey triangles). Data are 
fit to Eq. 3.3. 
 

Since we impose the restraint that β+ζ=1 in Eq. 3.2, β=ζ=0.5 is defined as the 

midpoint of the transition. In a 2-state transition, B and Z are expected to exhibit the same 

midpoint. We therefore determined the midpoints of the NaCl- and Zα-induced B-Z 

transitions using the Boltzmann equation (Eq. 3.3) to describe the species fractional 

profiles as the point of inflection of the line of best fit (Figure 3.4).47,54 We note we also 

fit the species fractional profiles to the Hill equation,55 and poorer fits resulted (data not 

shown; R2= 0.96-0.98 as compared to 0.98-0.99 for Boltzmann). The percent Z-DNA 

obtained from the 2-state fitting as compared to the calculation of  using Eq. 3.1 

differ noticeably for the NaCl-induced transition, particularly at points where the DNA is 

most sensitive to NaCl concentration changes (Figure 3.4 A) which reflects the small but 

noticeable discrepancies in 2-state fits (Figure 3.2 and 3.3).  

fZ−DNA
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Figure 3.5 | B-Z Transition Midpoints. Shown are the B-Z transition midpoints for the 
two fitting techniques (2-State Fit and θ254nm). Solid colored and white bars represent 
NaCl- and Zα-induced transitions, respectively. Error bars were determined from χ2 based 
on fit of Eq. 3.3 to the fraction of species as described in Sections 3.2.4 and 3.2.5. 
 
 

3.3.2 Residual Signal Demonstrates CG3 can Adopt at least One Non-B/Z Structure 

Upon inspection of the titrations in Figure 3.1 it becomes apparent an isosbestic 

point is absent in the NaCl titration. An isosbestic point is a hallmark of a two-state 

transition and its absence subsequently suggests the presence of at least a third species at 

minimally one titration point. To understand why an isosbestic point does not exist in the 

NaCl titration of CG3 we calculated the residual signal at each titration point between the 

B- and Z-DNA spectra as given by  (Eq. 3.4) where θi is the CD 

signal under a given set of conditions, θB and θZ are the CD spectra of the B and Z 

species, respectively. Eq. 3.4 reveals measurable residuals above the noise for the NaCl-

induced transition, but not so for that of Zα. These results demonstrate CG3 can adopt 

more than the B- and Z-DNA conformations in amounts detectable by CD in the case of 

the NaCl-induced transition. Additionally, alternative structures may exist in the Zα-

induced transition at significantly low populations or lifetimes such that they do not 

θR =θi − βθB +ζθZ( )
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contribute to the CD spectrum. It is also possible any structures on-pathway in the 

transition resemble B- or Z-DNA to a great degree (for examples see Figure 1.4), owing 

to why the residuals are so low for NaCl- and either absent or in the noise for the Zα-

induced transition. Overall the analyses of the B-Z transition under equilibrium 

conditions present evidence for at least three species that are present under equilibrium 

conditions of the B-to-Z-DNA transition.  

 

Figure 3.6 | Residual Circular Dichroism Signal of the B-to-Z-DNA Transition of 
CG3. (A) NaCl- and (B) Zα-induced residuals calculated from Eq. 3.4 using B- and Z-
DNA references as outlined in Section 3.2.5. 15 mM Phosphate buffer, 0.1 mM EDTA, 
pH 7.5, 5 °C and (B) 25 mM NaCl. 
 

Although the residual signal of the NaCl-induced transition has a low magnitude as 

compared to B- and Z-DNA, a unique profile is exhibited distinct from that of B-, A- and 

Z-forms, quadruplexes and hairpins.56-60 The literature lacks robust controls for CD signal 

of single-stranded DNA and there is indirect evidence that single-stranded DNA can 

adopt a helical structure based on force pulling techniques.61 This prompted us to 

investigate the nature of the single-stranded DNA structure and compare our findings 

with the residual signal of the NaCl-induced transition (Figure 3.6 A). Consistent with the 

force pulling experiments,61 we observe a nominal signal of single-stranded DNA, even 
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under denaturing conditions of 8 M urea and 95 °C (Figure A2.1). The CD signature of 

single-stranded DNA is B-like in shape with a maximum |θ|~ 5 mdeg and is inconsistent 

with the signature observed for the residuals of the NaCl-induced transition, suggesting 

the residual CD signature is caused by a unique DNA structural element not previously 

reported in the literature. We note the residual signal observed for the NaCl-induced 

transition is not necessarily representative of an entire structure since the B-like and Z-

like contributions have been removed from the spectrum, but would rather be a 

contribution to an overall CD signature of a given CD signal. 

 

3.3.3 Biphasic Nature of the B-Z Transition 

Thus far we have presented evidence that the B-Z transition contains at least three 

species using measurements with samples at equilibrium. Next we sought to investigate 

the kinetic transition from B- to Z-DNA using CD at 254 nm, where the largest signal 

change is observed. Interestingly, we observe a biphasic transition (Figure 3.7) that is 

verified using the statistical F- and AIC tests (Section 1.5). The F value takes into 

account the residual signal after fitting a data set to two nested models relative to the 

degrees of freedom within the models and tests the null hypothesis that the more complex 

model does not fit the data significantly better than that of the restricted (Eq. 1.18). The 

AIC test uses a likelihood function to predict the likelihood of the data for a given model 

(Eq. 1.19)  
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Figure 3.7 | B-Z Transient Kinetics of CG3 using 3.0 M NaCl. (A) Wavelength scan 
controls and corresponding measurements with transients at 254 nm. Inset highlights bias 
in monoexponential fit that does not accurately capture first 25 seconds of transition and 
qualitative improvement of fit for biexponential fit. (B) Residuals of monophasic and 
biphasic fits (Eq.’s 3.5 and 3.6, respectively). “T” indicates respective trials. Arrows 
highlight poorly distributed residual signal about the fit for monoexponential fit. * 
Indicates significantly better fit as determined by AIC and F-Tests with a 95 % 
confidence level. 
 
In Figure 3.7 we present a typical kinetics experiment for a given set of experimental 

conditions. Transient kinetics are performed and recorded repetitively (Figure 3.7 A, 

right) and thermodynamic controls of beginning B-DNA and end point samples. The 

same samples are measured with a wavelength scan to control for variations in overall 

structure (Figure 3.7 A, left). We note controls were performed where one component 

was systematically omitted from kinetic trials including DNA or high salt during the 
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rapid mixing just before measurement. In all cases no systematic change consistent with 

the B-Z transition was observed (data not shown). Data were first fit to a monophasic 

exponential function as given by  (Eq. 3.5) where y is the CD signal 

observed as a function of time, yf is the final observed signal, A is the magnitude in 

millidegrees corresponding to the signal change and kobs is the observed rate constant for 

a given transition. Poor fits were observed in the first ~150 s, especially during the first 

30 s (Figure 3.7 A, right), which inspired us to fit our data to the sum of two exponential 

terms. The biphasic exponential growth function is given by 
 

(Eq. 3.6) where A1 and A2 (Eq. 3.5) and are the amplitudes of signal change for their 

corresponding phases and kobs,1 and kobs,2 are the observed rate constants for each 

respective phase (Figure 3.7 A, right). The discrepancies between the monophasic 

equation and actual data are best observed visually in the residual plots shown in Figure 

3.7 B. Residual plots from a fit to a model that describes all the events giving rise to the 

data should have an equal number of points above and below the line with most points 

concentrated near residual signal= 0 and should not vary as a function of the dependent 

variable. Residuals of fits to Eq. 3.5 show clear, systematic biases that are removed when 

fitting to Eq. 3.6 

Despite the more visually appealing Eq. 3.6 fit as compared to that of Eq. 3.5, 

model selection must be guided by statistics for cases where differences are less than 

dramatic when moving from a less to more complex model. F- and AIC- tests (Section 

1.6 for theory and formulae) selected the more complex, biphasic model to describe the 

B-to-Z-DNA transient kinetics with a confidence level of 95 % (indicated by a * in 

Figure 3.7). Weighted fits can be employed when the standard deviation of a 

y = yf − Ae
−kobst

y = yf − A1e
−kobs,1t + A2e

−kobs,2t( )
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measurement varies as a function of the dependent or independent variable.62 We used 

Prism 6 (Graph Pad Software) to fit representative transients with x-2 weighting to 

account for the fact that the residuals of fits to Eq. 3.5 without weighting (Figure 3.7 B, 

left) are due to the fast phase present in the transients. Weighting in the form of x-2 will 

decrease the bias toward fitting the latter portion of the curve and allow for the beginning 

of the curve to dominate the fit to a greater extent. As expected, x-2 weighted fits of 

transients to Eq. 3.5 better described a portion of the first phase. However, they fail to 

capture the subsequent variations in the transient curve Figure 3.8).  

 

Figure 3.8 | Comparison of Monophasic Fit with and without Weights. Shown are 
(A) best monoexponential fits to Eq. 3.5 without (yellow) and with (orange) x-2 weights. 
(B) Residual signal from orange line in (A) is shown for a representative trial. Arrows 
highlight (A) exceptionally poor regions of fit or (B) strong biases in residuals. “T” 
indicates respective trials. Transients and controls are for CG3 B-to-Z-DNA transition 
induced by 3.0 M NaCl in 15 mM Phosphate buffer pH 7.5, 0.1 mM EDTA, 5°C.  
 

3.3.4 Preliminary Insights into Potential B-to-Z-DNA Transition Kinetic Models 

Of course, numerous models can give rise to biphasic behavior, including (at 

least) two reactions in series or parallel (Figure A2.2). To gain insight into potential 

models of the B-to-Z-DNA transition, transient kinetics were performed using a wide 

range of NaCl concentrations to induce the B-to-Z-DNA transition (Figure 3.9).
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Figure 3.9 | NaCl-Induced CG3 Transient Kinetics. Shown are (left) transient kinetics 
measured at 254 nm and (right) wavelength scan controls for corresponding samples. 
Parameters obtained from best fit of individual trials to the biphasic Eq. 3.6 were 
averaged and plotted (black line). “T” indicates respective trials.  
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In all cases from 2.5 M- 5.0 M NaCl inducing solution the kinetic traces exhibited 

clear biphasic behavior (Figure 3.10). The robust and uniform nature of the biases in 

residuals of fits to Eq. 3.5 support the notion that the B-to-Z-DNA transition is, in fact, 

giving rise to the additional phase. Moreover, the change in time points of the maximum 

residual biases correlate with the observed rate constants, i.e. the faster the transition, the 

earlier the biases in residuals of monoexponential fits appear (arrows in Figure 3.10). 

These observations suggest that the biases in residuals are not due to an anomaly such as 

poor temperature adjustment before rapid mixing of DNA and inducing solution. If such 

a scenario gave rise to the biphasic nature, the residual signature would remain constant 

so long as temperature does. Here, all our kinetics are performed at 5 °C and residual 

biases do not remain constant. These results present evidence for a mechanism beyond a 

single kinetic step and suggest at least two steps (hereon out referred to simply as two 

steps) occur during the B-to-Z-DNA transition, but alone do not yield any information on 

the order of the two steps.  
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Figure 3.10 | CG3 Residual Signal of Fits of Transient Kinetics of the NaCl-Induced 
B-to-Z-DNA Transition. Residuals for monophasic (left) and biphasic (right) best fit 
lines to Eq.’s 3.5 and 3.6, respectively. Arrows denote biases from the best fit to the 
monophasic Eq. 3.5. Data from respective trials are shown in different colors. 

 

As a quality control we plot the observed rate constants versus concentration of 

inducing solution (here, NaCl) to potentially reveal key mechanistic features of a 

transition (Figure 3.11). The faster phase (kobs,2) has a linear dependence on NaCl and the 

slower phase could resemble that of a hyperbolic function, consistent with a unimolecular 

two-step reversible reaction.63 We note that this assessment is a first approximation due 

to the high variability of kobs,1 relative to potential hyperbolic functions that describes the 

slower observed rate constant behavior as a function of inducing solution for a 

unimolecular reversible two-step reaction. 
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Figure 3.11 | Observed Rate Constants. Average (A) kobs,1 and (B) kobs,2 obtained from 
fits of transients to Eq. 3.6. Error bars represent standard deviation if independent trials. 
15 mM Phosphate buffer, 0.1 mM EDTA, pH 7.5, 5 °C. For amplitudes see Appendix 2. 
 

