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Abstract

This thesis focuses primarily on studying DNA sequences with tandem G-rich and C-rich
repeats that fold into G-quadruplex (G4) and i-motif structures, respectively. While G4 structures
likely play a role in transcriptional regulation and telomere maintenance, much less is known
about the role of i-motif structures in biological processes, especially in telomere biology. Our
ability to chemically synthesize and stabilize both of these structures provides an opportunity
to correlate structural and functional information of transient arrangements of G4 and i-motifs
under physiological conditions. In this work, we show that replacing 2'-deoxycytidine (dC) with
2'-deoxy-2'-fluoro-arabinocytidine (2'F-araC) leads to significant stabilization of i-motifs over a
wide pH range, including pH 7.0. This finding is significant because, with a few exceptions, i-
motif structures unfold at pH greater than 6, making it difficult to evaluate these structures under
physiological conditions. NMR experiments revealed that the stabilization provided by the 2'F-
araC residues likely results from favorable electrostatic interactions that occur in the major

groove of the modified C-quadruplex.

Next, we sought to determine the impact of combining the two most stabilizing sugar
(2'F-araC) and nucleobase (5-methylcytidine, 5-Me-dC) modifications on the structure and
stability of i-motifs. In this context, we synthesized a novel nucleoside analogue, namely 2'-
deoxy-2'-fluoro-5-methyl-arabinocytidine (5-Me-2'F-araC), and incorporated it into the C-rich
telomeric sequence. We found that 5-Me-2'F-araC was very well tolerated and led to structural
stabilization at physiological pH similar to 2'F-araC. We also investigated the effect of
combining several cytidine modifications within the same i-motif structure and determined that

5-Me-dC/2'F-araC base pairing leads to the highest thermal stability at physiological pH.

These findings paved the way to investigations concerning the possible role of telomeric
i-motif structures. First, we prepared 2'F-araG modified G4 structures, which like the modified i-
motifs, exhibited greater thermal stability relative to the unmodified structures. Furthermore,
they were readily elongated by the enzyme telomerase in direct telomerase activity assays.
Additionally, 2'F-araG and 2'F-araC substitutions allowed for the simultaneous formation of
stable G4 and i-motif structures, respectively, at neutral pH. Remarkably, despite their close

proximity, they remained as “trapped” G4 and i-motif structures for several weeks without

il



associating into a duplex. Preliminary in vitro assays suggested that 2'F-araC modified sequences
can inhibit telomerase activity. Thus, our work shines a new light on the telomeric i-motif
structure, and possibly function, and provides probes for use in the discovery of small molecule

ligands and proteins that bind these structures under physiological conditions.
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Résumé

Cette these s’articule principalement autour de I’étude de séquences d’ADN contenant
des répétitions de bases guanine et cytosine en tandem conduisant respectivement a la formation
de structures en G-quadruplex (G4) et en motif-i. Les structures en G4 sont probablement
impliquées dans la régulation de la transcription du message génétique et dans la maintenance
des télomeres. En revanche, le role biologique des structures en motif-i est beaucoup moins clair,
et ce en particulier dans la biologie des télomeres. La synthése chimique ainsi que notre capacité
a stabiliser a la fois G4 et motif-i offre la possibilité¢ d’établir un lien entre structure et fonction
au sein de ces formations transitoires en milieu physiologique. Dans cet ouvrage, nous montrons
que le remplacement d’un nucléoside 2'-déoxycytidine (dC) par un analogue 2'-déoxy-2'-fluoro-
arabinocytidine (2'F-araC) conduit a une forte stabilisation de motifs-i sur une large plage de pH
et notamment a pH neutre. La stabilisation de motifs-i & pH neutre est une avancée importante
car, en dehors de quelques cas particuliers, ceux-ci se désassemblent au-dela d’un pH 6, ce qui
limite drastiquement leur étude en conditions physiologiques. Des expériences menées par RMN
ont permis d’attribuer I’origine de cette stabilisation a la présence d’interactions électrostatiques
favorables provoquées par les nucléosides 2'F-araC et se manifestant au sein du grand sillon des

motifs-i.

Ensuite, nous nous sommes intéressés a la combinaison d’analogues de nucléoside avec
sucre modifi¢ (2'F-araC) et base modifiée (5-méthylcytidine, 5-Me-dC), tous les deux
stabilisateurs de motifs-i et avons souhaité déterminer I’'impact de cette combinaison sur leur
structure et leur stabilité. Pour ce faire, nous avons synthétisé un nouvel analogue de nucléoside,
la 2'-déoxy-2'-fluoro-5-méthyl-arabinocytidine (5-Me-2'F-araC) et I’avons incorporé dans la
séquence télomérique riche en cytosines, laquelle s’est retrouvée stabilisée a pH physiologique ;
un effet similaire a 1’incorporation de la 2'F-araC. En outre, nous avons étudié 1’effet induit par
la présence de multiples combinaisons de cytidine modifiées et en avons conclu que
I’appariement de la 5-Me-dC et de la 2'F-araC s’accompagne d’une forte augmentation de la

stabilité thermique a pH physiologique.

Ces découvertes ont posé les fondations permettant 1’étude du possible role biologique

des structures télomériques en motif-i. Ainsi, ont ét¢ préparées des structures G4 modifiées avec



des nucléosides 2'F-araG, lesquelles se sont révélées étre plus stables que les G4 non modifiés.
Ces structures sont des substrats de I’enzyme télomérase et leur élongation se produit
naturellement lors d’un test d’activité enzymatique. Par ailleurs, la présence de substitutions 2'F-
araG et 2'F-araC respectivement dans des G4 et motifs-i permet de former, simultanément, des G4
et motifs-i stables & pH neutre. Il est important de noter que ces structures se maintiennent
pendant plusieurs semaines sans se réassocier en duplex, et ce malgré leur proximité. Enfin, des
expériences menées in vitro sur des séquences modifiées avec 2'F-araC pointent vers leur action
inhibitrice de la télomérase. En conclusion, le travail de cette thése porte un regard nouveau sur la
structure et peut-€tre aussi la fonction de la séquence télomérique en motif-i. Ce travail a, de plus,
permis de concevoir des sondes utiles en milieu physiologique pour la découverte de petites

molécules ou de protéines agissant comme ligands de ces structures.

vi



Acknowledgements

First and foremost I would like to thank my mentor Dr. Masad J. Damha for being very
understanding, supportive, and knowledgeable during my time in his lab. I cannot thank him
enough for all the opportunities he provided me, from mentoring undergraduate students to
allowing me to study abroad and develop collaborative relationships with other researchers.
Despite his busy schedule as the Department head, he was always available when needed. Dr.
Damha’s supervision helped me become independent, able to handle several projects, plan
ahead, and never give up when an experiment failed or when a paper was rejected. Again I
would like to sincerely thank Dr. Damha for all his help, support, true advice and, most

importantly, his genuine concern about my future and my family.

I am forever grateful for my experience at the American University of Beirut (AUB). I
have many fond memories of my time at AUB. I am so thankful to have maintained close
friendships over the years with many of my classmates as well as professors. I would particularly
like to thank Dr. Antoine Ghauch (my undergraduate supervisor) and my dearest friends Ola,

Lory, Shereen, Dina, and Sara.

I would like to thank my committee members during my yearly research reviews, Dr.
Hanadi Sleiman and Dr. Karine Auclair, for their helpful feedback and constructive criticism that

helped me improve and move my projects forward.

I would like to extend a special thank you to the amazing group of collaborators I was
honored to work with and learn from. Dr. Carlos Gonzalez, for hosting me in his lab for two
months. I learned a lot from our discussions and felt I was a lab member and not just a visiting
student. I am very thankful for all your help when I was in Madrid and for continuously
supporting me to this day. My stay in Madrid would not have been productive and enjoyable
without amazing lab members: Irene, Miguel, and Nerea. Muchas Gracias! I would also like to
thank Robert Harkness (sefior Mucho Bettero) and Dr. Anthony Mittermaier for their help with
DSC experiments. Rob, thank you for all the fruitful G-quadruplex and thermodynamics
discussions. Our science chats were a win-win situation for sure! Many thanks to Aaron Moye
and Dr. Tracy Bryan at the Children’s Medical Research Institute in Sydney for performing the

telomerase activity assays for the G4/i-motif-duplex interconversion studies.

Vil



A special thanks to Sleiman lab members in general and Nicole, in particular, for giving
me all the time I needed on their CD instrument and to Dr. Imad Baaklini in Dr. Young’s lab at

the Biochemistry department at McGill.

Thank you to the very helpful staff in the McGill Chemistry department: Dr. Alex Wahba
and Mr. Nadim Saade for their mass spectrometry expertise, Dr. Frederick Morin and Dr. Robin
Stein for their help with NMR acquisitions, Linda for the nice chats and encouraging smile
before every meeting I had with Dr. Damha, Karen and Jennifer for their help with expense
reports, and last but not least, Chantal for her continuous help from before joining the program

till the very last day.

Present and past Damha lab members: Glen, Matt, Maryam Y, Maryam H, Dilip, Elise,
Jovanka, Logan, James, Sunit (the king of crystals) for always having positive and encouraging
feedback, Adam for your caring advice and for literally being an encyclopedia, and Dan for the
bootcamps and Saturday brunches in the lab. Danielle, we’ve been through this journey together
from day one. Your thoughtfulness and creativity made every occasion (birthday, defense,
farewell...) a memorable one. I can never forget your super powers in organizing, your eagle eye
in editing a slide or a paper, and the delicious sweets you prepared for the lab. Saul, my Spanish
friend, thank you for not only being a very helpful and knowledgeable postdoc, but also for being
a dear friend who has always encouraged me throughout my Ph.D. Ken, you are one of the most
helpful scientists I’ve ever met, I definitely learned a lot from you. Jory thank you for being very
helpful, great at planning activities, having a great sense of humor, and for translating the
abstract of my thesis. Leonora (my “deer” daughter) you were a great addition to our lab and a
perfect fit. Your presence and sense of humor made everyone around you happy, your smile is
contagious. Roberto (the coffee boy) I am very glad you joined our lab; I can finally speak
Arabic in the lab and say Arabic proverbs without the need to translate (although you didn’t
understand most of them)! I am sure my project will be in good hands! Jimmy, I had the pleasure
to work with you during your honors project in our lab. We had a great and productive time

working together!

My friends from inside and outside the department that made Montreal feel like home

away from home. Amani Hariri you are the reason for me joining McGill. I can’t forget your

viii



words “throw an application and then think about it” and here I am today, six years later, writing
my Ph.D. thesis. Carolin Madwar you were the best morning partner I could ask for; although
going to gym with you was super tough, we enjoyed every single moment and it was the best
way to start the day strong. Amani and Carolin, your friendship is one of the best experiences at
McGill. Nidal and Hoda thank you for being there for me during my first months in Montreal
and for helping me around. A special thank you to the dearest friends who became my family in
Montreal: the El-Oud family (Mira, Bassam, and Lanloon) and the Shaars (Nagham, Wissam,
and Yasmeena). Seeing you every weekend was a must; your presence gave life in Montreal a
different flavor. I can’t forget to thank Antisar for her care, Keena-Lou for the tough workouts
and positive vibes, Serene Bayram for the sweet smile, and Diana Madwar, Ghada Ayoub,

Hassan Fakih, and Hiba Momneh for their friendships.

I am very grateful for all the support I had from my family. I owe every success to you. It
is through your extraordinary support that I was able to get to this level in life. My mom (Nabila)
and dad (Najib), you have sacrificed all your life to make sure we received the best education in
the top schools and universities. I know you have been waiting for my defense day for years and
it has been your dream, which I worked hard in making it come true. My sister (Hiba) and
brother-in-law (James) you were my number one supporters when I first came to Montreal.
Although I used to get very annoyed when people asked me “are you as smart as your sister”,
now I would like to thank you for being my role model and the hard-working, smart lady I
always looked up to. My brother (Hussam) and his family (Rana, Rima and Ziad) who always
brought a smile in every facetime call. Fadi, my husband, whom I met in Montreal while doing
my Ph.D. and who was always by my side since day one, through the ups and downs, regardless
of the distance. Thanks for all the rehearsals I did on skype and for all the nights you stayed up
late to call me on my way home after a long day in the lab. I am forever grateful for all the
patience you had (and continue to have!). Most importantly, you always believed in my

potential, always encouraged me, and helped boost my self-esteem.

“We all take different paths in life, but no matter where

we go, we take a little of each other everywhere.”
—Tim McGraw

X



Preface

Prof. Masad J. Damha provided the funding and the intellectual guidance for all the

projects presented in this thesis.

In Chapter 2, Robert W. Harkness carried out the DSC experiments under the
supervision of Dr. Anthony K. Mittermaier. Dr. Nerea Martin-Pintado performed the preliminary
1D NMR experiments on the hexanucleotide sequences in the laboratory of Dr. Carlos Gonzalez
(Madrid, Spain). Dr. Gonzélez hosted me in his lab for two months to run the 1D and 2D NMR

experiments under his supervision.

In Chapter 3, Yu Chen Lin (Jimmy) assisted in synthesizing 5-Me-2'F-araC during his
undergraduate honors project. Israel Serrano from Dr. Gonzalez’s lab solved the NMR structure

of HJ-2.

In Chapter 4, Roberto El-Khoury assisted in sample preparation for 2D NMR analysis
and all the NMR experiments were carried out in Dr. Gonzalez’s lab. Aaron Moye from Dr.
Tracy Bryan’s lab at the Children’s Medical Research Institute in Sydney conducted the

telomerase activity assays.

In Appendix I, Dr. Saul Martinez-Montero helped with NMR interpretations, Dr. Dilip
Dixit helped with synthesis designs and Dr. Zhijie Chua from Dr. Scott Bohle’s lab solved the

crystal structure of the 1,3-oxathiane nucleoside analogue.



Table of Contents

CopPYright StALEMENLS ..ccocueieirveieiisercisniessnicssnicsssnicsssnesssssesssssesssssesssssessssssssssssssssssssssssssssssssssssses ii
ADSIIACT couueeeiriciniinnenineesstecsaenssaecssnsssnesssessssssssessssssssesssassssesssassssesssassssssssassssesssasssassssassssesssnsssasssss iii
RESUIME ...uunneeerieiniitinitiitenitinntenntenneesstessesssnssssesssassssessssssssesssassssesssssssssssssssssessssssssssssassssasssaes v
ACKNOWICAZEIMENLS ...cocovurrervricssnisssanessssnesssresssnossssssssssssssssssssssssssssesssssessssssssssssssssssssssssssssssssnss vii
PIeface cocuieeeneeciiiniiniinntiniiinneneennensnessessessssessnssssessssssssssssassssssssassssssssassssesssssssassssassssesssases X
Table Of CONLENLS ....ccceeeieiiienieiiieniennsinssnenssensseecssnssssesssessssssssnssssssssssssassssassssssssasssassssassssassassss xi
LSt Of FIGUIES .cuueiiiieiiiiniiiiiiininiininicssnicssnnncsssnecsssnessssssssssssssssssssssssssssssssssssssssssssssssssssossnsssses xvii
LSt Of TADIES cuueeieuerieinriiinrinintinsnninsnncsssicsssncssssncssssnsssssisssssssssssssssssssssssssssssssssssssssssssssssssnss xxiil
List of Schemes xxiv
List of Abbreviations XXV
Chapter 1  INtroductiOn......ceeieecniiiseeisecisnecsenssaciseesssesssnssssssssessssesssssssassssasssssssssssssssssassnse 1
1.1 Nucleic Acids: The Building Blocks of Life and Beyond ..........c..cccceeveviiniiicniencnnene. 2
1.2 Nucleic Acid Structure and FUNCHION.........ccoocveriiiiiiiinieienieeeeteeee e 2
1.2.1 Natural Nucleosides and NUCICOtIAES .........ccueevuerieririiiiiiiiienieeeeeeeeeee e 3
1.2.2  Conformation of Nucleosides and Nucleotides ............ccceevervienienenniinienenieneene, 4
1.2.3  The DNA DOUble HEliX ....cc.eeriiriiiiiiiiieiieieeesieeie e 6
1.2.4 The Central Dogma: The Mechanism of Gene EXpression.........c..cccevveveevennnenne. 8
1.3 Chemically-Modified Nucleosides and Oligonucleotides ............cccceevveriienieniieneennnen. 9
1.3.1 Modified Nucleosides as Therapeutic AZENts ..........ccceeeveereerieerienieenieeeeeeieeene 9
1.3.2 Oligonucleotides as Gene Silencing Therapeutics..........c.evvvervuierieeiiienieriieenieenne 12
1.3.3  2'-Deoxy-2'-Fluoro-B-D-Arabinonucleic Acid (2'F-ANA).....ccccovvievieienienenene 15
1.4 Beyond the DNA Double Helix and Watson-Crick Base-Pairing............ccccceevevernennen. 16
1.5 Human Telomere Biology: Telomeres and Telomerase in Cellular Aging

ANA CANCET ...ttt ettt ettt sb ettt sbe ettt sae e bt e st e sbeenbeeane e 18
1.5.1 Telomeres: The Protective Caps of Chromosomes............cccceecveevienveenvesieenieene 18
1.5.2 Telomerase and Telomere MainteNance ............coeevuerieniienienieneenienieneenieseeneens 20
1.6 G-Quadruplexes: Structure, Function, and Biological Relevance..............ccccoeeueennenne. 22
1.6.1 G-tetrads: The Building Blocks of G4 Structures...........ccoeceevveeiienieeieeniieenee 22

1.6.2 G-Quadruplexes: A Single Building Block Leading to a High Degree

of Structural PolymorphiSm...........cccooieiiiiiiiiiiiiieicee e 23



1.6.3 Trapping G-Quadruplex Geometries Using Chemically-Modified Nucleotides .. 25

1.6.4 Location of G-Quadruplex-Forming Sequences Throughout the Genome........... 28
1.6.5 Biological Significance of G-Quadruplex Structures ...........ccceevveerveriieeneennenne. 29
1.6.6 Ligands and Proteins that Recognize and Bind to G-Quadruplex Structures....... 31
1.7 Nucleic Acid i-Motifs: Structure, Stability, and Targeting Ligands.............cccceeennenee. 32
1.7.1 i-Motif Structure and TOPOLOZY ......c.cevveeiieriiiiieriieeiteie et 33
1.7.2  Factors Affecting the Stability of i-Motif Structures..........ccoceevevieneeienienennene. 35
1.7.2.1 C-tract Length and Genomic ANalysis.........cccceevevienienciienieiiieiieeieeee e 36
1.7.2.2 Effects of Chemical Modifications on i-Motif Stability...........cccccceeeveennennn 38
1.7.2.2.1 Sugar ModifiCations.........cceevieiiiieniieeiieie ettt 38
1.7.2.2.2 Nucleobase ModifiCations ............cceceerueriierienieriiinieneeieneene e 40
1.7.2.2.3 Backbone ModifiCations ............ceceveeriiriierienienieneeiecie e 41
1.7.2.3 The Nature and Length of Connecting Loops........ccceeeveeiienieeiieniieeieeienn 42
1.7.2.4 Impact of lonic Strength, Molecular Crowding, and Negative

SUPETCOTIING ...ttt ettt ettt e siaeebeesnseensaens 42
1.7.3 Interaction with Ligands and Proteins ............cccceeeuievieniiininniiieniecieeee e 43
L7.3.1  LAGANAS..eiiiiiiiieiieeie ettt ettt ettt ettt st e st e beeenae s 43
1.7.3.2 PIOLRINS t.veeutieiieiieieeiesteete ettt ettt et ettt et nes 45
1.7.4 Biological Relevance of i-Motifs in vivo — Is There One? .........cccccceeeverveniennene. 47
1.7.4.1 Inhibition of Telomerase ACtIVILY ........cccuervuierieriieenieeiierie e 47
1.7.4.2 Transcriptional Regulation of Gene EXpression...........cccceecvevvenerieneennenne. 48
1.7.4.3 Regulation of DNA BioSynthesis.........ccccevvieiiiinieiiiieiiieieeiieeieeiee e 49

1.7.4.4 Mutual Exclusivity of i-Motifs and G-Quadruplexes and its Effect on
GENE EXPIESSION ..eoviiiiiieiieiie ettt ettt et ettt s e e eneas 50
1.8 ThesSiS ODJECHIVES ..ccuvieiiieiieiieeiieeite ettt ettt e et e it e et e et e e be et esaseeseeenbeenseesnseenseennnas 54
1L RETCICIICES ...ttt ettt et sttt sb et st sbe b 56
Chapter 2 Stabilization of i-Motif Structures by 2'-B-Fluorination of DNA.................... 78
2.1 INETOAUCTION ...ttt sttt st b ettt e e eae e bt enteeaeenees 79