To test for the possibility that the biphasic nature of the B-to-Z-DNA transition is 

an abnormality due to the very short nature of CG3, we monitored the NaCl-induced 

transition of CG6 (Figure 3.12 A). Again, a reproducible and systematic bias is observed 

in the residuals of the monophasic fit to Eq. 3.5 (Figure 3.12 B) and AIC and F-tests 

(Section 1.5) both select for the biphasic fit to Eq. 3.6 (data not shown). We note that we 

cannot discern whether the biphasic nature of CG6 + 4.0 M NaCl as compared to that of 

CG3 is due to a similar or distinct process. Additional experiments that perturb the 

kinetics of the B-to-Z-DNA transition in both systems would help resolve this point. The 

CG6 + 4.0 M NaCl experiment does, however, demonstrate that hexameric and 

dodecameric CpG repeats both possess complex mechanistic features of the B-to-Z-DNA 

transition. 
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Figure 3.12 | Transient Kinetics, Controls and Residuals of the NaCl-Induced B-to-
Z-DNA Transition in CG6. (A) Wavelength scan controls and corresponding 
measurements with transients at 254 nm. (B) Residuals of monophasic and biphasic fits 
(Eq.’s 3.5 and 3.6, respectively). Arrows highlight poorly distributed residual signal 
about the fit for monoexponential fit. “T” indicates respective trials. * Indicates 
significantly better fit as determined by AIC and F-Tests with a 95 % confidence level. 
 

To test for the prospect that the biphasic nature of the B-to-Z-DNA transition is 

possibly due to the physiologically unlikely salt concentrations used to induce the 

transition, we monitored the Zα-induced transition of CG3 (Figure 3.13 A). Again, clear 

biphasic behavior was observed, here with larger magnitudes observed in the residuals of 

monophasic fits than the salt-induced transitions (Figure 3.13 B). The overall transition 

occurs on a similar timescale to that observed previously for C-G rich hexamers induced 

by Zα, albeit at 10 °C in different buffer and protein:DNA ratios.45 We note the 
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mechanistic model may have changed for either CG6 + 4.0 M NaCl or CG3 + 22 µM Zα 

scenarios and that further characterization of these two additional systems is necessary to 

robustly understand their differences from that of CG3 + NaCl. It would be informative to 

measure the Zα-induced kinetics of CG6 to gain further insight into the nature of the 

relative amplitudes of the two phases as a function of sequence length and inducing 

solution. 

 

Figure 3.13 | Transient Kinetics, Controls and Residuals of the Zα-Induced B-to-Z-
DNA Transition in CG3. (A) DNA and 9 kDa protein used to measure kinetics. PDB ID: 
1QBJ. (B) Wavelength scan controls and corresponding measurements with transients at 
254 nm. (C) Residuals of monophasic and biphasic fits (Eq.s 3.5 and 3.6, respectively). 
Arrows highlight poorly distributed residual signal about the fit for monoexponential fit. 
“T” indicates respective trials. * Indicates significantly better fit as determined by AIC 
and F-Tests with a 95 % confidence level. 
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Finally, to confirm the B-to-Z-DNA transition is unimolecular for CG3 we varied the 

DNA concentration in the NaCl-induced kinetics (here, 3.0 M NaCl). We increased the 

concentration two-fold and note concentration increase was limited by the upper limit on 

the dynode response of the CD instrument. The dynode response is proportional to the 

signal magnitude and loses the ability to detect CD signal accurately when saturated.  

 

Figure 3.14 | NaCl-Induced Transient Kinetics of CG3 with Two-Fold Concentration 
Increase. (A) Wavelength scan controls and corresponding measurements with transients 
at 254 nm. (B) Residuals of monophasic and biphasic fits (Eq.’s 3.5 and 3.6, 
respectively). Arrows highlight poorly distributed residual signal about the fit for 
monoexponential fit. “T” indicates respective trials. * Indicates significantly better fit as 
determined by AIC and F-Tests with a 95 % confidence level. 
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We successively diluted CG3 down from the initial concentration of 110 µM and 

used wavelength scans to determine if the dynode was saturated. We found 22 µM was 

the highest DNA concentration for which the dynode response was not saturated for the 

conditions and spectropolarimeter used. 22 µM CG3 + 3.0 M NaCl transient kinetic traces 

still exhibited strong biphasic characteristics consistent with those observed insofar 

(Figure 3.14). Similarly, to test a lower DNA concentration we began with 1 µM DNA 

and increased the DNA concentration successively, using wavelength scans to assess the 

signal-to-noise, and found 5.5 µM to be the lowest acceptable for kinetic studies. 5.5 µM 

CG3 + 3.0 M NaCl kinetics also exhibited clear biphasic behavior with residuals of 

monoexponential fits similar to those reported at the principal 11 µM concentration used 

herein (Figure 3.15).  
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Figure 3.15 | NaCl-Induced Transient Kinetics of CG3 with Two-Fold Concentration 
Decrease. (A) Wavelength scan controls and corresponding measurements with 
transients at 254 nm. (B) Residuals of monophasic and biphasic fits (Eq.’s 3.5 and 3.6, 
respectively). Arrows highlight poorly distributed residual signal about the fit for 
monoexponential fit. “T” indicates respective trials. * Indicates significantly better fit as 
determined by AIC and F-Tests with a 95 % confidence level. 

 

These concentration variations allowed us to control for a 4-fold range in concentration. 

Within this range, no difference in either observed rate constant was observed (Figure 

3.16). We note that the observed rate constants are complex convolutions of the 

microscopic rate constants for which the exact solution is given by Eq.’s 1.9 and 1.10. 

This finding rules out any model containing an intermediate or transition state with 

single-stranded DNA as others have proposed for the B-to-Z-DNA transition.64 It is not 
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surprising single-stranded DNA is not involved in the B-to-Z-DNA transition of a 

canonical, pure CpG repeat since the barrier for duplex denaturation is high for 

dinucleotide steps with strong stacking energies.65,66  

 

Figure 3.16 | Observed Rate Constants of CG3 Transition over a Four-Fold Range of 
DNA Concentrations.  
 
 
3.3.5 Observation of Additional Species at Intermediate Protein:DNA Ratios 

As mentioned previously, the observation of two phases during the measurement 

of transient kinetics suggests at least three species, but more knowledge about the system 

is needed to understand the mechanistic relationship between the three species. In a 

completely orthogonal study we turned to NMR for its ability to readily give atomic 

resolution structural information on biomolecular complexes. We prepared the uniformly 

isotopically enriched 13C/15N ZJXN sequence and titrated in natural abundance Zα to a 

protein:DNA ratio of 2:1. A crystal structure of this complex was solved by Rich and 

coworkers and shows that the Zα domain binds ZJXN at a 4:1 ratio.67 Prior titration 

experiments demonstrate saturation of signal change near a ratio of 6:1.53 We chose to 

create a Zα:13C/15N ZJXN complex near the midpoint of the transition to probe for 
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formation of an alternative structure under equilibrium conditions. Indeed, in our 2D 

heteronuclear correlation experiments we observe extra peaks in the guanine and cytosine 

regions, which correspond to the portion of the sequence expected to undergo the B-to-Z-

DNA transition. We note Zα only contacts the phosphate backbone, precluding such a 

widespread observation of new peaks upon protein binding.67 To our knowledge, the 

aromatic carbon chemical shifts of Z-DNA have not been reported in the literature, but 

the anti-to-syn transition of Z-DNA guanines suggests guanine resonances will shift 

downfield upon Z-DNA formation based on the ~2.5 ppm downfield shift observed for 

the Watson-Crick (WC) to Hoogsteen (HG) transition as shown in Chapter 2. In fact, no 

such changes in chemical shift are observed for the 2:1 complex in which the midpoint 

(~3:1) has not been reached yet. It is possible Z-DNA has not been formed in an 

appreciable amount such that chemical shifts are observed, or that the guanine chemical 

shifts change in a manner that cannot be predicted based on our knowledge of the WC-to-

HG chemical exchange signatures. A portion of the work presented in Chapter 5 aims to 

benchmark Z-DNA aromatic carbon chemical shifts and further investigate the signatures 

of the structural changes. 
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Figure 3.17 | Titration of Zα into 13C/15N ZJXN at R= 2. Aromatic SOFAST-HMQC 
spectra of ZJXN (black) and a Zα:ZJXN 2:1 complex (grey) complex. 15 mM Phosphate 
buffer pH 7.5, 0.1 mM EDTA, 25 mM NaCl, 25 °C. B-DNA chemical shifts are labeled 
according to previously published assignments.68 Blue arrowheads denote shift of 
overlapped guanine resonances. Red arrowheads denote B-DNA chemical shifts of 
junctional base-pair. 
 

3.4 Conclusions 

We applied our 2-state fitting approach53 to the NaCl- and Zα-induced B-to-Z-

DNA transitions and obtained  profiles similar to those published previously.1,51 

The DNA signal in the NaCl-induced transition cannot be accounted for by the B-DNA 

and Z-DNA species only, suggesting a two-state model is insufficient to describe the 

fZ−DNA
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NaCl-induced B-to-Z-DNA transition in CG3. CD spectra of a short CpG repeat at 

equilibrium show residual signal beyond that accounted for by B-DNA and Z-DNA, also 

providing evidence for at least a third species under equilibrium conditions of the 

transitions reported herein. Perhaps not surprisingly, the B-to-Z-DNA transition in this 

short pyr-pur repeat is biphasic. Many mechanistic models have been presented for the B-

to-Z-DNA transition over the past few decades (reviewed by Fuertes and coworkers46), 

most with little experimental support. We have demonstrated, for the first time, high 

temporal resolution transient kinetic data on a short CpG repeat. Transient kinetics are 

biphasic across DNA and NaCl concentrations, DNA length and inducing solution 

identity (i.e. NaCl or Zα). We note it is possible NaCl- and Zα-induced B-Z transitions 

undergo different mechanisms. 

 Future studies could investigate strategies to improve the resolving power in the 

observed rate constants by changing experimental conditions such that the two observed 

phases are further different from each other, for example the change of pH or addition of 

viscogens to the already-low temperature. Nevertheless, a lack of change in observed rate 

constants disproves mechanisms involving single-stranded DNA as a potential 

intermediate of the B-to-Z-DNA transition. The structures involved in the B-DNA-Z-

DNA equilibrium in the cell may be even more structurally diverse than previously 

thought. Lastly, and perhaps most significantly, evidence for an additional species along 

the B-to-Z-DNA transition was directly observed using NMR spectroscopy. These 

findings contribute to the field a robust framework for which a new kinetic transition may 

be interrogated. The NMR studies of Z-DNA call for benchmarks of Z-DNA carbon 
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chemical shifts, especially aromatic chemical shifts, which fueled a portion of the work in 

Chapter 5. 
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Chapter 4 

Kinetic Analysis of the B-DNA to Z-DNA Transition in Short DNA Sequences; 

Examining the Consequences of DNA Methylation*  

 

4.1 Introduction 

Z-DNA exists in the cell in dynamic equilibrium with B-DNA1 and, in the case of 

shorter CpG repeats as shown in Chapter 3, potentially at least one additional species is 

present in this equilibrium. Z-DNA formation is elevated upstream of genes involved in 

fatal diseases and cancer.2 Methylation at cytosine C5 (5mC) of CpG hot spots in the 

human genome up-regulates certain oncogenes related to tumor growth3 and 5mC 

modification of CpG repeats increases the propensity to undergo the B-to-Z-DNA 

transition. Furthermore, some forms of damage are not repaired in Z-DNA.4 

Understanding the mechanism of the B-to-Z-DNA transition will help shed light on how 

this peculiar conformational change occurs and potentially present Z-DNA as a new drug 

and cancer therapeutic target. To gain structural insights into the characteristics of the 

third species observed in the B-to-Z-DNA transition, we seek to perturb the kinetics using 

chemical modifications. Here, we use 5mC for its aforementioned role in Z-DNA 

formation in vivo. 

Methylation machinery modifies CpG repeats with 5mC in an epigenetic manner 

and pushes the thermodynamic B-to-Z-DNA equilibrium sufficiently toward Z-DNA 

relative to unmodified CpG repeats.3 Methylation of the Hoogsteen (HG) face of guanine 
                                                
*HSA and HMA conceived the idea with help from PJO and CF; HSA prepared samples and carried out the 
experiments and data analysis with help from HMA. 
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stabilizes Z-DNA thermodynamically via hydrophobic contacts5-7 as well as kinetically.8 

5mC modification and Z-DNA formation in vivo are thought to be linked.3,9 Since Z-DNA 

forms transiently on the timescale of biological functions10-12 the kinetics of B-to-Z-DNA 

transition in 5mC-modified Z-DNA forming sequences are essential to gain a deeper 

understanding of how epigenetic 5mC modification affects Z-DNA formation and 

potentially gene expression. While proposed structural changes for the B-to-Z-DNA 

transition are abundant in the literature, little emphasis has been placed on how these 

proposed structural changes might give rise to unique observables in transient kinetic 

experiments. We therefore seek to describe the B-to-Z-DNA transition using a kinetic 

model to examine 5mC perturbations to the underlying mechanism of the B-to-Z-DNA 

transition.  