2.2 The Effect of 2'F-araC Substitutions on Thermal and pH Stability of i-Motif
SITUCTUTES ...ttt s 81

2.3 Studying i-Motif Formation by "H-NMR .........ccccocvuueiereeeeeeeeeeeeeeeeeeeeeeeee e, 87

Xii



2.4 Determining the Molecularity of the i-Motif Structures via Gel Electrophoretic
Experiments and F-NMR ...........cocooiurimeireeeeeeeeeeeeeeeeee e eeee s 91
2.5 Thermodynamic Analysis by Differential Scanning Calorimetry .........c..cccceevveveenenee. 95
2.6  Structural Basis of 2'F-araC Stabilization..........c..cecevieriiiiinieniiiinieneeeeeeeeee 99
2.7 Significance Of RESUILS .......cccuiiiiiiiiiiiiieiiececee e 104
2.8 CONCIUSIONS ..ottt ettt ettt et st be et s bt e bt et sbe e bt esbeebeenaeenee e 106
2.9 Experimental SECHION .......cc.eeviiiiiieiieeiiecie ettt ettt st s 106
2.9.1 Oligonucleotide Synthesis and Purification............cccecceevviierieniienienieeieeeene, 106
2.9.2 UV MEIING StUAIES .....eeviieiieeiieiiieeie ettt ettt ettt sraeesseeeenes 107
2.9.3  Circular DICHIOISI.....c.eiiiiieiiiierieieee e 108
2.9.4  Gel EleCtrOPROTESIS....uveiuiieiieeiiieiieeie ettt ettt ettt ettt saaeenaee e 108
2.9.5 NMR Experiments and CONSIAINES ........cccueerieriieeriieniieniienieeiie e eiee e enee e 108
2.9.6  Structural Determination...........cceeuerieriirienieieeiese et 109
2.9.7 Differential Scanning Calorimetry..........ccceevieriiieriieniiieiieeieeee e 109
2,10 RETEIEIICES ...ttt sttt et ettt et st e bt et ebe e b e 110

Chapter 3 Probing Synergistic Effects of DNA Methylation and 2'-$-Fluorination on

3.1
32
3.3
3.4

3.5
3.6
3.7

I=-MOtIf StADIlILY ccueeeueireicreiiiisnicseisensnininsennecsenssecssicsnsssessssssesssecsssssssssessessessns 115
INEEOAUCTION ...ttt sttt ettt et bttt sbe e 116
Synthesis of 2'-Deoxy-2'-Fluoro-5-Methyl-Arabinocytidine Phosphoramidite .......... 117
Studying the Effect of Nucleobase and Sugar Modifications on i-Motif Formation... 120
Exploring the Effect of Chemical Modifications on the pK, of Nucleosides
and pH iz of 1-MOtif StUCLUTES ........oeviiiiiieiieiiee e 123
Structural Determination via 2D NMR SpectroSCOPY ......ceevveeruierieeniienieeniieeieeieenene 126
CONCIUSION ..ottt ettt b et sttt et sb e e bt et esbeebeeatesbeenne s 132
Experimental Data ..........cccoeiiieiiiiiiieiieie ettt s 132

3.7.1 General ConsSiderations............ceeeruerierieinierienienie ettt nees 132
3.7.2 Experimental Procedure for All Synthesized Compounds ..........cccccceerveerirennnen. 133
3.7.2.1 2-deoxy-2-fluoro-3,5-di-O-benzoyl-a-D-arabinofuranosyl bromide (2)... 133
3.7.2.2  N'-benzoyl-5-methylCytoSine (4)........oovweeeeevereeeeeeeeeeeeeeeeeeseeseeeresean. 133

3.7.2.3 N'-benzoyl-5-methyl-1-[2-deoxy-2-fluoro-3,5-di-O-benzoyl-p-

arabinofuranosyl]Cytosine (5) ....c.oevveeriieiiieriiieiiesieeieecie et 134



3.7.2.4 5-methyl-1-[2-deoxy-2-fluoro-f-D-arabinofuranosyl]cytosine (6)........... 134
3.7.2.5 1-[2-deoxy-2-fluoro-3,5-di-O-benzoyl-p-D-arabinofuranosyl]

thYMINE (8)..eiieiiieiiieiieee ettt et 135
3.7.2.6  5-methyl-1-[2-deoxy-2-fluoro-f-D-arabinofuranosyl]cytosine (6)........... 136
3.7.2.7 N'-benzoyl-5-methyl-1-[2-deoxy-2-fluoro-B-D-arabinofuranosyl]

CYLOSING (10).cntiiiiiieiiieie ettt ettt ettt ste et e e eae 137

3.7.2.8 N'-benzoyl-5-methyl-1-[2-deoxy-2-fluoro-5-(4,4'-dimethoxytrityl)-p-D-
arabinofuranosyl]cytosine (11) ......cceevieeiiieriieriieiieeiiece e 137
3.7.2.9 N'-benzoyl-5-methyl-1-[3-(2-cyanoethoxy(diisopropylamino)
-phosphinyl)-2-deoxy-2-fluoro-5-(4,4'- dimethoxytrityl)-B-D

arabinofuranosyl]cytosine (12).......cceevcveeiieniienieiiieiieeie e 138

3.7.3 Oligonucleotide Synthesis and Purification.............c.cceeeeviienieniiiinienieeieeen 138
3.7.4 UV Melting StUAIES ....cceeeivieriiieiieiieeiieete ettt ettt st sere e e snaeeseeas 139
3.7.5 Circular Dichroism StUdI€s..........cccerviiriiriiiiienieriiieseeeee e 140
3.7.6  Nuclear Magnetic RESONANCE ........ccceevvieriiiiiieiieeiienie ettt 140
3.7.7 Structural Determination..........ccceeverierierieneiienierieee ettt 140

3.8 RETCICICES .. ..euiiiieiiite ettt sttt 141

Chapter 4  2'-Fluoroarabinonucleic Acid Modification Traps G-Quadruplex
and i-Motif Structures in Human Telomeric DNA .........cooevieenreessnecsuersnnene 145

A1 TN OAUCTION ...ttt sesessemensnmssnmnsnmnmnmnnnn 146

4.2 Biophysical Properties of 22mer Cytosine and Guanine-Rich Single Strands and

DIUPLEXES oottt ettt et e st e et e st e et e et e e teeenbeenbeeenreeneens 149

4.2.1 Structural Properties of 22mer Cytosine and Guanine-Rich Telomeric Single
SEEANAS. ...t 149

4.2.2  Structural Properties of Cytosine and Guanine-Rich Telomeric Duplexes

(Annealing versus MIXINE) .......c.eeceerieeireenieeiienieeeieesiee et enseeereesseesseesseesnseenne 152
4.2.3 NMR Kinetic Experiments of 22mer MIXeS .........ccoervereenierieneenienienieeieneenees 157
4.3 Telomerase ACHVILY ASSAYS ...eeccveerieriiieriierieenieesteeteeaseenseesseesseessseesseessseesseessseenseens 160
4.4 Properties of 35mer Cytosine and Guanine-Rich Single Strands and Duplexes ......... 164
4.4.1 NMR Kinetic Experiments of 35mer MIXeS.........ccceeevieriieniieniienieeniiesieeeeeee 167
4.5 CONCIUSIONS .....otiiiiiiiieiieiieieteteete ettt st sttt 172

X1V



4.6 Experimental Data ..........ccccoevuiiiiiiiiieiiieie ettt st 173

4.6.1 Oligonucleotides Synthesis and Purification ...........ccccceeveeriiieniieniieenienieeeeee. 173

4.6.2 Thermal Melting EXPEeriments ............cccueeruieriieniieniieniieeieeiieeieeieeseeesiee e e 174

4.6.3  Circular DICAIOISIN.....cc.eiiiiiiiiiiieniieieee et 175

4.6.4 NMR Kinetic EXPEriments ..........ccccceeruieriienieniieniieeieeiee e eiee e eseesiaeenee s 175

4.6.5 Gel Electrophoresis EXPeriments. .........cccecueeriieriienieenienieeieeeie e 175

4.6.6 Telomerase ACLIVILY ASSAYS ..ccveerreerrurerrieeieeniierieesiieareenseesseesseesseenseessseenseesnns 176

AT RETCIEIICES ...ttt ettt sttt ettt et sbt bbb nbe e 177
Chapter 5  Contributions to Knowledge and Future WorkK..........eeeeeeiseecsencsnccsaeenns 182
5.1 Summary and Contributions to Knowledge............ccceeuieiiiiniiiiiiiniiiiieiecieeeee 183

5.1.1 Stabilization of i-Motif Structures by 2'-B-Fluorination of DNA (Chapter 2).... 183
5.1.2  Probing Synergistic Effects of DNA Methylation and 2'-B-Fluorination on i-Motif

Stability (Chapter 3)....eieiieiieeiieie ettt 183

5.1.3  2'-Fluoroarabinonucleic Acid Modification Traps G-Quadruplex and i-Motif
Structures in Human Telomeric DNA (Chapter 4) .........cccceevieviienienieeniiennene 184

5.1.4 Synthesis, Structure, and Conformational Analysis of Nucleoside Analogues
Comprising Six-Membered 1,3-Oxathiane Sugar Rings (Appendix ) .............. 184
5.2 Suggestions for Future Worki..........ccccoeoiiiiiiiiiieniiiceeee e 185
5.3 LiSt Of PUBLICATIONS ..c.uveiiiniiiiiiiiiiieeieeites ettt s 188
5.4 List of Conference Presentations ...........c.cceeeeierierienienienienienieeeseseeieeee e 189

Appendix I  Synthesis, Structure, and Conformational Analysis of Nucleoside Analogues

Comprising Six-Membered 1,3-Oxathiane Sugar Rings..............ccueeueenneneee. 190

ALT INtrOAUCTION. ...ttt sttt ettt et sttt e bt e beeanesaeens 191

AlL2 Synthesis of 1,3-Oxathiane Nucleoside Analogues............ccceevuerieneriienienennicnienenn 193
AL3 Crystal Structure and Conformational Analysis of 1,3-Oxathiane Nucleoside

ANALOZUES. ....eei ettt ettt ettt et e et et e et enaeeenbeenteeenbeenateenbeenaeas 199

AL CONCIUSIONS. ...ttt ettt sttt et be et esbe et esbe e bt enaeeanenaeens 201

ALS EXperimental SECHION.......c.coviiiiieriieiiieiie ettt ettt e seaeebeesaeeenseenns 201

ALS5.1 2-benzoyloxymethyl-1,3-0Xathiane (6) .........ccoceeverierienierienieieneneeeeeeeeee 202