 

4.2 Methods 

4.2.1 DNA Sample Preparation 

 DNA samples were prepared as described in Section 3.2.1.  

 

4.2.2 Circular Dichroism Thermodynamics and Kinetics 

Thermodynamic and kinetic measurements were performed as described in 

Sections 3.2.2 and 3.2.3, respectively. 

 

4.2.3 Simulations of the Observed Circular Dichroism Signal 
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Kinetic measurements presented in Chapter 3 were subjected to simulations to 

determine representative microscopic rate constants of a unimolecular two-step reversible 

kinetic model, as given by 

 

where B is B-DNA, I is intermediate, Z is Z-DNA,  and . 

The model was input into KinSim PLUS (JP Consulting) and microscopic rate constants 

k1, k2, k3 and k4 were varied for a simulation from 0.001- 360 sec (for (5meCG)3 and CG3) 

with a time step of 0.8 sec and concentration time dependence of B-DNA, intermediate 

and Z-DNA were calculated. Observed circular Dichroism (CD) signal was calculated 

from species concentrations using a linear combination of B, I and Z as 

           (4.1) 

where B, I and Z represent their respective concentrations and ,  and  

their respective molar extinction coefficients. Molar extinction coefficients of B-DNA 

and Z-DNA were determined from beginning and endpoints of titrations and that of the 

intermediate was determined from residual signal at 254 nm calculated from Eq. 3.4. 

Microscopic rate constants were chosen based on fit of Eq. 4.1 to observed signal. Great 

care was taken to vary microscopic rate constants by 2 orders of magnitude individually 

and iteratively to best ensure arrival at a fit representing global minimum of microscopic 

rate constants. 

 

4.3 Results and Discussion 

4.3.1 Impact of 5-Methylcytosine on Transient Kinetics of the B-to-Z-DNA Transition 

k1 ' = k1[NaCl] k3 ' = k3[NaCl]

θ254nm = ε
B
254nmB+ε

I
254nmI +ε

Z
254nmZ

εB254nm ε I254nm ε Z254nm
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The affects of 5mC modification in vivo are, at least in part, due to perturbations to 

the CpG repeats’ structure and dynamic properties.2,13-15 Understanding the affect of the 

epigenetic 5mC modification on CpG repeats’ Z-DNA forming capabilities could lay the 

foundation for providing additional insights into their gene regulating properties. The 

affects of 5mC modification as compared to unmodified CpG repeat sequences on the B-

to-Z-DNA transition has been probed for a much longer sequence (100 base-pairs) and 

they find the degree of cooperativity of the transition increases upon 5mC modification but 

do not provide a robust investigation of the number of phases observed along the 

transition.16  

In Chapter 3 we presented a framework for approaching the analysis of 

monophasic and biphasic fits of transient kinetics. Here, we use the framework presented 

in Chapter 3 to characterize the differential affects of epigenetic modification in the 

context of Z-DNA formation of CpG hexamers. We use CpG hexamers to build on the 

work presented in Chapter 3, and to address the affect of 5mC modification on such short 

CpG repeats. The shortest methylated repeats studied in the context of Z-DNA are 14-

mers3 despite the fact that only two CpG repeats are necessary to form Z-DNA under 

physiologically relevant levels of supercoiling in low salt.17 Moreover, upon Z-DNA 

formation in CpG repeats, alternative sequences can be accomodated for further Z-DNA 

propagation,18 further extending the efficacy of short Z-DNA forming CpG repeats. To 

gain a more complete understanding of 5-methylcytosine affects on the B-to-Z-DNA 

transition, we performed transient kinetic measurements upon installing uniform 5mC 

modifications at all C’s in CG3 using 3.0 M (Figure 4.1) and 4.0 M (Figure 4.2) NaCl 

inducing solutions.  
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Figure 4.1 | Transient Kinetics, Controls and Residuals of the NaCl-Induced B-to-Z-
DNA Transition in (5meCG)3 Induced by 3.0 M NaCl. (A) Wavelength scan controls 
and corresponding measurements with transients at 254 nm. (B) Residuals of monophasic 
and biphasic fits (Eq.’s 3.5 and 3.6, respectively). “T” indicates respective trials. * 
Indicates significantly better fit as determined by AIC and F-Tests with 95 % confidence 
level.  
 

We report that the B-to-Z-DNA transition in (5meCG)3 is biphasic as in CG3 

(Figure 4.1). Inspection of the residuals reveals the two phases are similar relative to one 

another as comparaed to the same kinetic conditions upon which CG3 kinetics were 

measured (compare Figures 4.1 and 3.7). While this observation does not preclude the 

mechanism from changing, both results could be described with a single kinetic model, 

like the one presented in Section 4.2.2. 
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Figure 4.2 | Transient Kinetics, Controls and Residuals of the B-to-Z-DNA 
Transition of (5meCG)3 Induced by 4.0 M NaCl. (A) Wavelength scan controls and 
corresponding measurements with transients at 254 nm. (B) Residuals of monophasic and 
biphasic fits (Eq.’s 3.5 and 3.6, respectively). “T” indicates respective trials. * Indicates 
significantly better fit as determined by AIC and F-Tests with 95 % confidence level. 
 

 Average and standard deviation of observed rate constants for two different 

inducing solution concentrations (3.0 M and 4.0 M NaCl) show that the faster phase 

becomes enhanced upon C5 methylation, abeit two-fold (Figure 4.3), while the slower 

phase may become slightly slower when comparing standard deviations. This 

compensatory effect is interesting, but as mentioned in Chapter 3, the relatively poor 

resolving power of our observed rate constants as a function of salt leaves little room for 

interpretation of the observed rate constants directly. We also note that no significant 
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change in observed rate constants upon C5 methylation was observed at 3.0 M NaCl 

(Figure 4.3). 

 

Figure 4.3 | Observed Rate Constant Perturbation Upon C5 Methylation. 
 

While the observed rate constants remain within the range of reproducibility 

under 3.0 M NaCl conditions and only the fast observed rate constant is perturbed not 

within error under 4.0 M NaCl conditions, it is important to note that the observed rate 

constants are complex convolutions of the microscopic rate constants describing each 

individual transition within a kinetic model (Eq.’s 1.6-1.8). Assumptions may be made to 

simplify the full solutions giving rise to kobs,1 (Eq. 1.9) and kobs,2 (Eq. 1.10). To try and 

gain further insight into how the mechanism is changing as a function of 5meC, we turn to 

kinetic simulations, which first involve imposing a model on the B-to-Z-DNA transition. 

  

4.3.2 Simulation of a Kinetic Model for the NaCl-Induced B-to-Z-DNA Transition in CG3 

 In Chapter 2 we demonstrated that the next energetically accessible state of CG3 

is the transient HG base-pair, which occurs at ~0.2 % (Table 2.1),19 precluding the 

transition of B- and B-like DNAs to Z-DNA in parallel, competing pathways. In Chapter 
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3 we presented strong evidence for at least 3 species and two observed phases in the B-to-

Z-DNA transition of short CpG repeats, consistent with a unimolecular 2-step reaction. In 

Chapter 2 we demonstrated the next energetically accessible state of CG3 on the 

millisecond timescale happens in ~0.2 % abundance (Table 2.1) which likely rules out 

parallel pathways as the reason behind the biphasic observations. The unimolecular two-

step reversible model is therefore the simplest model to recapitulate our data (shown in 

Section 4.2.2). Simulations of such a mechanism were implemented using KinSim PLUS. 

The reversible unimolecular two-step model was expressed and k1 through k4 were varied 

and the resulting concentration time dependence of B, I and Z was simulated (Figure 4.4 

A). Interestingly, simulations of CG3 + 3.0 M NaCl suggest B, I and Z are each ~33 % 

populated at equilibrium. This is consistent with reports that B- and Z-DNA have similar 

free energies of stabilization.20 

The observe signal is given by a linear combination of species present, 

  (Eq. 4.1) where B, I and Z represent their respective 

concentrations and ,  and  their respective molar extinction 

coefficients. For methods used to determine respective extinction coefficients see Section 

4.2.3. Eq. 4.1 was used to plot the concentration time dependence of species with 

transient kinetic traces to evaluate goodness of fit (Figure 4.4 B). Simulations were 

implemented for all CG3 and (5meCG)3 conditions used for kinetic measurements. 

    

θ254nm = ε
B
254nmB+ε

I
254nmI +ε

Z
254nmZ

εB254nm ε I254nm ε Z254nm
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Figure 4.4 | Simulations of the B-to-Z-DNA Transition in CG3. (A) Percent species as 
a function of time calculated in KinSim PLUS using microscopic rate constants that fit 
observed signal given by Eq. 4.1 (B, yellow line). (B) 4 transients (dark grey) converting 
from B-DNA (black) to Z-DNA (light grey) biphasic fit to Eq. 3.6 shown in blue. Plot 
inset shows first 30 sec of transition with corresponding fits. 
 

Microscopic rate constants resulting from the above approach are plotted in 

Figure 4.5 and presented in Table 4.1. Most importantly, we have demonstrated the 

successful accommodation of signal due to at least a third species present during the B-

to-Z-DNA transition, increasing the merit of the residual signal observed in the NaCl-

induced B-to-Z-DNA transition presented in Chapter 3 (Figure 3.6). Interestingly, 

majority of the microscopic rate constants are very similar to each other, especially at 

high salt concentrations, and reveal that the increase in observed rate constants with 

increasing salt is likely due predominantly to a decreasing k2 (Figure 4.5). This suggests 

that NaCl concentration is correlated to stability of the third species- the putative 

intermediate- or correlative changes in B-DNA stability and energy of the first forward 

barrier. Previous preliminary studies in the lab present evidence for the Watson-Crick 

(WC) to Hoogsteen (HG) equilibrium shifting slightly more toward WC as the NaCl 
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concentration increases from 25 mM to 125 mM (Nikolova, E.N. unpublished results) 

and it is well known in the literature that Na+ ions interact extensively with the DNA 

phosphate backbone to alleviate phosphate-phosphate repulsion when inter-phosphate 

distance decreases upon Z-DNA formation.21,22 This stabilization of the putative 

intermediate suggests it has a closer phosphate-phosphate distance than that of B-DNA, 

like that of Z-DNA. Indeed, the residual signal of the NaCl-induced B-Z transition in CG3 

exhibits residual signal consistent with a left-handed-like structure. 

 

Figure 4.5 | Microscopic Rate Constants of the B-to-Z-DNA Transition of CG3. 
 

Next, to understand the potential affect of 5mC modification on the microscopic 

rate constants of the B-to-Z-DNA transition, we simulated the observed signal of the 

(5meCG)3 transition by varying the microscopic rate constants, again calculating residual 

signal of the equilibrium measurements using Eq. 3.4 (Figure 4.6 and Table A3.1). We 

note residuals are within noise or non-existent for (5meCG)3 so  was 

used in Eq. 4.1. The observation of a concomitant change in observed rate constants and 

residual signal upon 5meC modification (for the case of DNA + 4.0 M NaCl) brings 

additional merit to the potential relationship between kinetic measurements and residual 

εI
254nm = 0M −1cm−1
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signal under equilibrium conditions, at least for the B-Z transition in CpG hexamers. 

Additional, to control for a change in microscopic rate constants due to accounting for the 

lower residual signal of (5meCG)3 as compared to CG3, we repeated the fitting procedure 

setting the extinction coefficient equal to that of CG3 ( ) and saw 

between 0- to 5-fold changes in the elementary rate constants (Table A3.2). Care must be 

taken while interpreting microscopic rate constants from such simulations since more 

than one solution may exist.  

 

 

Figure 4.6 | (5meCG)3 NaCl Titration and Residual Signal. (A) Titration and (B) 
residual signal calculated from Eq. 3.4. 15 mM Phosphate buffer, 0.1 mM EDTA, pH 7.5, 
25 °C. 
 