ALS5.2 2-benzoyloxymethyl-1,3-0xathian-3-0ne (7) ....ccceevvereeneniineenienienceieeeeseee, 202

ALS5.3 2-benzoyloxymethyl-4-acetoxy-1,3-oxathiane (8)......c..cccceeverieneevirieneeniennene 203



AlL5.4 General Procedure for the Glycosylation of Compound 8 with Pyrimidine

Bases Followed by Deprotection to Afford Compounds 10a-c..........c.ccueennennee. 203

AL5.4.1 1-(2-benzoyloxymethyl-1,3-oxathian-4-yl)-cytosine (9a)..........cccceueee. 204
AL5.42  1-(2-hydroxymethyl-1,3-oxathian-4-yl)-cytosine (10a).........cccccccueneee. 204
AlL54.3 1-(2-benzoyloxymethyl-1,3-oxathian-4-yl)-thymine (9b)....................... 205
Al5.4.4  1-(2-hydroxymethyl-1,3-oxathian-4-yl)-thymine (10b)........ccccecvenneeee. 205
AL5.4.5 1-(2-benzoyloxymethyl-1,3-oxathian-4-yl)-5-fluorocytosine (9c).......... 206
AL5.4.6  1-(2-hydroxymethyl-1,3-oxathian-4-yl)-5-fluorocytosine (10c)............. 206

ALS5.5 General procedure for the synthesis of purine 1,3-oxathiane nucleosides.......... 207
AL5.5.1  9-(2-benzoyloxymethyl-1,3-oxathian-4-yl)-6-chloropurine (11)............ 207
ALS5.5.2  7-(2-benzoyloxymethyl-1,3-oxathian-4-yl)-6-chloropurine (12)............ 208
AL5.53  9-(2-hydroxymethyl-1,3-oxathian-4-yl)-adenine (13).....c..ccccevevvennnenee. 208
AL5.5.4  7-(2-hydroxymethyl-1,3-oxathian-4-yl)-adenine (14).....c...ccccevervennnenne. 209
AL5.5.5 0o-7-(2-hydroxymethyl-1,3-oxathian-4-yl)-6-methoxypurine (15)........... 209
AL5.5.6  B-7-(2-hydroxymethyl-1,3-oxathian-4-yl)-6-methoxypurine (16)........... 210

ALS5.6 X-ray Crystallography........cccooviiiiiiiiieiiieiece et e 210
ALD REICTEICES. ...ttt sttt ettt st e et be e b sanenbeens 211
Appendix II: Supplementary Information for Chapter 2...........coveevveeesernsnensecsseecsnencncens 215
AllL1 Differential Scanning Calorimetry Fitting Procedure............ccceeviieniieiiienieniienieeen. 215
ATL2 T2 DALA .ttt et ettt 218
ATL3 CD SPECLIA.....eiiiiieiiiie ettt ettt et e sttt e et e et e e s baeesbeeesnbbeesabeeesabeeennseens 219
AIL4 "H-NMR Spectra for HeXamer SEqUENCES...............ovrvervrrrrrresrsessessssessesssessssesneens 220
AIL5 "F-NMR Spectra for HEXamer SEqUENCES...............v.veeverveeeeeeeeeeeeereeseseesessseseeeeas 222
ALLG DSC DaAta...c..ooiiiiiiiiiiieeeeeet ettt ettt ettt b et st sbe et eaeens 225
ATLT7 NMR DAta.....eeuiiiiiiiiieieeieeieeee ettt sttt st ae ettt et e sbesbeebeseeene e 226
ATLLS RETEIEIICES. .....eeueiiiiiiiiecitesteee ettt sttt et sttt e sttt et e bt e aesanenaeens 230

XVvi



List of Figures

Figure 1.1:
Figure 1.2:
Figure 1.3:
Figure 1.4:
Figure 1.5:
Figure 1.6:
Figure 1.7:
Figure 1.8:

Figure 1.9:

Figure 1.10:
Figure 1.11:

Figure 1.12:
Figure 1.13:

Figure 1.14:

Figure 1.15:

Figure 1.16:

Figure 1.17:
Figure 1.18:

Nucleic acids COMPONENLS. ........eeruiiiiieriiieiierie ettt ettt ereesaeeeseesenes 4
The pseudorotational wheel and sugar pucker notation of the furanose ring.......... 5
B-form dsDNA and A-form dsSRNA.........cccooiiiiiiiieee e 7
Activation of nucleoside analogues into their 5'-triphosphorylated form................ 9
Structures of some FDA approved nucleoside analogues..........cccccoevvevveeiiennnnnne. 10
Chemical structure of sofosbuvir and tenofovir alafenamide (TAF)..................... 12
Chemical structures of some modifications utilized in ON therapeutics............... 14
Chemical structure of 2'F-ANA, 2'F-RNA, Clofarabine, and 2'B-fluoro-tricyclo

NUClEic acids (2'F-tC-ANA)......uii ettt e 16
Some non-canonical hydrogen-bonding interactions..........c..cceceeverveereenenieneenne. 17

Representation of the telomeric region and the association of telomerase and

shelterin component proteins to telomere ends............ceecveereeeiiienieeiiienienieeeee 19
Mechanism of telomere elongation by telomerase.............ccecveeveerieenienieenieennnenn 21
G-quadruplex parameters and tOPOIOZIES........cevuvervieriiiriieiieeieeieee e 24

A) The guanine in 2'F-araG adopts an anti glycosidic conformation.

B) Distances in the crystallographic structure between H2'-H8 and H2"-04'.

C) Distances between F—H8 and H2"—04' in the 2'F-araG modified structure.

D) Scheme of the parallel propeller G4 with all guanines in the anti

CONFOIMALION. ...c..eiiiiiiiiiiiiieitiete ettt 27
Immunofluorescence for BG4 antibodies on metaphase chromosomes isolated
from Hela cervical cancer cells leading to the observation of G4 structures in
CRTOMOSOIMES. ... .ouiiiiiiiiiiceieet et 29
A) Inhibition of telomerase activity due to G4 formation. B) Proposed mechanism
for the elongation of parallel intermolecular G4 structures by telomerase........... 31
A) C-C" base pairs. B) 3D structure of a tetramolecular i-motif. C) Stacking

between intercalating C-C" base pairs. D) 3'E intercalation topology.
g p pology

E) 5'E intercalation toOpOlOgY.........ceevuiiiiiiiieiiieiie et 34
Sugar modifications introduced in i-motif Structures...........cceceeevveevveeriieneeenenne. 38
The orientation of ribose residues in the narrow groove of an i-motif.................. 39

xvil



Figure 1.19:

Structure of i-motif binding 1igands............ccccoeviiiiiiiiiniiieieeeee e 44

Figure 1.20: A) The conformational equilibrium between the hairpin and i-motif structures

Figure 1.21:

Figure 1.22:

Figure 1.23:

Figure 1.24:

Figure 2.1:

Figure 2.2:

Figure 2.3:

Figure 2.4:
Figure 2.5:
Figure 2.6:
Figure 2.7:
Figure 2.8:
Figure 2.9:
Figure 2.10:
Figure 2.11:

of the C-rich strand in the BCL-2 promoter. B) IMC-76 binds to the hairpin
structure leading to transcriptional repression. C) IMC-48 binds to the central
loop of the BCL-2 i-motif providing the binding sites for RRMs 1 and 2 of

the hnRNP LL. D) hnRNP LL binds to the unfolded C-rich strand causing
transcriptional activation of BCL-2........cccocciiiiiiiiiiiiiiieciiceeceee e 45
The effect of carboxylated SWNTs on telomerase inhibition and telomere
UTICAPPINE. ¢ vveeneveentieeiteeteeeeteeteeeeteeseessteenteeanseeseessseeseesaseeseesnseenseeanseenseesnseenseennns 48
The proposed mechanism of unwinding of structured DNAs by the Klenow
fragment of DNA POLYMETIaSse. ......cooueeiiiriiiiiieiie ettt 50
The proposed equilibrating forms of the NHE III; of the c-MYC promoter
produced under negative SUPETCOIIING........cccueeriiiriieriieriieieeeie e 52
The proposed molecular mechanosensor mechanism for the differential control

of MYC expression through the NHE 1L ........cccccooeiiiiiiiiniiniiiecceeeeee, 54
A) C-C" and 2'F-araC-C" base pairs. Schematic representation of B) the
tetrameric i-motif formed from dTCCCCC (H-1), C) the human telomeric

repeat (HT-0), and D) the centromeric A-box (HC-0)........ccceeveiieriiiiieniiiiieens 80
UV-melting curves for centromeric and telomeric sequences

At PH 5.0 aNd 7.0.cneiiiiieiiee et 83
A) and B) pH-dependent CD spectra for H-1 and H-4, respectively. C) and D)

CD spectra for centromeric and telomeric sequences at pH 7.0, respectively.......85

Nucleoside pK, and i-motif pHj/ data.........ccoevveeiiiniiiiiiieciceeeeeeeee e, 86
'H-NMR melting experiments for H-1 and H-4 at pH 6.0 and pH 7.0.................. 88
'H-NMR melting experiments for centromeric sequences at pH 7.0.................... &9
'H-NMR melting experiments for telomeric sequences at pH 7.0....................... 90
Native PAGE experiments for H-1, H-2, H-3, H-4, H-5, and H-6........................ 91
Concentration-dependent native gels for the tetramolecular i-motifs.................... 92
Denaturation profiles of H-1 and H-6............ccccooviiiiiiiiiiiiiieeeeeeeeee, 93
PF-NMR melting experiments for H-6 5'-Tf(CCCCC)-3', pH 5.0.....cccvrevevmeeee... 94

xviii



Figure 2.12:

Figure 2.13:
Figure 2.14:

Figure 2.15:
Figure 2.16:

Figure 2.17:
Figure 2.18:

Figure 2.19:
Figure 2.20:
Figure 2.21:

Figure 3.1:
Figure 3.2:

Figure 3.3:
Figure 3.4:
Figure 3.5:

Figure 3.6:
Figure 3.7:
Figure 3.8:
Figure 3.9:

Figure 3.10:

PF-NMR spectra for H-6 5'-Tf(CCCCC)-3' recorded after slow and fast

ANNEAIING PIOCEAUIES. .....eeiuiiiiieiiieiie ettt ettt et eaee e 95
'H-NMR spectra for H-6 at pH 5.0 (diluted versus concentrated) ....................... 95
Excess C, profiles for the control and 2'F-araC modified tetrameric i-motif
SETUCEUTES ...ttt st 97
AT, as a function of the number of 2'F-araC modifications.........ccccceceevveeeennene. 98
Amino-H2'/2", H1'-aromatic, and H1'-H1' regions of the NOESY spectra