εI
254nm = 377,856M −1cm−1
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Figure 4.7 | Simulation of the B-to-Z-DNA Transition in (5meCG)3. Percent B-DNA 
(% B), intermediate (% I) and Z-DNA (% Z) as a function of time from simulated 
reaction using microscopic rate constants in Table 4.1 (left) and corresponding observed 
signal at 254 nm calculated from Eq. 4.1 for the B-to-Z-DNA transition of (5meCG)3 
induced by (A) 3.0 M and (B) 4.0 M NaCl. Shown in dark grey are 4 transients 
converting from B-DNA (black) to Z-DNA (light grey). Biphasic fit to Eq. 3.6 shown in 
black. Plot inset shows first 30 sec of transition with corresponding fits. 15 mM 
Phosphate buffer pH 7.5, 0.1 mM EDTA, 5°C. 
 

This demonstrates that changes in elementary rate constants upon 5mC modification are 

not due to change in spectroscopic properties of the intermediate, but rather due to 

inherent changes in the mechanism itself. Moreover, when compared with the simplistic 

biphasic fit (Eq. 3.6) as first presented in Chapter 3, the simulated curves are virtually 

indistinguishable (Figure 4.7). This shows that the method used to simulate the 
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microscopic rate constants recapitulates the two observed phase changes. Interestingly, 

unlike the NaCl dependence of CG3, that of (5meCG)3 shows that at as NaCl concentration 

increases, the intermediate is actually depleted faster whereas its build-up becomes 

greater for CG3. Indeed, this is reflected in the representative microscopic rate constants 

(Table 4.1). 

Table 4.1 | Perturbation of Representative Microscopic Rate Constants upon 
Cytosine C5 Methylation. Variations in k1’, k2, k3’ and k4 of <5 % produced similar 
curves, suggesting errors are <5 %. 

        
DNA [NaCl] (M) k1 (s-1) k2 (s-1) k3 (s-1) k4 (s-1) K1,app K2,app 
CG3 3 0.016 0.049 0.005 0.016 3.1 3.2 

(5meCG)3 3 0.020 0.040 0.008 0.005 2.0 0.6 
CG3 4 0.022 0.032 0.007 0.013 1.5 2.0 

(5meCG)3 4 0.030 0.005 0.001 0.004 0.2 3.2 

 

It is known that 5mC increases the WC-to-HG forward rate of transition by ~2-fold 

(Nikolova, E.N., data not shown) which is similar to our observed increase in k3 of ~1.6-

fold (Table 4.1). We note 5mC has a different affect on the B-to-Z-DNA transition under 

4.0 M NaCl conditions, whereby k3 decreases ~7-fold (Table 4.1). It is known that NaCl 

has an anti-cooperative affect on the WC-to-HG transition (Nikolova, E.N., data not 

shown), which could explain the differential 5mC affect due to the change in NaCl 

concentration. 5mC modification does not significantly alter the first barrier of the B-to-Z-

DNA transition, which suggests it is not involved in transition state formation. 

Interestingly, the intermediate in both CG3 and (5meCG)3 is not fully committed to 

forming Z-DNA. The intermediate is therefore sufficiently populated at equilibrium, at 

least under the conditions studied herein. This is also evident in the simulations 

performed (Figure 4.4). 
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4.4 Conclusions 

 The B-to-Z-DNA transition in (5meCG)3 is biphasic with similar timescales to 

those observed for CG3. The simplest model to describe our data on CG3 and (5meCG)3 is 

the unimolecular reversible two-step reaction. Simulations of the microscopic rate 

constants were performed according to the observed signal from transient kinetic 

measurements. Recapitulation of observed transients from simulations overlay 

exceptionally well with the biphasic exponential fits, i.e. the best fit to the transients. We 

stress that care must be taken when interpreting microscopic rate constants from such 

simulations since more than one solution may exist. The positive elipticity near 255 nm 

of the CG3 NaCl-induced B-to-Z-DNA transition residual signal (Figure 3.6 A) indirectly 

points toward the putative intermediate adopting a left-handed helical structure (i.e. 

Figure A4.1 A, Scheme 2). Overall these experiments lay the groundwork for interpreting 

kinetic perturbations of the B-to-Z-DNA transition, shed light on 5meC perturbations and 

call for future studies to test the hypotheses presented herein for the molecular model of 

the B-to-Z-DNA transition. 

A concurrent change in observed rate constants and residual signal upon 5meC 

modification is observed. The latter two points raise additional merit to the potential 

relationship between kinetic measurements and residual signal under equilibrium 

conditions for the B-Z transition in CpG hexamers. Most importantly, we have 

demonstrated that the signal due to a third species observed under equilibrium conditions 

can be accommodated within the mechanistic framework used to describe the 

measurement of transient kinetics of the B-to-Z-DNA transition. 
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Chapter 5 

The Impact of C7-Deazaguanine and N1-Methylguanine Modifications on DNA 

Structure and the Equilibrium Between B-DNA and Z-DNA*  

 

5.1 Introduction 

5.1.1 Importance of C7-Deazaguanine and N1-Methylguanine 

 The structural perturbations necessary to undergo the B-to-Z-DNA transition 

highlight the possibility of a Hoogsteen (HG) or reverse Hoogsteen (rHG) base-pairing 

pattern during the transition as depicted in Figure A4.1 In Chapter 5 we originally sought 

to test the hypothesis that HG or rHG base-pairs are formed during the B-to-Z-DNA 

transition in CG3 by use of chemical modification. C7-Deazaguanine (7dG) contains a 

single atom mutation whereby N7 of guanine is substituted to C-H, maintaining 

aromaticity, causing a minimal steric perturbation, and most importantly removing the 

free electron pair on N7 that is readily donated to form a hydrogen bond.1,2 G!C+ HG 

base-pairs form two hydrogen bonds between the carbonyl at guanine C6 and the 

exocyclic amino group at cytosine C4 as well as guanine N7 with protonated cytosine N3 

(Figure 1.1). Removing the N7 donor electron pair thus prohibits the protonated guanine 

N7-cytosine N3 base-pair from forming and destabilizes transient HG base-pairs such 

that their population diminishes to nearly 0 %,3 and if they still occur in canonical DNA 

duplexes, they evade detection by NMR R1ρ relaxation dispersion. Moreover, a study by 

Seela and coworkers showed that a uniformly G-7dG modified CpG repeat did not 

                                                
*HSA and HMA conceived the idea; HSA prepared samples and carried out the experiments and data 
analysis with help from HMA. 
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undergo the B-to-Z-DNA transition in 4.0 M NaCl,4 although sample treatment was 

ambiguous, leading to discrepancies in interpretations. By installing 7dG into CG3 we aim 

to test the hypothesis that the guanine N7 is involved in hydrogen bonding in the B-to-Z-

DNA transition and gain insight into the propensity for 7dG-modified CpG hexamers to 

adopt Z-DNA under equilibrium conditions. 

 To further probe for the possibility of HG or base-pair formation during the B-to-

Z-DNA transition, we installed the mutagenic damaged base N1-methylguanine (N1meG) 

to ‘trap’ the modified base-pairs in the HG conformation.3,5,6 Trapping a HG base-pair in 

CG3 would significantly stabilize any structure for which such base-pairs are involved 

and potentially manifest in the kinetic observations. The caveat of installing 

modifications that trap HG base-pairs to study the B-to-Z-DNA transition is that they 

destroy the ability to form WC base-pairs, which are essential in both B- and Z-DNA. 

Nevertheless, we tested the affect of N1meG on the B-to-Z-DNA transition in a kinetic and 

thermodynamic manner in an effort to further understand the role of HG base-pairs in Z-

DNA formation. 

 

5.1.2 NMR Spectroscopy of Z-DNA 

To date, the only comprehensive view of Z-DNA on the atomic scale has been 

obtained from X-ray crystallography4,7-12 which typically selects for the most rigid 

conformation and has difficulty detecting flexibility and resolving degeneracy in fits of 

electron density.13 NMR spectroscopy offers the unique opportunity to characterize 

biomolecular structure and dynamics at atomic resolution,14,15 yet very few heteronuclear 

(1H-13C and 1H-15N) NMR studies of Z-DNA resonances have been implemented.16 2D 
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1H-1H NOESY17-27 and imino proton exchange20 data have been collected on Z-DNA and 

even Z-RNA,28 but due to severe limitations in NMR sensitivity under high salt 

conditions (~300 mM NaCl and above),29 researchers have performed modifications to 

stabilize Z-DNA which in turn alters the dynamics in question. NMR experiments at 

molar salt concentrations are possible but require extensive and costly instrumentation 

upgrades in order to use a cryogenic probe, or significant sensitivity must be sacrificed to 

use a room temperature probe, in which case transiently sampled species can evade 

detection.30 Z-DNA dynamics by NMR have therefore mostly remained elusive.  

To this end, we benchmark aromatic carbon chemical shifts of Z-DNA for a 

system that was previously demonstrated to adopt Z-DNA under a given set of conditions 

by 1H NMR.25 Next, we employ the Z-DNA binding protein Zα (Section 1.2.2) to induce 

Z-DNA to bypass the complications of using high salt for NMR experiments. A crystal 

structure of a B/Z junction was solved with high resolution (<2 Å) where Z-DNA was 

induced by Zα.31 Amazingly, under crystallization conditions the extrusion of a single 

base-pair was sufficient for the double helix to adapt from a left-handed to a right-handed 

configuration (Figure 5.1). 

 

Figure 5.1 | Crystal Structure of the Zα-Stabilized B/Z Junction.4 Shown with black 
and red backbones are B- and Z-DNA, respectively. Extruded A!T base-pair junction is 
highlighted in yellow. Four Zα domains are shown in green. PDB ID: 2ACJ. 



 

 125 

 
Moreover, the CpG hexameric sequence studied in this thesis is embedded within 

the Z-DNA forming region, making this construct a desirable candidate for studying Z-

DNA using NMR spectroscopy. We seek to obtain atomic resolution dynamics and 

structural information in solution on Z-DNA using the B/Z junction sequence (ZJXN) 

presented in Figure 5.1 as a model system for Z-DNA formation. The appendage of B-

DNA adjacent to the Z-DNA forming sequences can potentially aid in deconvoluting 

affects of protein binding versus those of Z-DNA formation. Moreover, junction and Z-

DNA formation may alter B-DNA properties (i.e. chemical shift changes due to 

weakened stacking, etc.), providing insights into the potential long-range affects of Z-

DNA formation. Moreover, it is possible crystal packing forces make the complete 

extrusion of one base-pair comprising the B/Z junction more favorable than in solution. 

Indeed, solution experiments using the fluorescent probe 2-aminopurine (2AP) in place of 

the junctional adenine show a large (~5-fold) fluorescence increase upon addition of 

Zα.16,32 However, 2AP fluorescence intensity changes can be sufficient from changes in 

local electronic environment without complete base unstacking (i.e. helix stretching, 

etc.).16 Single-stranded DNA has unique chemical shift perturbation as compared to 

duplex DNA, making heteronuclear NMR experiments ideal for probing the extent of 

extrusion of the junctional A!T base-pair. Finally, the chemical shift perturbation of the 

anti-to-syn conformational change is highly uniform (Figure 2.3 C) which could aid in 

further understanding its contribution to the B-to-Z-DNA transition. We therefore seek to 

characterize the affects of 7dG and N1meG modifications as well as the nature of Z-DNA 

13C chemical shifts as a function of Zα titration. 
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5.2 Experimental Methods 

5.2.1 DNA Sample Preparation 

 DNA samples for thermodynamic and kinetic measurements were prepared as 

described in Sections 3.2.2 and 3.2.3, respectively. Covalently modified DNAs were 

purchased from Midland Certified Reagent Co., including (5meCG)3, CG3 with N1-

methylguanine modification at G4 (WTN1meG) or concomitantly at G2, G4 and G6 

(WTN1meG(2,4,6}), a single atom C7-deazaguanine modification at G4 ((CG)3
G47dG) or all 

G’s ((C7dG)3). (5meCG)3 Z-DNA sample was prepared as described previously.25 Final 

buffer conditions were 10 mM Phosphate buffer pH 7.0, 100 mM NaCl. 13C/15N ZJXN 

DNA was prepared as described previously6,33 and in Section 2.2.1. Zα (9 kDa) was 

prepared at natural abundance as described previously32 except the his tag cleavage step 

was omitted. 

 

5.2.3 Circular Dichroism Equilibrium Measurements 

 Wavelength scans were measured on a Jasco Spectropolarimeter using a Peltier 

temperature control unit connected to a recirculating water bath as a heat dump. Spectra 

were acquired from 220 nm to 330 nm collecting data every 1 nm. Sensitivity was 100 

mdeg, scanning rate was 100 nm/min, integration time was 1 sec. Samples were either 

110 µM DNA with 200 µL final volume or 11 µM with 2 mL final volume. 200 µL and 2 

mL samples were placed in 0.1 cm or 1 cm path length quartz cuvettes (Starna Cells), 

respectively. 12 scans were collected and averaged, except for CG3 in which case one 

scan was acquired. Background subtraction was performed by scanning equivalent 

samples omitting the DNA. Temperature was 25 °C unless otherwise specified. Buffer 
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conditions were 15 mM Phosphate buffer pH, 0.1 mM EDTA. pH= 7.5 unless otherwise 

specified. In addition, 25 mM NaCl was used for cases where Zα was present and 

corresponding controls. Samples without Zα were brought to thermodynamic equilibrium 

by heating to 95 °C for 5 min followed by cooling at room temperature for at least 10 

min. Samples with Zα were incubated at room temperature for either 1 hr or 1 day as 

specified in plots. 

 

5.2.4 NMR Experiments 

 Buffer was 15 mM Phosphate buffer, 0.1 mM EDTA for WTN1meG and 

WTN1meG(2,4,6}, pH= 7.5 unless otherwise specified, 10 mM Phosphate buffer pH 7.0, 100 

mM NaCl for (5meCG)3, and 15 mM Phosphate buffer pH 7.5, 0.1 mM EDTA, 25 mM 

NaCl for 13C/15N ZJXN in absence and presence (R=2 and R=4) of natural abundance Zα. 

Samples were dialyzed or buffer exchanged (Amicon 3 kDa molecular weight cut-off) 

against RNase/DNase free water, lyophilized and placed in 90 % buffer 10 % D2O and 

transferred to Shigemi tubes. In the case of (5meCG)3, lyophilized sample was 

resuspended in 100 % buffer, lyophilized and resuspended in 100 % D2O, lyophilized and 

D2O then deuterated methanol (MeOD) was added to a final relative volume of 60 % 

D2O 40 % MeOD. Temperature was 25 °C for covalently modified samples unless 

otherwise specified and 18 °C in the case of (5meCG)3. NMR experiments were ran on ~4 

mM natural abundance (CG)3
N4N1meG, (CN1meG)3 and (5meCG)3 or ~0.4 mM uniformly 

13C/15N labeled ZJXN samples. A Mixing time of 320 msec was used for (CN1meG)3 and 

(CG)3
N4N1meG. A mixing time of 375 msec was used for (5meCG)3. 2D aromatic (1H2/6/8-

13C2/6/8) and sugar (1H1’-13C1’) HSQCs were ran on (CG)3
N4N1meG, (CN1meG)3 and 
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(5meCG)3. 2D aromatic SOFAST-HMQC experiments were ran on Zα:13C/15N ZJXN R=2 

(~27 kDa) and R=4 (~45 kDa). Samples were ran on a Bruker Avance or Agilent (13C/15N 

ZJXN) 600 MHz NMR spectrometer equipped with a 5 mm triple resonance cryogenic 

probe.  

 

5.3 Results and Discussion 

5.3.1 Impact of the 7-Deazaguanine Modification on the B-to-Z-DNA Transition 

 7dG was installed in CG3 using two strategies using one, two or three G-7dG 

substitutions. The single modification causes the two most helical base-pairs to be 

modified due to the palindromic nature of CG3 and will be used in kinetic assays. Due to 

the cooperative nature of the B-to-Z-DNA transition we anticipate an otherwise small 

perturbation to have an exacerbated affect on the transition. Upon evaluation of the 

thermodynamic beginning ((CG)3
G47dG 0 M NaCl) and ending (4M) points (Figure 5.2 A 

black and red spectra, respectively) it becomes immediately apparent that there is only ~5 

mdeg difference at 254 nm. This severely limits the potential to observe the B-to-Z-DNA 

transition. Not surprisingly, a small curve is observed in the transients that is difficult to 

resolve from random signal fluctuations. Nevertheless residual biases for monophasic 

(Eq. 5.3) fitting do show biases that are moderately accommodated for upon biphasic (Eq. 

3.6) fit. F- and AIC tests (Section 1.5) both selected the biphasic model over that of the 

monoexponential. No change in observed rate constant is observed either. These results 

suggest that mutation of the two most helical base-pairs from guanine to 7dG in CG3 

severely limit the thermodynamic propensity to undergo the transition while the observed 

rate constants are similar to those reported for CG3 (Section 3.3.4).  
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Figure 5.2 | Preliminary Transient Kinetics of the B-to-Z-DNA Transition in 
(CG)3

G47dG. (A) Kinetic traces of the transition (right). Wavelength scan (left) and single 
wavelength (right) controls, including reference samples at thermodynamic equilibrium 
(B-DNA: Black, Z-DNA: Grey) and kinetic samples after the B-Z transition has reached 
equilibrium. (B) Residuals of mono- (left) and bi- (right) exponential fits to Eq.’s 3.5 and 
3.6, respectively, shown in ‘A’ (right). Arrows highlight poorly distributed residual signal 
about the fit for monoexponential fit. ‘T’ represents independent trials. * Indicates 
significantly better fit as determined by AIC and F-Tests with 95 % confidence level. (C) 
Average observed rate constants obtained from fits of Eq. 3.6 to each trial shown in A 
and B. Error bars represent standard deviation of the observed rate constants. 
 

It is possible the microscopic rate constants change in such a way that the 

observed rate constants simply vary within the range of reproducibility from independent 

trials. More experiments are necessary to characterize the kinetic affect of the 7dG 

mutation, perhaps under conditions that make Z-DNA formation more favorable. Due to 

the difficulties mentioned above in measuring the kinetics upon 7dG mutation, we turned 

to thermodynamic investigations as well as exploratory techniques to try and push the B-

Z equilibrium more toward Z-DNA. Understanding these affects will provide key clues 

into the essential structural interactions along the B-to-Z-DNA transition pathway. We 

note that mutations have the potential to change the transition pathway, so ultimately care 
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must be taken when making inferences about the mechanistic scheme upon mutation. For 

the purposes of evaluating the thermodynamic tendencies of 7dG-containing sequences, 

we use a single, double and triple 7dG substitution (Figure 5.3 A) and induce the 

transition using Zα for its tendency to stabilize Z-DNA in sequences that do not convert 

readily to Z-DNA in high salt.19,34 For all three substitution varieties we titrate Zα up to 

saturation as monitored by CD (R= 2.5) and observe a change in CD profiles consistent 

with the B-to-Z-DNA transition (Figure 5.3). Increasing the amount of 7dG mutations 

significantly decreases the propensity to adopt Z-DNA. When the fraction of Z-DNA 

relative to that of CG3 is calculated for each titration, it is apparent that the modest extent 

of B-to-Z-DNA transition is saturated at R= 2 independent of the number of 7dG 

mutations present (Figure 5.3 C). This observation could suggest that the Zα affinity for 

the DNA substrate is not the main reason for lack of Z-DNA formation, that rather, the 

inherent instability of 7dG-containing Z-DNA relative to B-DNA is dominating this 

affect. Consistent with our observations, it has been shown that substitution at the 7 

position of purines stabilize B-DNA.1,35,36 However, measuring the affinity of Zα for each 

7dG-containing species relative to CG3 using a band shift or standard NMR titration assay 

would confirm this.  
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Figure 5.3 | Thermodynamic Propensity of N7-Deazaguanine Mutations. (A) Shown 
are sequences used with increasing number of mutation sites and 7-deazaguanine moiety. 
Titrations of Zα into (B) (CG)3

G47dG, (CG)3
G2G47dG and (C7dG)3 and (C) fraction of Z-

DNA formed relative to CG3 (fZ rel. CG3). 
 

 We next sought to understand what solution conditions might considerably 

stabilize Z-DNA in the 7dG modified sequences. Nucleophilic solvents are known to 

stabilize Z-DNA in non-modified pyr-pur repeats and it is believed this is due to the 

electrophilic purine N7 becoming more solvent exposed in Z-DNA relative to B-

DNA.37,38 It is known that low pH also favors Z-DNA in unmodified DNAs.39 If low pH 
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stabilizes the Z-form of 7dG-containing species, it is possible protonation makes possible 

a distorted Z-form helix in which the 7dG base may be accommodated, albeit potentially 

distorted relative to the canonical Z-DNA WC base-pair. To test these hypotheses we use 

(C7dG)3 for its poorest Z-DNA favorability in high NaCl and Zα conditions. We find that 

pH 4.3 with 4.0M NaCl stabilizes (C7dG)3 in Z-form and that even pH 4.3 in the 25 mM 

NaCl induces a change in structure consistent with the B-to-Z-DNA transition (Figure 

5.4). Moreover, the nucleophilic solvent methanol (MeOH) can be used (60 % v/v) in 

place of 4.0M NaCl for the case of (C7dG)3 pH 4.3. These observations demonstrate that 

both nucleophilic solvent and low pH markedly stabilize Z-DNA even upon the 

unfavorable 7dG substitution. With all electrophilic N7’s removed in (C7dG)3, it is 

possible other nucleophilic interactions and protonation events stabilize the Z-form of 

such chemically modified DNA sequences (i.e. other tertiary nitrogens as well as oxygens 

and phosphates may be involved). Lastly, since conditions were found that push the B-to-

Z-DNA equilibrium of (C7dG)3 sufficiently toward Z-DNA (4.0 M NaCl, pH 4.3, 25 °C), 

kinetic studies of the corresponding transition can be measured under identical 

conditions. Kinetic measurements of 7dG-containing DNAs would directly probe the 

impact of HG base-pairs on the B-to-Z-DNA transition.  
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Figure 5.4 | pH and Solvent Affects on the B-Z-DNA Equilibrium in (C7dG)3. NaCl, 
pH and methanol (MeOH) affect on CG3 and (C7dG)3 B-to-Z-DNA transition. 15 mM 
Phosphate buffer, 0.1 mM EDTA, 25 mM NaCl unless otherwise specified, 25 °C, pH 
specified in plot insets. 
 

5.3.2 Impact of the N1-Methylguanine Modification on DNA Structure 

N1meG is a naturally occurring form of damage in mammalian cells that we use 

here to trap the HG form of C!G base-pairs. Interestingly, installing one N1meG at the 

most helical CG3 base-pair causes a dramatic structural change in low-salt conditions. 

Due to the loss of roughly 85 % of the CD signal with one or three N1meG substitutions, 

we thought the modification might be causing the double helix to adopt an unstructured 

helix. Since even single-stranded DNAs are chiral, it is also conceivable for such 

structures to give rise to this nominal signal. As a control we modified G4 to the purine 

derivative inosine (I) that is formed upon deamination of adenosine by Zα.40 Inosine 
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weakens WC base-pairs but does not destroy them. A purely IpC repeat helix is less 

stable in the Z-form as compared to a pure CpG repeat,41 consistent with the notion of 

having weaker WC base-pairs in Z-form as well. The structure adopted by the N1meG and 

I modifications is relatively independent of salt and is not consistent with Z-DNA (Figure 

5.5). Interestingly, however, the sequences undergo a slow Zα-induced conformational 

change (Figure A4.2). 

 

Figure 5.5 | Structural Impact of N1-Methylguanine on Short DNAs. CD spectra of 
NaCl titrations of (top) CG3 and (CG)3

G4I for comparison to (bottom) (CG)3
G4N1meG and 

(CN1meG)3. (Bottom right) Shown are CD Spectra for samples in 4.0M NaCl for 
comparison. 15 mM Phosphate buffer pH 7.5, 0.1 mm EDTA, 25 °C. 
 

To better understand the structural features of the N1meG and I modifications we 

turn to NMR heteronuclear correlation experiments (here, HSQCs) 42 since the chemical 

shifts of helical, terminal, single-stranded and HG conformations are generally 

distinct.6,43 To our surprise, we found the N1meG substituted sequences to possess 

chemical shifts strikingly similar to those of terminal residues that undergo end-fraying 
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affects (Figure 5.6). The G/N1meG aromatic chemical shifts also exhibit increasing single-

stranded nature as indicated by a grey dotted arrow in Figure 5.6 B. Furthermore, imino 

proton peaks were not detected in 1D 1H NMR experiments at 5 °C for (CG)3
G4N1meG 

(data not shown). These data strongly suggest the N1meG modified sequences do not form 

a double helix but rather remain single-stranded.  

 

Figure 5.6 | Changes in 13C and 1H NMR Chemical Shifts due to the N1-
Methylguanine Modification in CG3. (A) Wild type (CG3) sequence shown in black 
with blue and yellow indicating positions of N1-methylguanine mutations in singly and 
triply substituted sequences, respectively. 1H-13C HSQCs showing (B) H6-C6 and H8-C8 
(aromatic) and (C) H1’-C1’ (sugar) resonances for sequences shown in ‘A’. Grey 
brackets and arrow in aromatic HSQC represent typical chemical shifts for end fraying 
and single-stranded DNA, respectively. 
 