OF H-4 @t PH 5.0 .ciiiiieee ettt et 100
DQF-COSY superimposed on the NOESY spectra of H-4 at pH 5.0................. 101
Average solution structure and schematic representation of the major 3'E

species of H-4 at pH 5.0 and pH 7.0.......oooviiiiiiiiiiiiieeeeeee e 102
Imino-amino region of the NOESY spectra of H-4 at different pHs................... 102
NOESY spectra of H-4 at neural pH..........cccccooiiiiiiiiiiiieceeeeee e 103
Details of sugar contacts in 2'F-araC substituted i-motif (H-4) and in an
unmodified 1-MOtif (H=1).....cccoiiiiiiiiiiiceeceeeeee e 105
Base and sugar modifications previously introduced in i-motif structures.......... 117

NOESY NMR spectrum of 5-methyl-1-[2-deoxy-2-fluoro-p-D-
arabinofuranoSyl]CYtOSINE (60)......eeevieruieeiiieriieeiieriie et eree ettt 119
*'P-NMR spectrum of amidite 12 showing the long-range '’F->'P coupling......119
Thermal melting curves for the modified structures at pH 5.0, 7.0, and 7.4....... 121
CD spectra recorded at pH 5.0 and pH 7.0 for the 5-Me-dC modified

SEQUETICES. .. euvveeenereerutteesutteesutteesuseeesuseesasteeesteesnsseesnsseesnsaeessseeesnseeensseeennseesnnseesnn 122
UV spectra for the free nucleosides as a function of pH..........ccccoeeieiiiiniennnnnn 124
CD spectra for HT-0 and HJ-2 reported from pH 4.0 t0 9.0......coovvveeireiiennennen. 125
Plot of ellipticity at 284 nm as a function of pH.........cccceeviniiiniiiininiiciienee 126

A) 'H-NMR melting experiments of HJ-2 at pH 7.0. B) HI'-H1' region of the
NOESY spectra of HJ-2 at pH 7.0. C) Schematic representation of HJ-2

structure with 5'E intercalation topology. D) Two views of the solution

StIUCTUTEe OF HI-2...oiiiiii e 128
Regions of the NOESY spectra of HJ-2 at pH 7.0.....ccccooovieiiiiiiiiiiiieieeee, 129

XiX



Figure 3.11:

Figure 3.12:

Figure 4.1:

Figure 4.2:
Figure 4.3:
Figure 4.4:
Figure 4.5:
Figure 4.6:
Figure 4.7:
Figure 4.8:
Figure 4.9:
Figure 4.10:
Figure 4.11:
Figure 4.12:
Figure 4.13:
Figure 4.14:
Figure 4.15:
Figure 4.16:
Figure 4.17:
Figure 4.18:
Figure 4.19:

Figure 4.20:

Regions of the TOCSY spectra of HJ-2 and schematic representation of
2'F-araC-5-Me-dC" DaSE PAIL........c.coiveveveeeeeeeeeeeeeeeeeeeeeee e, 130
Details of sugar contacts in an unmodified telomeric i-motif (PDB 1ELN)

and in 2'F-araC and 5-Me-dC substituted i-motif structure (HJ-2)..................... 131
A) AT and C-G Watson-Crick base pairs and schematic representation of an
antiparallel duplex. B) G-quartet stabilized by monovalent cation and

schematic representation of an intramolecular G-quadruplex. C) C-C" base

pair and schematic representation of an intramolecular i-motif.......................... 147
Structures of 2'F-araC, 2'F-araG, and 2'F-riboGe...........ccooovviiiieiiiieiieieeeeee 147
Models representing G4/i-motif-duplex interconversion...........ceeceveereeuenneenne. 149
'H-NMR melting temperature experiments for 22G0, 22G1, and 22G3............. 150
CD spectra for 22G-rich and 22C-rich sequences at pH 7.0..........cccecveruieenennen. 151
UV-melting curves for the 22G-rich strands...........ccoceeverieniiiinieniniinieeee 151
UV-melting curves for the 22mer dupleXes..........ceoveriierieniienienieeiiecieeeeenen 153
CD spectra as a function of pH for the 22mer duplexes.........c.cccovevvevvereriencne 155
'H-NMR melting temperature experiments for the 22mer duplexes................... 156
'H-NMR kinetic experiments for the 22mer mixes at 5 °C........c..cocoovvverrrnenn, 158
'H-NMR kinetic experiments for the 22mer mixes at 25 °C..........c..cocevvevrrrenn, 159
Telomerase activity assay at pH 7.5 and 37 °C......ccooveiiiiiiieniieiieieeeeeeeen 161
Telomerase activity assay at pH 7.5 and 25 °C.....ccooociveiiieiieniieiieieeeee e, 163
CD spectra of 35G-rich and 35C-rich SEqUENCES........cceeveeiienieeiiienieeiiecereeaeen 165
'H-NMR melting experiments for 35G0, 35G3, and 35C2........c.ccocovrrverrerrenn. 165
UV-melting curves and CD spectra for the 35mer duplexes.........cccccceevuveenennen. 166
'H-NMR melting temperature experiments for the 35mer duplexes................... 167
'H-NMR kinetic experiments for the 35mer mixXes............c..cocovvrvrrrrerrrennnnen. 168

Schematic representation of the proposed scenarios: Scenario A) a duplex

moiety co-exists in the same complex with G4 and i-motif.

Scenario B) a duplex moiety coexists with a C-rich ssDNA and a G4 (B1),

a G-rich ssDNA and an i-motif (B2). C) Imino region of the 'H-NMR

SPECtrUM Of 35G3:35C2 . ittt 169

Native PAGE experiments for the 35mer duplexes and 35mer mixes................ 170

XX



Figure 4.21:

Figure 5.1:
Figure 5.2:

Figure AL1:
Figure AL2:
Figure AL3:
Figure Al.4:
Figure ALS:
Figure AL6:

Figure AL7:

Figure ALS:
Figure AL9:

Figure AI.10:

Figure AI.11:

Figure AI.12:

Figure AIIL1:

Figure AIlL.2-a:
Figure AIlL2-b:
Figure AIL2-c:
Figure AIL2-d:
Figure AIlL2-e:
Figure AIlL.3-a:

A) Two regions of the NOESY spectra of 35C2. B) Enlarged H5-H6 region
of the TOCSY spectra of 35C2 and the 1:1 complex 35G3:35C2.........cccceueneee 171
Proposed single molecule FRET eXxperiments............cccecveveeeiieeniieniiieneenieeeeens 186

Proposed designs for G4 and i-motif structures on the complementary strands

of telomeric and oncogene Promoter TEZIONS. .......cevueerreeriierieerieeneeeieerieereenenes 188
Clinically approved nucleoside reverse transcriptase inhibitors............c.ccccueeeee 191
Previously reported six-membered nucleoside analogues............cccccecverveneennnene 192
RP-HPLC separation of anomeric mixtures of nucleoside 10a...........ccc.cccuenneene. 194
NOESY NMR spectrum of 9-(2-hydroxymethyl-1,3-oxathian-4-yl)-

AAENINE (13)..riiiiiiieiiee et et e e e e e et e e e ar e e eaneeeanes 196
NOESY NMR spectrum of B-7-(2-hydroxymethyl-1,3-oxathian-4-yl)-6-
METhOXYPUIINEG (16)..uviiiiiiiiiiiieiieee ettt et eees 197
HMBC NMR spectrum of 9-(2-hydroxymethyl-1,3-oxathian-4-yl)-

AAENINE (13).eriiiiiieeiiie ettt et e e e et e e e tb e e e are e eaaeeeanes 197
HMBC NMR spectrum of B-7-(2-hydroxymethyl-1,3-oxathian-4-yl)-6-
METhOXYPUIINEG (16)..uviiiiiiiiiiiieiieee ettt e 198
UV spectra of nucleosides 13 and 14 in comparison with riboadenosine........... 198

Crystal structure of 7-[(2S, 4S)-2-hydroxymethyl-1,3-oxathian-4-yl]-6-

METhOXYPUIINEG (16)..ueiiiiiiiiiiieeiieee ettt et 199
The two possible conformations of 1,3-oxathiane nucleosides 15 and 16 in
SOTULION. ...ttt st sb ettt b et et sbeeae it 200
Crystal structure of the two independent molecules of nucleoside 16 in
ASYMIMELTIC UNTE...eutieiieiiieiieeieesiteetee et e et e ste et e esteebeestaeebeessaeeseesnseeseessseenseas 211
Crystal packing of nucleoside 16..........ccceeeciieniiiiienieeiieieeeee e 211
CD spectra of hexamer sequences at pH 5.0-7.5.......cccoveviiniieiieniiieieeieeeee 219

'H-NMR melting experiments for H-2 5'-TCC(fC)CC-3"........ccccvvmrrrrrrerrnrnn. 220
'H-NMR melting experiments for H-3 5'-TC(fC)(fC)CC-3"......ovvvrrrerrrrrnnnnn. 220
'H-NMR melting experiments for H-4 5'-TCC(fC)(fC)C-3"......ovuvverrrerrrrernrnee. 221
'H-NMR melting experiments for H-5 5'-TC(fC)(fC)(fC)C-3"....ovmrvrerrrrrrnnn. 221
'H-NMR melting experiments for H-6 5'-TfCCCCC)-3".......oorvrverrrererrrrrnee. 222
PF-NMR melting experiments for H-2 5'-TCC(fC)CC-3".......cevvrmrrrrrrrrrrrnrns 222

XXi



Figure AIL3-b: "F-NMR melting experiments for H-3 5'-TC(fC)(fC)CC-3"....ovvmrrmrrrrrrrnnrs 223

Figure AIL3-c: ""F-NMR melting experiments for H-4 5'-TCC(fC)(fC)C-3".....ovrvvmrvrrrrerrrnnrnr.. 223
Figure AIL3-d: "F-NMR melting experiments for H-5 5'-TC(fC)(fC)(fC)C-3"......covvvvvrumnnrs. 224
Figure AlIlL.4: Raw DSC power data for unmodified and modified tetrameric i-motif