For (CN1meG)3 HSQCs we see double the number of peaks expected indicating 

two conformations are present that are in slow exchange with one another. Interestingly, 

the guanine H8-C8 resonances do not exhibit conformational heterogeneity. They may be 

undergoing chemical exchange faster than the NMR timescale (psec-low msec) or 

perhaps they are conformationally rigid. Using R1ρ relaxation dispersion experiments to 
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probe for µsec- msec dynamics would help alleviate this conundrum. For (CG)3
G4N1meG 

HSQCs we observe approximately 6 aromatic and sugar peaks as expected for a non- or 

fast-exchanging system. Interestingly, we do not observe this affect in A6 with two 

neighbors N1-methylated (Figure 5.6) despite its lower melting temperature (Table 

A.12). It is also possible the single and triple N1meG modified sequences adopt different 

conformations. More experiments are necessary to fully understand the structures 

adopted by the N1meG substituted sequences and the equilibrium between those structures. 

The experiments presented in this section provide strong evidence for the lack of Z-DNA 

conversion in N1meG modified sequences being attributed to their single-stranded nature. 

 

Figure 5.7 | Changes in 13C and 1H NMR Chemical Shifts due to the N1-
Methylguanine Modification in A6. (A) Wild type (A6) sequence shown in black with 
blue indicating positions of N1-methylguanine mutations. 1H-13C HSQCs showing (B) 
H6-C6 and H8-C8 resonances for sequences shown in (A). Sample preparation and data 
acquisition performed by ENN. 



 

 137 

 

 Next, we hypothesized that the reason the N1meG mutation is not accommodated in 

the CG3 duplex is because of the poor stacking efficiency of HG base-pairs relative to 

WC base-pairs that is suggested by our findings in Chapter 2. We use the combinatorial 

low pH and high salt strategy presented in Section 5.3.3 in an attempt to stabilize duplex 

formation in these N1meG modified sequences. We find that a change in pH alone does not 

alter the global structure, but low pH and high NaCl concentrations together do, in fact, 

induce a conformational change. This conformational change is actually consistent with 

Z-DNA formation as opposed to B-DNA formation, but the overall magnitudes of pH 4.3 

4.0M NaCl spectra suggest the samples are still single-stranded in nature. Interestingly, 

this structural perturbation occurs to an increasing extent upon comparison of (CG)3
G4I, 

(CG)3
G4N1meG and (CN1meG)3, which correlates directly with each sample’s propensity to 

from HG base-pairs. Due to the conserved magnitude of signal comparing pH 7.5 to pH 

4.3 4.0 M NaCl profiles, it is likely the conformational change did not merit duplex 

formation.  
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Figure 5.8 | pH Affects on Modified DNAs. CD spectra of pH and NaCl change of (top) 
CG3 and (CG)3

G4I for comparison to (bottom) (CG)3
G4N1meG and (CN1meG)3. (Bottom 

right) Shown are CD Spectra for samples in 4.0M NaCl pH 4.3 for comparison. 15 mM 
Phosphate buffer, 0.1 mm EDTA, 25 °C, pH and [NaCl] specified in plots. 
 

The CD profiles do, however, change in a fashion consistent with the B-to-Z-

DNA transition. This suggests the conformational change may involve a single-stranded 

right-to-left-handed transition and subsequently that HG base-pairs can be accommodated 

within a left-handed framework. These data also raise the concept that, when a HG base-

pair must be accommodated within a left-handed framework, that the collective HG 

stability of the overall structure (i.e. the sum of HG affects along at each base-pair to 

arrive at a global description) will contribute to the stability of Z-DNA. HG helices of 

pure A!T base-pairs have been studied by X-ray crystallography and solution NMR, both 

indicating such structures can be accommodated within the structural framework of a 

deformed right-handed helix.44,45 Lastly, we note that the correlation of N1meG-modified 
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strand annealing of CpG repeats with HG forming propensity could reveal a new 

relationship between WC-HG equilibrium and larger conformational changes that could 

more readily be recognized in vivo. Future directions include testing the hypothesis that 

sequence specificity of the WC-HG equilibrium in N1-methylated DNA is correlated 

with duplex annealing propensity and potentially even investigating the sequence 

specificity of the cooperativity of neighboring HG formation. 

 

5.3.3 Preliminary NMR Spectroscopic Investigations of Z-DNA: (5meCG)3 and a (CG)3:Zα 

Complex 

We have prepared a sample that was previously demonstrated to adopt Z-DNA 

using a natural abundance (5meCG)3 construct25 to investigate the behavior of the system 

before preparing a 13C/15N labeled sample. The previous study did not report carbon 

chemical shifts, so we plan to benchmark our proton assignments against theirs, then 

subsequently measure 1H-13C correlations to gain insight into aromatic carbon chemical 

shifts of Z-DNA for the first time. 

 As demonstrated in Chapter 4, 5meC modifications and methanolic solvent 

increase the propensity to form Z-DNA in a mutually exclusive manner. The benchmark 

system utilized herein employs these two strategies to form ~80 % Z-DNA and ~20 % B-

DNA. Standard 1H-1H NOESY assignments were implemented and are consistent with 

those previously published (Figure 5.9 A).25 Corresponding HSQC reveals aromatic 

carbon chemical shifts of Z-DNA for the first time (Figure 5.9 B). Guanine C8 

resonances are shifted downfield ~ 2 ppm, consistent with the anti-to-syn transition as 

monitored via the WC-to-HG transition and demonstrated in Chapter 243 and previously 
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published studies.3,6 We note that the proton chemical shift of the WC-to-HG transition 

can be as large as ~ 0.5 ppm,6 while those of guanine and cytosine presented here do not 

change markedly from B- to Z-DNA, consistent with previous findings.25,26,37,38 

Interestingly, cytosine aromatic chemical shifts move upfield ~ 2 ppm, indicating they are 

deshielded (Figure 1.8) relative to their B-DNA structure. This is conceivable since 

cytosine loses one of its neighboring base-pair stacking interactions upon Z-DNA 

formation due to the extension of the helix and increased step size between base-pair 

neighbors (Table 1.2). The strong intraresidue crosspeaks in the 1H-1H NOESY suggest 

that the weak cytosine C6-H6 resonances in the aromatic 1H-13C HSQC are not 

predominantly due to chemical exchange. Further optimization of sample conditions to 

minimize precipitation upon addition of methanol to high salt solutions25 as well as 

potential adjustments to the HSQC experiment, such as optimizing the carbon carrier 

frequency and excitation pulse bandwidth could improve spectral quality. 
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Figure 5.9 | NMR Spectroscopy of (5meCG)3 in Z-Form. (A) 1H-1H NOESY and (B) 
Sequence and 1H-13C aromatic HSQC of (5meCG)3 (light blue) overlaid with B-form CG3 
(black). Experimental conditions for (5meCG)3 are 10 mM Phosphate buffer, 100 mM 
NaCl, 60 % MeOD (deuterated methanol), pD 6.6 (pH 7.0), 18 °C. Experimental 
conditions for CG3 are 15 mM Phosphate buffer, 0.1 mM EDTA, 25 mM NaCl, pH 5.4. 
Orange highlights the transient state Hoogsteen chemical shift of CG3 G4 C8 measured in 
Chapter 2 as a reference for syn guanine carbon chemical shifts. 
  

Current NMR studies have provided some insight into features of the B-to-Z-

DNA transition in the B/Z junction sequence first presented in Chapter 2 (ZJXN) and 

similar sequences, relying predominantly on imino proton exchange.17,46,47 These reports 

demonstrate that when B-DNA is adjacent to a CpG repeat, the B-DNA lifetime of the 

base open state increases in the transition. If the junctional base-pair goes from base-

paired in B-DNA to extruded upon Z-DNA formation, were completely flipped out in 
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solution, the exchange rate between the closed and open state (kcl-op) would increase, then 

become immeasurable once the base open state has a long enough lifetime to where the 

thymine (T) imino proton exchange with water and broadens out the T imino peak. To the 

contrary, imino proton exchange measurements reveal the base pair that is extruded in the 

crystal structure has a low kcl-op that does not change from R= 0 to R= 1.5 (kcl-op~ 8 s-1).17 

This suggests the junctional base-pair that is extruded in the crystal structure is not 

extruded in solution. In an attempt to discern between the extruded or base-paired 

junction, we again turn to heteronuclear HSQCs to probe for chemical shift perturbations 

of the junctional A!T base-pair in a similar fashion to that in Section 5.3.4. 

 In Figure 5.10 we present a titration of natural abundance Zα into 13C/15N labeled 

ZJXN. From these experiments dynamics can only be inferred within each measurement 

since overall molecular weight, and subsequently tumbling time and line width, changes 

from one titration point to the next. In the absence of protein, all ZJXN resonances are 

relatively sharp (Figure 5.10 black). At R= 2:1 nearly all B-DNA resonances are still 

observable but have undergone significant line broadening due to an increase in effective 

molecular weight from ~9 kDa to ~27 kDa. We note the R= 2:1 complex has less than 

half the amount of protein required to saturate the B-Z conversion (saturation is at R= 

6).48 Since there are more peaks than C-H resonances under R=2:1 conditions, it is likely 

B-DNA is in slow exchange with another conformation. These additional chemical shifts 

are likely not due to protein interaction with the C-H resonances as Zα only makes 

contacts with the DNA phosphate backbone.4 We note with respect to extra peaks in the 

regions of Z-DNA forming sequence (guanine and cytosine), the cytosine region contains 

markedly more extra peaks, albeit with low intensity, as compared to the guanine region. 
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At R= 4 the CG-rich region adopts Z-DNA and the A!T junctional base-pair (A24 and 

T7) is putatively flipped out into solution. It is possible addition of more protein would 

further stabilize the Z-form, but at R= 4 under the conditions used herein for NMR, the 

protein is at its solubility limit (~1 mM). Most importantly, the junctional base-pair 

resonances have completely shifted from their respective B-DNA chemical shifts (Figure 

5.10 red arrow heads). Peaks in the R= 4 spectrum are not detectable in the region where 

A24 and T7 are expected to shift if they are extruded (~1 ppm downfield in carbon and 

proton). This does not preclude base-pair extrusion at the B/Z junction since the final 

titration point is not at saturating protein concentration. To bypass this limitation in the 

future we plan to isotopically label ZJXN at specific residues, allowing for immediate 

assignment and precise probing of a given resonance. We note that with simply these 

HSQC experiments we cannot rule out a number of other scenarios causing 

disappearance of A24 and T7 chemical shifts, including line broadening due to slower 

tumbling of the ~45 kDa 4:1 complex compared with the ~9 kDa free DNA or 

intermediate exchange. It is also possible A24 and T7 chemical shifts have changed in an 

unexpected direction. Chemical shift assignments will help aid in the identification of 

signatures of the B/Z junction. 

Remarkably, despite previous studies demonstrating that the CD spectrum of the 

Zα:ZJXN complex can, in fact, be fit to a linear combination of B-DNA and Z-DNA 

spectra,16 nearly all B-DNA resonances shift or disappear upon Z-DNA formation under 

the conditions used herein. This observation suggests that even if the extrusion of one 

base-pair is sufficient to accommodate a left-handed structure next to a right-handed 

structure, that any potential dynamic affects due to Z-DNA do propagate past the 
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junction, into the neighboring B-DNA. If this were true, the dynamic affects on Z-DNA 

formation in vivo could spread even further than the Z-DNA location and perhaps act as a 

long-range signaling mechanism to recruit DNA binding proteins. 

 

Figure 5.10 | Titration of Zα into 13C/15N ZJXN. Aromatic SOFAST-HMQC spectra of 
ZJXN (black), a Zα:ZJXN 2:1 complex (grey) and a Zα:ZJXN 4:1 complex (blue). 15 
mM Phosphate buffer pH 7.5, 0.1 mM EDTA, 25 mM NaCl, 25 °C. B-DNA chemical 
shifts are labeled according to previously published assignments.16 Red arrowheads 
denote B-DNA chemical shifts of junctional base-pair. 
 

Additional studies are needed to explore this hypothesis in more detail, including 

Z-DNA chemical shift assignments. Assignments of the Zα:ZJXN complex via 1H-1H 

NOESY are non-trivial due to the excess of protein relative to DNA. A conventional 

assignment experiment will detect 1H-1H correlations of all protons in the system. To 

detect 1H-1H correlations of the DNA only, one must select for 1H spins connected to 13C, 
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which requires implementation of a new pulse sequence, optimization for DNA 

resonances, and finally a well-behaved model system.  