SETUCTUTES. ..ttt ettt et ettt e sb e et sbe e et e sae e sateesbe e et enaeesanees 225
Figure AILS: Tetrameric structure of H-4 5'-TCC(fC)(fC)C-3" at acidic pH..........ccceevuvrennnne. 226
Figure AIL6: NMR assignment of the major species of H-4 at neural pH..............ccccceennnen. 227
Figure AIL7: "F-"H HOESY spectrum of H-4...........cccccooovviimiironeereeeeeseeseesee s, 228

xxil



List of Tables

Table 1.1:
Table 1.2:
Table 2.1:
Table 2.2:

Table 2.3:
Table 2.4:

Table 2.5:
Table 3.1:
Table 3.2:
Table 3.3:
Table 3.4:
Table 4.1:
Table 4.2:

Table 4.3:
Table 4.4:

Table 4.5:
Table 4.6:
Table 4.7:
Table 5.1:
Table AL1:

Table AIL1:
Table AIL2:
Table AIL3:
Table AIl4:

Average helical parameters for B-form dsDNA and A-form dsRNA.................... 8
Characteristic features of B-DNA duplexes, G4s, and i-motifs.............ccceevveennenne 51
T,; values for the (un)modified SEQUENCES........cceeevvieriieriieriieiieeie et 82

T/, values for the hexamer sequences at different pH

Values....coeverieveeeieeee, 84

Nucleoside pK, and i-motif pHj values.........ccoeeieriieiieniieienieceee e 87
Thermodynamic parameters extracted from fits of the tetrameric i-motif DSC
MEIHING EXPETIMENLS. ....cuviieiiieiieriieeiieeieeieeete et e eteeeteeseteebeesseeebeessaeenseesseesnseenses 98
MS characterization of the studied SEqQUENCES..........cceevvierieeiieniieiiecie e 107
UV-melting data of the modified oligonucleotide sequences...............cccueeunnnee. 120
Nucleoside pK, and i-motif pHj/; values.........ccoecvevieiiienieniieieceeeee e 125

Chemical shifts of HJ-2, pH 7.0, 10 mM sodium phosphate buffer, T =5 °C....131
MS characterization of the studied SEQUENCES.........ccceevueeriieiieniieiiecie e 139
Thermal stability of the telomeric 22G and 22C-rich sequences (pH 7.0).......... 148
Melting temperatures of the telomeric 22G-rich and 22C-rich sequences

(pH 7.0) at different CONCENIIAtiONS. .......eecveeruieeiieriieeiieniie et et e ee e eeeeas 152
Melting temperatures of 22mer human telomeric duplexes at different pH........ 154
Melting temperatures of the telomeric 22G-rich and 22C-rich single strands at
different PH ValUES........ccoiiiiiiieieeeee e 154
Melting temperatures of the telomeric 35G-rich and 35C-rich sequences.......... 164
Melting temperatures of 35mer human telomeric duplexes at different pHs......166
MS characterization of the studied SEqUENCES...........ceevvieriieiieniieiieeie e 174
Sequences to be utilized in telomerase activity assays........cccceeevveerveerveenieennnennn 187

'H-"H Coupling Constant Values for Nucleoside (15) and Nucleoside (16)....... 200

T,» values for the (un)modified sequences at pH 5.0......ccceeevieeiieiiiiniieiiiennne, 218
Assignment list of H-4 at pH 5.0/6.0, T =5 °C, [H-4] =25 mM.......ccceeeennene 228
Experimental constraints and calculation statistics of H-4..........c..ccccoooeniennnne. 229
Average dihedral angles and order parameters of H-4..........cccoceeveniinincnnenne. 229

xxiii



List of Schemes

Scheme 3.1: Synthetic scheme representing the synthesis of 5-Me-2'F-araC

PhOSPhOTamidite 12........cccviiiiiiiieiiecie e 118
Scheme AI.1: Synthesis of pyrimidine 1,3-oxathiane nucleosides............coceverreriineeneniennnns 194
Scheme AL2: Synthesis of 1,3-oxathiane purine nucleosides...........ccccevvererrenieniiiienienenenn 195

XXiv



List of Abbreviations

1D

2D
2'F-ANA
2'F-araC
2'F-araG
2'F-riboG
2'F-RNA
3TC
5-hMe-dC
5-Me-2'F-araC
5-Me-dC
A

A

Aaeo

ABC

ACN
ANA
AON

AZT

Bcl-2

BPE
BSA
Bz

BzCl

°C
CD
COSY

one dimensional

two dimensional
2'-deoxy-2'-fluoroarabinonucleic acid
2'-deoxy-2'-fluoro-arabinocytidine
2'-deoxy-2'-fluoro-arabinoguanosine
2'-deoxy-2'-fluoro-guanosine
2'-deoxy-2'-fluororibonucleic acid
Lamivudine
5-hydroxymethylcytidine
2'-deoxy-2'-fluoro-5-methyl-arabinocytidine
5-methylcytidine

adenosine

Angstrom

UV absorbance at 260 nm

Abacavir

acetonitrile

arabinonucleic acid

antisense oligonucleotides
Zidovudine

B-cell lymphoma 2

base pair

base-pairing energy
bis(trimethylsilyl)acetamide
benzoyl

benzoyl chloride

cytidine

celsius

circular dichroism

correlation spectroscopy

XXV



G
CPG
Cpm
CRISPR
d

d
D-loop
d4T
d4U
dC
DCM
dd

ddC
ddd
ddI
ddN
ddU
DEPC
DIPEA
DMAP
DMF
DMSO
DMTr
DNA
dNTPs
DQF-COSY
DSC
dsDNA
dsRNA
DTT
EDTA

heat capacity
controlled pore glass

counts per minute

clustered regularly interspaced short palindromic repeats

doublet (NMR)
days (reaction time)
displacement loop

Stavudine

2'3'-didehydro-2',3'-dideoxyuridine

2'-deoxycytidine
dichloromethane

doublet of doublets
Zalcitabine

doublet of doublet of doublets
Didanosine
2',3'-dideoxynucleoside
2',3'-dideoxyuridine
diethylpyrocarbonate
N,N-diisopropylethylamine
4-dimethylaminopyridine
dimethylformamide
dimethylsulfoxide
4.4'-dimethoxytrityl
2'-deoxyribonucleic acid
deoxynucleoside triphosphates
double-quantum filtered COSY
differential scanning calorimetry
double-stranded DNA
double-stranded RNA
dithiothreitol

ethylenediaminetetraacetic acid

XXVi



ESI
Et;:N
EtOH
FDA
FRET
FTC

G4
AG
GR

AH
%H
HAART
HBV
HC
HCV
HCMV
HIV
HMBC
HMDS
hnRNP
HOESY
HPLC
HRMS
HSQC
HSV
HT
hTERT
hTR
IFN

electrospray ionization

triethylamine

ethanol

Food and Drug Administration

Forster resonance energy transfer
Emtricitabine

guanosine

G-Quadruplex

Gibbs free energy

G-register

hour (reaction time)

enthalpy

percent hyperchromicity (Afinal-Ainitial)/ Ainitial
highly active antiretroviral therapy
hepatitis B virus

human centromeric sequence

hepatitis C virus

human cytomegalovirus

human immunodeficiency virus
heteronuclear multiple bond coherence
hexamethyldisilazane

heterogeneous nuclear ribonucleoprotein
heteronuclear overhauser effect spectroscopy
high performance liquid chromatography
high-resolution mass spectra
heteronuclear single quantum coherence
herpes simplex virus

human telomeric sequence

human telomerase reverse transcriptase
human telomerase RNA component

Interferon

XXvil



IL-6

kb
KCl

KRAS
LNA
MeOH
MD

min
mM
uM
mRNA
MS

NA
NaOMe
NaP;
NHE
nM
NMR
NOE
NOESY
NRTI
nt

ON
OTE

PAGE

Interleukin 6

coupling constant (Hz)

reaction rate constant

kilobase

potassium chloride

Klenow fragment

potassium phosphate buffer
Kirsten rat sarcoma

locked nucleic acid

methanol

molecular dynamics

multiplet

minutes

mili-molar

micro-molar

messanger RNA

mass spectrometry

nucleoside analogue

sodium methoxide

sodium phosphate buffer
nuclease-hypersensitive element
nano-molar

nuclear magnetic resonance
nuclear overhauser effect
nuclear overhauser effect spectroscopy
nucleoside reverse transcriptase inhibitor
nucleotide

oligonucleotide

off-target effect

phase angle

polyacrylamide gel electrophoresis

Xxvili



PBMC
PCBP
PDB
PDGFR- f
pHix

PNA
POCl;

PS

shRNA
siRNA
Ss

SWNTs

Tip
T-loop
TAE
TCA
Tc-DNA
TERRA

peripheral blood mononuclear cells
poly-C-binding proteins

protein data bank

platelet-derived growth factor receptor 3

pH of mid transition

peptide nucleic acid
phosphoryl chloride
phosphorothioate

quartet

ideal gas constant

repeat addition processivity
rearranged during transfection
RNA-induced silencing complex
ribonucleic acid

RNA interference

RNA recognition motifs

room temperature

entropy

singlet

short hairpin RNA

short interfering RNA
single-stranded

single-walled carbon nanotubes
thymine

triplet

melting temperature when the system is not at equilibrium

telomeric loop
tris-acetate-EDTA buffer
trichloroacetic acid

tricyclo-DNA

telomeric repeat-containing RNA



THF tetrahydrofuran

TLR toll-like receptor

T'm melting temperature at equilibrium
TMSCI trimethylsilyl chloride

TOCSY total correlation spectroscopy
TRAP telomere repeat amplification protocol
TREAT-HF triethylamine trihydrofluoride

TSS transcriptional start sites

U uridine

UNA unlocked nucleic acid

UTR untranslated region

uv ultraviolet

WC Watson-Crick

VEGF vascular endothelial growth factor

XXX



Chapter 1

Introduction

Chromosome

i-motif

4 / Telomeric C-rich strand
Telomere “0-- \ WCCCAATCCCAAT....

GGGTTAGGGTTA....GGGTTAGGGTTAGGGG
3! 5' \ G-rich 3'-overhang

3I
G-quadruplex

“You don’t have to be great to start,
but you have to start to be great.”
—Zig Ziglar



1.1  Nucleic Acids: The Building Blocks of Life and Beyond

“Rather than believe that Watson and Crick made the DNA structure, I would rather

stress that the structure made Watson and Crick.” —Francis Crick

The discovery of nucleic acids, the fundamental molecules of life, sparked the interest of
talented researchers in further investigating their structure and determining their various
functions. Indeed, studying nucleic acids is of paramount importance due to their role as the
carriers of genetic information. Furthermore, nucleic acids are being implemented in several
research areas ranging from biology, chemistry and medicine to diagnostics, forensics, and

nanotechnology.

The field of nucleic acid chemistry has benefitted tremendously from the use of chemical
modifications that facilitated structural determination and design of nucleic acid therapeutics.
From this perspective, the aim of this thesis is to incorporate chemically-modified nucleic acids
in telomeric C- and G-rich sequences in order to stabilize their desired folding topologies, and

determine their structure and function in telomere biology.

1.2  Nucleic Acid Structure and Function

The elucidation of the helical structure of double-stranded deoxyribonucleic acid (DNA)
was a result of numerous key discoveries by talented scientists over several decades. In 1868,
Friedrich Miescher isolated and precipitated cellular nuclei, which he obtained from pus cells on
discarded bandages, and named the phosphorus-containing material nuclein.! Miescher also
found this material to be strongly acidic. In 1889, Richard Altman further isolated nuclein from
its proteinaceous component and called the substance nucleic acid.' In 1923, Fred Griffith made
a key discovery in bacterial genomics. He showed that the hereditary change from the non-
virulent form to the virulent form in pneumonia bacterium is permanent” The four
deoxyribonucleotides of DNA were discovered by Klein and Thannhauser in 1935, upon the
discovery that DNA could be enzymatically cut into four different mononucleotides. Oswald
Avery’s discovery in 1940 was a breakthrough in the field of nucleic acid chemistry. He showed
that DNA was responsible for the bacterial transformation observed by Fred Griffith.” In 1944
Alexander R. Todd established the chemical synthesis of the DNA nucleotides for which he was
awarded the Nobel Prize in Chemistry in 1957. Later, Erwin Chargaff showed that different



species have different nucleobase composition of DNA in their genome, but that the ratio of
purines is always equal to the ratio of pyrimidines.* This observation laid the groundwork for
determining the structure of the DNA double helix. Maurice Wilkins and Rosalind Franklin
joined forces to determine the X-ray diffraction pattern for DNA. They observed that DNA
adopts two highly crystalline helical forms: an A-form at low humidity and high salt conditions,
and a B-form at high humidity and low salt conditions.”® Franklin concluded that the phosphate

groups must be exposed to water, i.e. on the outside of the helix.

James Watson and Francis Crick combined the pieces of information from previous
researchers and proposed several models before they established the double helical structure of
DNA in 1953.” Applying Chargaff’s base-pairing rule, it became clear to Watson and Crick that
the nucleobase sequence of one strand automatically dictated the sequence of the second strand.
Therefore, one strand can be used as a template for copying the genetic material.® In 1962, James
Watson and Francis Crick were awarded the Nobel Prize in physiology and medicine, along with
Maurice Wilkins for discovering the molecular structure of nucleic acids and determining their
role in transferring genetic information. The unique features of nucleic acids, such as data-
storage and information-processing capacity, highly specific binding properties, and particular

hybridization ability, were beneficial to several fields of research.

1.2.1 Natural Nucleosides and Nucleotides

Nucleic acids are long biopolymers composed of a linear array of monomeric units
termed nucleotides." As shown in Figure 1.1, a nucleotide is a phosphorylated nucleoside
composed of a pentose sugar, a nitrogenous heterocyclic nucleobase and a phosphate group. The
two major classes of nucleic acids are ribonucleic acids (RNA) and deoxyribonucleic acids
(DNA); each possesses a slightly different structure. RNA contains D-ribose sugar while the
DNA sugar lacks the 2'-OH and is therefore termed 2'-deoxy-D-ribose. The nucleobases are
attached to the anomeric carbon (C1') of the sugar moiety via a B-glycosidic linkage. There are
two types of nucleobases: monocyclic pyrimidines [cytosine (C), thymine (T) and uracil (U)] and
bicyclic purines [adenine (A) and guanine (G)]. DNA and RNA share the same purines and
pyrimidines except that RNA contains uracil while DNA replaces uracil with thymine. In an

oligonucleotide (ON), nucleotides are linked consecutively via phosphodiester linkages between



the 3'-hydroxyl group of one nucleotide and

the 5'-hydroxyl group of the next nucleotide.

Furthermore, ON sequences are written from the 5'-end to the 3'-end by convention (Figure 1.1).

A) Nucleoside Nucleotide C) DNA/RNA Primary Structure
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Figure 1.1: Nucleic acids components. A) Nucleosides consist of a nucleobase and a 2'-deoxyribose

sugar in case of DNA and a ribose sugar in RNA.

The nucleobases are attached to the pentose sugar

at the 1' carbon via a B-linkage. Nucleotides are phosphorylated nucleosides. B) The pyrimidine and
purine nitrogenous heterocyclic nucleobases. RNA contains uracil while DNA contains thymine. C)
Example of a DNA/RNA primary structure. Adenine and cytosine as well as one of the sugars are
numbered following the convention. In Thymidine R = CH; and in Uridine R = H.

1.2.2 Conformation of Nucleosides and Nucleotides

Furanose sugar rings are inherently nonplanar with some of their atoms twisted out of
plane to relieve strain; this twist, or nonplanarity, is called puckering. The sugar pucker is

identified based on the orientation of carbon-2' and carbon-3' with respect to the plane of C1'-



04'-C4' (Figure 1.2). The term endo implies that ring atoms are on the same side as the C5' and

the nucleobase, while the term exo implies that they are on opposite sides (Figure 1.2).
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Figure 1.2: The pseudorotational wheel and sugar pucker notations of the furanose ring. Nucleoside
sugar puckers are classified based on the phase angle (P). In A-form helices, the sugar adopts a
North (C3'-endo) conformation while B-form DNA sugars adopt a South (C2'-endo) conformation.

In 1972, Altona and Sundaralingam introduced the concept of pseudorotation, to more
precisely determine the sugar pucker conformation based on two parameters: the phase angle of
pseudorotation (P) and the degree of pucker (t,). These parameters are determined from the five
endocyclic torsion angles. Sugar puckering conformations, based on phase angle values, are
commonly represented on a pseudorotational wheel (Figure 1.2).” In solution, nucleosides and
nucleotides equilibrate rapidly between different conformations; these conformational minima
are characterized on the pseudorotational wheel as either North (C3'-endo, P in the range of -10°
to + 40°) or South (C2'-endo, P in the range of 144-180°) passing through East (O4'-endo,
Figure 1.2). The nature of the substituents on the sugar ring shifts the equilibrium and populates

a specific region of the pseudorotational wheel due to a combination of anomeric and gauche



effects. For example, 2'-deoxyribonucleosides mainly adopt a South conformation (65%),

whereas the ratio of North to South in ribonucleosides is around 51% to 49%.'°

'H-NMR data can be utilized to unambiguously determine the sugar conformation of
nucleosides/nucleotides. Sugar pucker geometries directly influence the three bond 'H-'H scalar
coupling within the sugar moiety, in particular *Ji.pgy and *Jis.ae coupling constants (Figure
1.2). These coupling constants can be used to resolve the North/South conformational
distribution of a given nucleoside in solution.'"'> For instance, the South (C2'-endo)
conformation is characterized by a large 3 T coupling constant and a small 3JH3v_H4v, while the
North conformation is characterized by a large *Juz.pa and a small *Ji.py coupling constant
(Figure 1.2). For an optimal North conformation, P = 0° and the coupling constant *Ji.1» is also

equal to zero.

1.2.3 The DNA Double Helix

Watson and Crick’s discovery of the DNA double helix, also known as DNA secondary
structure, was a major breakthrough due to its biological implications.” In the proposed model,
the two strands of the duplex are antiparallel, the negatively charged phosphodiester backbones
are on the exterior, and the hydrophobic nucleobases are on the interior of the helix stacked
above one another. The two strands are held together by intermolecular noncovalent hydrogen
bonds between nucleobases in an arrangement termed “Watson-Crick” (WC) base-pairing.
Adenine forms two hydrogen bonds with thymine while guanine forms three hydrogen bonds
with cytosine (Figure 1.3). In addition to base-pairing, nucleic acid secondary structures are

13-18
However, the

stabilized by m-m base-stacking interactions between sequential nucleobases.
duplex is also destabilized by electrostatic repulsion between the negatively charged phosphate
residues in the backbone.'” Therefore, the thermodynamic stability of nucleic acids is an average

of stabilizing and nonstabilizing factors.

Double-stranded DNA (dsDNA) typically adopts a B-form helical conformation and is
associated with South (C2-endo) sugar puckers,”®?' while dsRNA adopts an A-form
conformation and is associated with North (C3'-endo) sugar puckers.”** Due to the flexible
nature of 2'-deoxyribose, DNA can adopt several conformations depending on the nucleobase

24,25

sequence, the solvent, and the presence of small molecule ligands or metal ions.”"* For example,



as observed by Rosalind Franklin, DNA duplexes can also adopt an A-form conformation in

conditions of low humidity.**°
A) dsDNA, B-form B) dsRNA, A-form C) Watson-Crick Base Pairing
H\
N N 0
A\
R/N\g/—< N H-N \;
N=" N
(0] R
Adenine Thymine
H
""""" H-N

Guanine Cytosine

Figure 1.3: A) B-form double-stranded DNA. B) A-form double-stranded RNA. C) Schematic
representation of the canonical Watson-Crick base-pairing. Adenine (A) forms two hydrogen
bonds with thymine (T) and guanine forms three hydrogen bonds with cytosine (C).

A-form and B-form DNA are antiparallel, right-handed double helices with the sugar-
phosphate backbone parallel to the helix axis; however, they possess several conformational
differences, some of which are highlighted in Table 1.1. B-form DNA helices are flexible and
possess a wide major groove and a narrow minor groove, while A-form RNA duplexes are
compact and feature a deep major groove and a wide minor groove. When DNA is bound to an
RNA strand, the hybrid duplex will mainly adopt an A-form conformation since the South sugar
conformation in the more flexible DNA strand shifts to North to form a stable duplex with
RNA.?’ Today, nucleic acid structural features are determined at atomic resolution via X-ray
crystallography and NMR spectroscopy. It is crucial to know the parameters of the major and
minor grooves of DNA and RNA double helices since proteins and small molecules interact with

. . 28,29
nucleic acids through these grooves.”™



Table 1.1: Average helical parameters for B-form dsDNA and A-form dsRNA..'