 

5.4 Conclusions 

7dG mutation significantly diminishes propensity for CG3 to form Z-DNA 

thermodynamically. As such, our kinetic experiments cannot discern between any distinct 

changes in observed rate constants. We have presented a detailed analysis of the Z-DNA 

forming capabilities of CpG repeats containing 7dG and N1meG mutations. We also 

demonstrate that a single methylation at guanine N1 on each strand is sufficient to 

denature the duplex. To a first approximation, the propensity for N1meG modified 

sequences to adopt Z-DNA correlates with their HG forming propensity. Zα binds single-

stranded N1meG modified sequences and slowly induces a conformational change 

consistent with the B-to-Z-DNA transition.  

For the first time, to our knowledge, we have presented aromatic carbon chemical 

shifts using a benchmark system first presented by Rich and coworkers.25 Guanine C8 

chemical shifts are consistent with the syn orientation while, surprisingly, those of 

cytosine C6 shift upfield, consistent with being deshielded. This could be explained by 

the loss of stacking interaction with one neighboring base-pair upon Z-DNA formation.  

Titration of Zα into isotopically enriched ZJXN as monitored by aromatic 

SOFAST-HMQC shows many changes in chemical shifts, including the junctional A!T 

base-pair. The preliminary investigations into Z-DNA aromatic carbon chemical shifts 

call for further NMR studies of the Zα:13C/15N ZJXN complex to enhance signal-to-noise, 

assign chemical shifts, calculate changes in chemical shifts upon Z-DNA formation using 



 

 146 

Density Functional Theory (DFT)49 and ultimately probe the dynamics of Z-DNA at 

atomic resolution. Using residue-specific isotopic labeling strategies will propel these 

efforts greatly.  
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Chapter 6 

Conclusions and Future Perspectives 

 

6.1 Transient Watson-Crick to Hoogsteen Transitions in Canonical Duplex DNA 

 The DNA double helix must maintain structure plasticity to be packaged 

efficiently into a cell nucleus while transcriptionally active regions remain unpacked and 

even un-paired during gene expression. DNA must simultaneously maintain structural 

integrity to protect the genetic code from damage and serve as a substrate for many DNA 

binding proteins. The sequence-specific recognition of DNA is, in part, a conundrum 

since there are only four different types of nucleotide building blocks to comprise the 3 

billion base-pairs in the human genome. Alternative structures formed by DNA are 

thought to help increase specificity for particular sequences. Our lab recently showed that 

DNA WC base-pairs transiently morph into HG base-pairs at flexible CA/TG and TA/TA 

steps on the microsecond to millisecond timescale.1,2 Chapter 2 of this thesis 

unequivocally demonstrates the robust occurrence of transient excursion to the HG base-

pair form across a wide variety of sequences with an ~30-fold and 20-fold range in 

populations and lifetimes, respectively. Remarkably, every base-pair probed exhibited a 

transient state consistent with the HG base-pair. This work implies an appreciable 

presence of HG base-pairs in the context of duplex DNA and provides a broader 

implication for such cases within the genome as well.  
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6.2 The B-DNA to Z-DNA Transition and Consequences of Sequence Variations 

Another such structural transition owing to DNA’s flexibility is its inversion of 

handedness, discovered accidentally.3 Studies of this B-to-Z-DNA transition have mainly 

elucidated where Z-DNA occurs and what sequences can be accommodated within the 

structural framework. Despite Z-DNA’s transient nature in vivo, little emphasis has been 

placed on the kinetic nature of how Z-DNA forms. In Chapter 3 we established the B-to-

Z-DNA transition is biphasic for CpG repeats of 3 and 6 dinucleotide repeats, likely 

involving an intermediate species that resembles a left-handed structure.  

Z-DNA formation was postulated as a gene expression regulatory mechanism in 

1982.4 Recently, overexpression of the cancer metastasis-promoting ADAM-12 was 

shown to likely be due to the loss in negative regulation by an upstream epigenetic Z-

DNA silencer.5 In Chapter 4 we present a kinetic and molecular model to describe our 

observations of B-Z transition perturbations upon introduction of the epigenetic 

modification 5meC on transient Z-DNA formation and observe perturbations in the 

observed phases. Together Chapters 3 and 4 present a comprehensive conceptual 

framework describing perturbations to B-to-Z-DNA transition observables. In an attempt 

to test the hypothesis that the guanine anti-to-syn transition manifests in the observed 

transient kinetics, we employed N1meG modifications and learned N1 methyl damage at 

two guanines in CG3 sufficiently destabilized the duplex such that single-stranded 

signatures were observed by CD and NMR. This was not the case for such modifications 

within A6 despite the lower melting temperature of A6 as compared to CG3, suggesting a 

more complex mechanism owing to duplex stability. 
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High salt conditions have largely impeded atomic resolution dynamics studies of 

Z-DNA using modern NMR experiments. The discovery of Z-DNA binding proteins has 

aided in such efforts but the crux of Z-DNA being a highly repetitive sequence element 

will preclude atomic resolution dynamics of ~10 base-pairs or more, even at high 

magnetic fields. A combinatorial approach of benchmarking (5meCG)3 Z-DNA proton 

assignments with those previously reported6 was used, followed by Z-DNA aromatic 

carbon chemical shift determination. Z-DNA guanine carbon chemical shifts (C8) are 

consistent with those observed for the syn transient HG state while those of cytosine (C6) 

shift upfield, potentially due to the decrease in electron density around the cytosine base 

due to the loss of stacking with its 3’ neighbor. Finally, the titration of Zα into a B/Z 

junction forming sequence shows the same evidence for Z-DNA syn guanines and 

potentially Z-form cytosines. The signal-to-noise of cytosine C6 is lower as compared to 

guanine C8 in the Z-form. These NMR experiments of Z-DNA present the first 

visualization of Z-DNA aromatic carbon chemical shifts and call for further investigation 

of structure and dynamics of Z-DNA using NMR. Two such options for high molecular 

weight samples are site-specific labeling strategies to employ 1D NMR experiments, or 

the methyl TROSY experiment whose power was recently demonstrated on 

nucleosomes.7 Overall, in this thesis I have highlighted the complexities of DNA 

dynamics and flexibility, with emphasis on transient excursions away from WC base-

paired B-DNA to HG base-paired B-DNA and WC base-paired Z-DNA.  
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6.3 Future Perspective 

 The central dogma of biology explains the flow of genetic information, whereby 

DNA is the template for RNA synthesis, RNA is the template for protein synthesis, and 

proteins are in turn used to make DNA. In this cyclical process the exciting and often 

surprising sequence-specific structural and dynamic features of DNA are quickly 

overlooked. The pinnacle of this thesis is to highlight the dynamic nature of naked duplex 

DNA. The sequence and positional specificity of HG base-pair formation is complex and 

calls for characterization of all 64 trinucleotide sequences. The work presented herein 

also calls for the understanding of Z-DNA’s impact on transient HG base-pair formation, 

since together they may have a cooperative affect on in vivo signaling. Distance from 

helix termini and B/Z junctions affects the structure and dynamics of canonical B-DNA, 

HG base-pairs and Z-DNA. While the discovery of Z-DNA in 1979 and transiently 

forming HG base-pairs in duplex DNA in 2011 were both met with skepticism for their 

seemingly small impact on biology, this thesis lays the ground work for their increased 

presence in nature.  
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Appendix 1 

R1ρ Relaxation Dispersion Experimental Parameters 

Table A1.1 | R1ρ RD experimental parameters. Probes measured with variable spin 
lock power and offset at 14.1 T. 
Probe 
A2 C2 C6, A2 A3 C1', A2 T8 N3, A2 T9 C6, A2 G10 C1', A2 A16 C8, A2 A17 C1', A2 A17 C2, A2 A7/21 C1’, A4 A16 C1', A6 A16 
C8, A6 A17 C8, A6 G10 N1, CA3 A16 C8, CA3 A21 C1', ZJXN A6 C8, ZJXN A24 C8 
On-resonance spin lock power (ω)/ Off-resonance spin lock power (ω) & ± {offset (Ω)} 
150, 200, 250, 300, 350, 400, 500, 600, 700, 800, 900, 1000, 1200, 1400, 1600, 1800, 2000, 2500, 3000, 3500 Hz/ 
200 Hz & ± {30, 60, 90, 120, 150, 180, 210, 240, 270, 300, 360, 420, 480, 540, 600, 700, 800, 330 Hz} 
400 Hz & ± {50, 100, 150, 200, 250, 300, 350, 400, 450, 500, 600, 700, 800, 900, 1000, 1200, 1500, 550 Hz} 
600 Hz & ± {75, 150, 225, 300, 375, 450, 550, 650, 800, 1000, 1200, 1400, 1600, 2000, 2500, 3000, 3500, 4000, 5000 Hz} 
1000 Hz & ± {100, 200, 300, 400, 500, 600, 700, 900, 1100, 1300, 1500, 1700, 2000, 2500, 3000, 3500, 4000, 5000, 7500 Hz} 
A2 G11 C8, A4 G11 C8, A4 C15 C6, A4 A17 C8, A5 C9 C6, A5 G10 C8, A5 G11 C8, A6 G10 C8, CA3 C17 C6, CA3 C19 C6 
150, 200, 250, 300, 350, 400, 500, 600, 700, 800, 900, 1000, 1200, 1400, 1600, 1800, 2000, 2500, 3000, 3500 Hz/ 
100 Hz & ± {30, 60, 90, 120, 150, 180, 210, 240, 270, 300, 360, 4200, 480, 540, 600, 700, 800, 330 Hz} 
200 Hz & ± {50, 100, 150, 200, 250, 300, 350, 400, 450, 500, 600, 700, 800, 900, 1000, 1200, 1500, 550 Hz} 
400 Hz & ± {75, 150, 225, 300, 375, 450, 550, 650, 800, 1000, 1200, 1400, 1600, 2000, 2500, 3000, 3500, 4000, 5000 Hz} 
600 Hz & ± {100, 200, 300, 400, 500, 600, 700, 900, 1100, 1300, 1500, 1700, 2000, 2500, 3000, 3500, 4000, 5000, 7500 Hz} 
A4 A19 C1', A4 C5 C1’ 
150, 200, 250, 300, 350, 400, 500, 600, 700, 800, 900, 1000, 1200, 1400, 1600, 1800, 2000, 2500, 3000, 3500 Hz/ 
150 Hz & ± {30, 60, 90, 120, 150, 180, 210, 240, 270, 300, 360, 4200, 480, 540, 600, 700, 800, 330 Hz} 
300 Hz & ± {50, 100, 150, 200, 250, 300, 350, 400, 450, 500, 600, 700, 800, 900, 1000, 1200, 1500, 550 Hz} 
450 Hz & ± {75, 150, 225, 300, 375, 450, 550, 650, 800, 1000, 1200, 1400, 1600, 2000, 2500, 3000, 3500, 4000, 5000 Hz} 
A4 G10 C1', CA3 G10 C1' 
150, 200, 250, 300, 350, 400, 500, 600, 700, 800, 900, 1000, 1200, 1400, 1600, 1800, 2000, 2500, 3000, 3500 Hz/ 
150 Hz & ± {30, 60, 90, 120, 150, 180, 210, 240, 270, 300, 360, 4200, 480, 540, 600, 700, 800, 330 Hz} 
250 Hz & ± {50, 100, 150, 200, 250, 300, 350, 400, 450, 500, 600, 700, 800, 900, 1000, 1200, 1500, 550 Hz} 
400 Hz & ± {75, 150, 225, 300, 375, 450, 550, 650, 800, 1000, 1200, 1400, 1600, 2000, 2500, 3000, 3500, 4000, 5000 Hz} 
700 Hz & ± {100, 200, 300, 400, 500, 600, 700, 900, 1100, 1300, 1500, 1700, 2000, 2500, 3000, 3500, 4000, 5000, 7500 Hz} 
CG3 G4 C8 
150, 200, 250, 300, 350, 400, 500, 600, 700, 800, 900, 1000, 12000, 1400, 1600, 1800, 2000, 2500, 3000, 3500 Hz/ 
200 Hz & ± {30, 60, 90, 120, 150, 180, 210, 240, 270, 3000, 360, 4200, 480, 540, 600, 700, 800, 330 Hz} 
400 Hz & ± {50, 100, 150, 200, 250, 300, 350, 400, 450, 500, 600, 700, 800, 900, 1000, 1200, 1500, 550 Hz} 
800 Hz & ± {75, 150, 225, 300, 375, 450, 550, 650, 800, 1000, 1200, 1400, 1600, 2000, 2500, 3000, 3500, 4000, 5000 Hz} 
A2 G23 N1, A5 T4 N3*, A5 T5 N3, A5 T6 N3, A5 T7 N3, A5 T8 N3, A6 G10 N1 
100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600, 700, 800, 900, 1000, 1200, 1400, 1600, 1800, 2000 Hz/ 
200 Hz & ± {20, 40, 50, 60, 70, 80, 100, 120, 140, 150, 170, 180, 210, 220, 250, 300, 350, 400, 500, 600, 700, 800, 1000 Hz} 
400 Hz & ± {30, 60, 90, 110, 120, 140, 150, 170, 180, 210, 220, 250, 300, 350, 400, 500, 600, 700, 800, 1000 Hz} 
*500 Hz & ± {30, 60, 90, 120, 150, 180, 210, 250, 300, 350, 400, 500, 600, 700, 800, 1000 Hz} 
600 Hz & ± {40, 80, 120, 150, 160, 200, 240, 250, 300, 350, 400, 450, 500, 600, 800 Hz} 
*800 Hz & ± {40, 80, 120, 160, 200, 240, 300, 400, 500, 600, 800, 1000, 1200, 1400, 1600, 2000} 
1000 Hz & ± {100, 200, 300, 400, 500, 600, 700, 900, 1100, 1300, 1500, 1700, 2000, 2500, 3000, 3500 Hz} 
A2 G10 N1 
100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600, 700, 800, 900, 1000, 1200, 1400, 1600, 1800, 2000 Hz/ 
200 Hz & ± {20, 40, 50, 60, 70, 80, 100, 120, 140, 150, 170, 180, 210, 220, 250, 300, 350, 400, 500 Hz} 
400 Hz & ± {30, 60, 90, 110, 120, 140, 150, 170, 180, 210, 220, 250, 300, 350, 400, 500, 600, 700, 800, 1000 Hz} 
600 Hz & ± {40, 80, 120, 150, 160, 200, 240, 250, 300, 350, 400, 450, 500, 600, 800, 1000, 1200, 1400, 1600, 2000 Hz} 
E A5 C8 
200, 300, 400, 500, 600, 700, 800, 900, 1000, 1200, 1400, 1600, 1800, 2000, 2500, 3000, 3500 Hz 
200 Hz & ± {30, 60, 90, 120, 180, 240 300, 420, 480, 540, 600, 700 Hz} 
500 Hz & ± {50, 100, 150, 200, 250, 300, 400, 500, 600, 800, 1000, 1200 Hz} 
1000 Hz & ± {75, 150, 225, 300, 375, 450, 600, 800, 1000, 1400, 1600, 200, 2500, 3000 Hz} 



 

 156 

 

 



 

 157 

 

 
 



 

 158 

 



 

 159 

 



 

 160 

 
Figure A1.1 | Characterizing transient Hoogsteen base-pairs using on- and off-
resonance 13C and 15N R1ρ relaxation dispersion. Shown are representative examples of 
relaxation dispersion profiles for different sequence and positional contexts. The various 
spin lock powers used (Hz) are indicated in the insets of the off-resonance relaxation 
dispersion profiles. Data are fitted to Eq. 1. Error bars represent experimental uncertainty 
(one standard deviation) estimated from monoexponential fitting of duplicate R1ρ data. 
Buffer conditions are 15 mM Sodium phosphate, 25 mM NaCl, 0.1 mM EDTA, 10 % 
D2O pH 5.2 (A6 C15 C6, A5, A4: C15 C6, A16 C1’, G10 C1’), 5.4 (A2, A4, A6, CA3, 
CG3), 6.8 (E) or 7.5 (ZJXN), 26 °C (A2, A4, A5, A6, CA3, E) or 25 °C (A2 A3 C1’, CG3, 
ZJXN). 
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Figure A1.2 | Melting Temperature Compared to Population and Lifetime of 
Hoogsteen Transient State. 
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Appendix 2 

CG3 B-to-Z-DNA Controls and Transition Fits to Sum of Exponentials 

 

‘Mono’ and ‘Bi’ fits were performed with Eq.’s 3.5 and 3.6, respectively. 

Experimental conditions for data from which the following fit parameters were obtained 

are as follows: 15 mM Phosphate buffer pH 7.5, 0.1 mM EDTA, 25 °C, NaCl 

concentration specified in each table for NaCl-induced transitions. 25 mM NaCl for Zα-

induced transition. 

 

Table A2.1 | CG3 + 2.5 M NaCl B-to-Z-DNA Transition Fitting Values 
Equation Parameter, p <p> σ <χ2> <R2> n 

Mono 
kobs (s-1) 0.0241 0.0005 

0.44 0.91 

4 

A (mdeg) 11.87 0.28 
y∞ (mdeg) -13.0 0.2 

Bi 

kobs,1 (s-1) 0.0129 0.0037 

0.37 0.92 
kobs,2 (s-1) 0.0743 0.0283 
A1 (mdeg) 6.03 1.84 
A2 (mdeg) 11.4 1.2 
y∞ (mdeg) -12.7 0.2 
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Table A2.2 | CG3 + 3.0 M NaCl B-to-Z-DNA Transition Fitting Values 
Equation Parameter, p <p> σ <χ2> <R2> n 

Mono kobs (s-1) 0.0318 0.0014 
0.49 0.92 

4 

 A (mdeg) 15.2 0.7 
  y∞ (mdeg) -6.70 1.12 

Bi 

kobs,1 (s-1) 0.0128 0.0009 

0.32 0.95 
kobs,2 (s-1) 0.0720 0.0032 
A1 (mdeg) 5.62 1.08 
A2 (mdeg) 14.9 1.0 
y∞ (mdeg) -6.87 0.13 

 

Table A2.4 | CG3 + 4.0 M NaCl B-to-Z-DNA Transition Fitting Values 
Equation Parameter, p <p> σ <χ2> <R2> n 

Mono 
kobs (s-1) 0.0539 0.0002 

0.41 0.96 

3 

A (mdeg) 25.5 0.2 
y∞ (mdeg) 1.00 0.001 

Bi 

kobs,1 (s-1) 0.0177 0.0016 

0.34 0.97 
kobs,2 (s-1) 0.0810 0.0068 
A1 (mdeg) 5.76 1.33 
A2 (mdeg) 26.6 0.8 
y∞ (mdeg) 1.91 0.32 

 

Table A2.5 | CG3 + 4.5 M NaCl B-to-Z-DNA Transition Fitting Values 
Equation Parameter, p <p> σ <χ2> <R2> n 

Mono 
kobs (s-1) 0.0793 0.0003 

0.36 0.96 

4 

A (mdeg) 30.6 0.1 
y∞ (mdeg) 1.50 0.002 

Bi 

kobs,1 (s-1) 0.0239 0.0010 

0.32 0.96 
kobs,2 (s-1) 0.113 0.007 
A1 (mdeg) 4.37 0.54 
A2 (mdeg) 34.4 1.3 
y∞ (mdeg) 1.97 0.33 
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Table A2.6 | CG3 + 5.0 M NaCl B-to-Z-DNA Transition Fitting Values 

Equation Parameter, p <p> σ <χ2> <R2> n 

Mono 
kobs (s-1) 0.0684 0.0067 

0.40 0.77 

3 

A (mdeg) 19.1 3.3 
y∞ (mdeg) 5.96 0.37 

Bi 

kobs,1 (s-1) 0.0139 0.0039 

0.35 0.80 
kobs,2 (s-1) 0.120 0.017 
A1 (mdeg) 2.16 0.71 
A2 (mdeg) 32.6 3.6 
y∞ (mdeg) 6.16 0.01 

 

 

Table A2.7 | 5.5 µM (0.5 X) CG3 + 3.0 M NaCl B-to-Z-DNA Transition 
Fitting Values 
Equation Parameter, p <p> σ <χ2> <R2> n 

Mono 
kobs (s-1) 0.029 0.004 

0.17 0.91 

3 

A (mdeg) 8.32 0.43 
y∞ (mdeg) -3.90 0.19 

Bi 

kobs,1 (s-1) 0.015 0.0004 

0.15 0.93 
kobs,2 (s-1) 0.069 0.005 
A1 (mdeg) 3.71 0.90 
A2 (mdeg) 7.14 1.21 
y∞ (mdeg) -3.76 0.20 

 

 
Table A2.8 | 22 µM (2 X) CG3 + 3.0 M NaCl B-to-Z-DNA Transition 
Fitting Values 
Equation Parameter, p <p> σ <χ2> <R2> n 

Mono 
kobs (s-1) 0.0232 0.0043 

4.73 0.84 

3 

A (mdeg) 29.6 3.4 
y∞ (mdeg) -14.3 0.6 

Bi 

kobs,1 (s-1) 0.0134 0.0017 

4.41 0.85 
kobs,2 (s-1) 0.0927 0.0547 
A1 (mdeg) 16.1 5.0 
A2 (mdeg) 33.1 2.8 
y∞ (mdeg) -13.7 0.6 
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Table A2.9 | CG6 + 4.0 M NaCl B-to-Z-DNA Transition Fitting Values 
Equation Parameter, p <p> σ <χ2> <R2> n 

Mono 
kobs (s-1) 7.30x10-4 1.4x10-5 

0.65 1.00 

2 

A (mdeg) 68.4 0.8 
y∞ (mdeg) 19.5 1.0 

Bi 

kobs,1 (s-1) 7.17x10-4 1.0x10-5 

0.57 1.00 
kobs,2 (s-1) 0.0253 0.0135 
A1 (mdeg) 67.8 1.0 
A2 (mdeg) 6.44 1.97 
y∞ (mdeg) 19.7 1.1 

 
 
 

Table A2.10 | CG3 + 22 µM Zα B-to-Z-DNA Transition Fitting Values 
Equation Parameter, p <p> σ <χ2> <R2> n 

Mono 
kobs (s-1) 1.40x10-3 1.9x10-4 

1.12 0.95 

2 

A (mdeg) 20.3 1.6 
y∞ (mdeg) 3.47 0.09 

Bi 

kobs,1 (s-1) 9.3x10-4 1.2x10-4 

0.90 0.96 
kobs,2 (s-1) 9.41x10-3 2.98x10-3 
A1 (mdeg) 18.5 0.3 
A2 (mdeg) 8.94 1.91 
y∞ (mdeg) 5.38 0.32 
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Figure A2.1 | Single-Stranded DNA CD Spectrum Benchmark.  
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Figure A2.2 | Simplest Kinetic Models Giving Rise to Two Observed Phases. Shown 
are three schemes of B-DNA transitioning to Z-DNA, involving a(n) (Scheme I) 
intermediate, a species structurally similar to (Scheme II) B-DNA (B*) or (Scheme III) 
Z-DNA (Z*). In Schemes II and III, B and B* are interconverting at a rate orders of 
magnitude slower than the conversion to Z-DNA. W0 represents the NaCl 
concentrations, which is orders of magnitude larger than the DNA concentration. 
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Appendix 3 

Kinetic Simulation Parameters for (5meCG)3 

 
 
 
Table A3.1 | Molar Extinction Coefficients Used for Eq. 4.1. 
 

DNA εB254nm  (M-1cm-1) ε I254nm  (M-1cm-1) ε Z254nm  (M-1cm-1) 
CG3 -2.6 x106 3.8 x105 5.6 x105 

(5meCG)3 -1.3 x106 0 1.2 x105 
CG6 -4.7 x106 0 1.8 x105 

 
 
 
Table A3.2 | Microscopic Rate Comparison for 3.0 M NaCl-Induced (5meCG)3 
ε I254nm  (M-1cm-1) k1 (s-1) k2 (s-1) k3 (s-1) k4 (s-1) 

0 0.020 0.040 0.008 0.005 
3.8 x105 0.018 0.068 0.011 0.006 
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Appendix 4 

Single-Stranded DNA Circular Dichroism Controls 

 

 

Figure A4.1 | Two Most Plausible Mechanistic Schemes for the B-to-Z-DNA 
Transition. (A) Two schema of the B-to-Z-DNA transition. Orange represents left-
handed backbone (BB), upside-down G’s represent syn orientation. Corresponding base-
pairing pattern for each putative intermediate is indicated. (B) Corresponding base-pairs 
for helices in (A). 
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Figure A4.2 | Recognition of (CG)3, (CG)3
G4N1meG and (CN1meG)3 but not (TG)3 by 

Zα. 
 

 