Helical Parameters B-form A-form
Helix Sense Right-handed Right-handed
Sugar Pucker South (C2'-endo) North (C3'-endo)

Nucleotides per turn 10 11

Major Groove Width ~11.7 A ~2.7A

Major Groove Depth ~8.8 A ~13.5A

Minor Groove Width ~5.7 A ~11A

Minor Groove Depth ~7.5A ~2.8 A

1.2.4 The Central Dogma: The Mechanism of Gene Expression

Following the elucidation of the DNA double helix structure, the main question to tackle
was: how is the genetic code transferred from a DNA sequence into proteins? The central dogma
of molecular biology illustrates the transition from DNA to proteins responsible for cellular
functions. Genomic DNA, which stores genetic information, is found in the nucleus and
surrounded by proteins. During DNA replication, DNA polymerase copies a DNA strand into
two identical daughter strands.’® The synthesis of RNA from genomic DNA is carried out by
RNA polymerases.’' First, DNA is converted into single-stranded RNAs (precursor mRNAs),
which are longer than the desired mature product, in a process called transcription. The nascent
pre-mRNA undergoes maturations i.e. post-transcriptional modifications such as splicing during
which the noncoding intronic regions are removed and the coding exon regions are joined in the

nucleus to generate the mature messenger RNA (mRNA).”'3 4

mRNA, an intermediary species
containing the sequence of genes copied from DNA,> is then exported from the nucleus and
transported to ribosomes in the cytoplasm, where it serves as a template for protein biosynthesis,
in a process termed translation.>® Ribosomes are composed of proteins and catalytic RNAs,”"*®
called ribosomal RNA (rRNA), which utilize highly-ordered transfer RNA (tRNA) to synthesize
functional proteins from amino acids.” In sum, the biosynthesis of proteins is dictated by the
nucleobase sequence of DNA, where all the genetic information of the diverse biological

molecules is stored.



1.3 Chemically-Modified Nucleosides and Oligonucleotides

Chemically-modified nucleoside analogues as antiviral and anticancer agents and
modified ONs as gene silencing therapeutics continue to spark interest in the field of nucleic acid
chemistry. Several modified nucleosides and ONs have been approved by the FDA for the
treatment of a wide range of diseases; however, demand persists for modifications with improved
potency and specificity along with lower toxicity and drug-development cost. Resistance to
previously approved drugs and the emergence of new diseases necessitate the development of
novel therapeutic agents. The ON therapeutics field has benefited greatly from the chemically-
modified nucleoside/nucleotide analogues where sugar puckering, nuclease stability, binding

affinity to target mRNA, and immunostimulatory profiles are controlled, among other factors.

1.3.1 Modified Nucleosides as Therapeutic Agents

The study of nucleoside analogues dates back several decades and has led to the
development of antiviral and anticancer compounds. To date, twenty nucleoside analogues have
been approved for the treatment of cancer, HIV (human immunodeficiency virus), HSV (herpes
simplex virus), HBV (hepatitis B), HCV (hepatitis C), and HCMV (human cytomegalovirus).***’
These analogues are structurally similar to the natural deoxynucleoside triphosphates (dNTPs)
used during DNA polymerization; however, they lack the 3'-hydroxyl group on the sugar ring.
Once inside the cell, the nucleoside analogues must undergo stepwise phosphorylation by

cellular kinases to yield the mono-, di- and tri-phosphorylated active analogue (Figure 1.4).**’
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Figure 1.4: Activation of nucleoside analogues (NAs) into their 5'-triphosphorylated form.




Nucleoside analogues target and inhibit intracellular enzymes or lead to the chain

. . . . 1 444548
termination of the viral nucleic acids.” "™

The activation of these analogues, even those
possessing very similar structures to dNTPs, proceeds inefficiently due to the substrate
specificity of kinases. Nucleoside conformation plays a major role in recognition by kinases and
polymerases: kinases require nucleosides that adopt a southern sugar pucker,” while
polymerases incorporate nucleosides that adopt a northern sugar pucker.”””' These modified
nucleotides should be substrates for viral polymerase and kinases and not for non-infected host
cells: for instance, the low fidelity of reverse transcriptase and lack of proofreading ability

facilitates the incorporation of modified dNTPs.
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Figure 1.5: Structures of some FDA approved nucleoside analogues.

Typically, nucleoside analogues are designed with modifications within their sugar or
nucleobase moiety. Some key examples are listed in Figure 1.5.*°* AZT (3'-azido-2'3'-
dideoxythymidine) was the first 2',3'-dideoxynucleoside reverse transcriptase inhibitor (NRTI)
approved for the treatment of HIV in 1987;> it possesses a 3'-azido group instead of the 3'-
hydoxyl group. The next two compounds approved for HIV treatment were 2',3'-dideoxyinosine
(ddI) and 2'3'-dideoxycytidine (ddC) where the 3'-hydroxyl group was removed.”* Other
analogues contain an alkene in the sugar moiety such as 2',3'-didehydro-2',3'-dideoxythymidine
(d4T) and abacavir (ABC); ABC also possesses a carbocyclic sugar ring.”>”® Lamivudine (3TC,
(-)-2',3'-dideoxy-3'-thiacytidine) was discovered at McGill University by Bernard Belleau, who

10



pioneered the introduction of heteroatoms within the furanose ring. 3TC was FDA approved in
1995 for the treatment of HIV.”” Emtricitabine [(-)FTC], a 5-fluorocytosine analogue of 3TC,
was approved in 2003.>® An acyclic nucleoside analogue, Acyclovir, was discovered by Gertrude
B. Elion for the treatment of cold sores, shingles and herpes genitalis; for this work, Elion was

awarded the Nobel Prize in Physiology or Medicine in 1988.”

Despite the wealth of modified analogues synthesized so far, there is still a demand for
new nucleoside analogues, and their respective prodrugs, to overcome several limitations of
currently available therapeutics, such as inefficient phosphorylation, poor oral bioavailability,
and drug resistance.” Resistance occurs via several mechanisms such as: discrimination and
nucleotide excision,®' inactivation of nucleoside analogues due to catabolic bioconversion,**®
and dephosphorylation of the active 5'-triphosphorylated analogues by 5'-nucleotidases.®**> The
use of highly active antiretroviral therapy (HAART) has helped diminish drug resistance. In

order to bypass the rate-limiting mono-phosphorylation step,’*®’

mono-phosphorylated
(monophosphonate) prodrugs possessing P-CH,- bonds, rather than P-O- bonds, have been
prepared. This approach improved their in vivo stability and transport into targeted cells,”® and
therefore led to the development of three clinically-approved antiviral compounds with longer
half-lives and improved in situ stability: cidofovir for the treatment of HCMV, adefovir for the
treatment of HBV, and tenofovir for the treatment of HIV.** Additional prodrug approaches were
developed to improve the cellular uptake of the previously mentioned monophosphonates.®”” For
example, Chris McGuigan pioneered the ProTide prodrug technology, in which the hydroxyl
groups of the monophosphate or monophosphonate analogues are masked by aromatic or amino
acid ester groups, rendering the molecules more lipophilic and improving their delivery into the
cells.”’ The ProTide approach has led to two FDA-approved antiviral compounds: tenofovir
alafenamide (TAF), and sofosbuvir (Figure 1.6),”" as well as several candidates in clinical trials
for the treatment of HIV, HBV, HCV, Ebola, and cancer.”” Even after surpassing the first
phosphorylation step, the di- and tri- phosphorylation steps can also create a bottleneck that
renders the metabolic conversion of nucleoside analogues into their active triphosphate forms
inefficient. For instance, the di-phosphorylation step of AZT by thymidylate kinase (TMP-K) is
rate-determining;” similarly, the conversion of d4U or ddU into tri-phosphorylated forms by

nucleoside diphosphate kinase (NDP-K) proceeds inefficiently.”* In order to bypass the

11



phosphorylation steps, Chris Meier’s group has successfully developed nucleoside diphosphate

(DiPPro) and nucleoside triphosphate (TriPPPro) delivery systems.’”"®

Sofosbuvir Tenefovir Alafenamide

Figure 1.6: Chemical structures of sofosbuvir and tenofovir alafenamide (TAF), the two FDA
approved antiviral ProTides.

1.3.2 Oligonucleotides as Gene Silencing Therapeutics

The concept of utilizing ONs as gene-silencing therapeutics dates back to 1978 when
Zamecnik and Stephenson reported the use of AONSs to inhibit viral replication.”””® Since then,
the field has expanded greatly, and new frontiers have emerged with the latest breakthrough
discovery of the CRISPR / Cas9 (clustered regularly interspaced short palindromic repeats)

technology and its application in genome editing.”

ON therapeutics act at the post-
transcriptional level and have been categorized, based on their mechanism of action, into the
following classes: antisense oligonucleotides (AONs),”””"** short interfering RNAs (siRNAs),"
microRNA-targeting ON (anti-miRNAs),**® exon-skipping and splice-switching compounds,®*
immunostimulatory analogues,” and DNA/RNAzymes.**® A detailed description of these
compounds and their mechanism of action is beyond the scope of this thesis, and the reader is

88-90

directed to extensive reviews covering this subject. However, a brief description will be

provided for AONs and siRNAs.

Antisense-mediated gene targeting paved the way for ON-based therapeutics. AONSs that
target a specific region in the mRNA of a gene can modulate gene expression through two
distinct mechanisms; a steric block approach and an RNase H-dependent approach.”’ AONs in
the steric block approach are designed with a very strong binding affinity to the target mRNA,

preventing ribosomal assembly and leading to translational inhibition without cleaving the
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mRNA.”" On the other hand, in the RNase H-dependent mechanism, AONs bind to the target
mRNA and recruit the RNase H enzyme, leading to the cleavage of the mRNA target.”® The

RNase H enzyme is an endogenous endonuclease known to cleave the RNA strand of a

DNA:RNA hybrid duplex.”"”

RNA inference pathway (RNAi) can be triggered either by an endogenous 21-nt long
double-stranded RNA known as microRNA (miRNA),”* or by an exogenous dsRNA termed
siRNA, designed to mimic miRNAs.” siRNAs are typically 21 to 24-nt long with 2-nt overhangs
at the 3'-end. The guide (antisense) strand is loaded into the RNA-induced silencing complex
(RISC) and is complementary to the mRNA target, while the passenger (sense) strand is
discarded. The extent of complementarity between the miRNA or siRNA guide strand and the
target mRNA dictates whether gene silencing occurs through translational arrest or mRNA

94
cleavage.

While there has been great optimism surrounding the development of AON- and RNAi-
based therapeutics, these approaches suffer from several limitations, such as poor biostability
(particularly RNA) due to degradation by intracellular nucleases and serum,” and the ineffective
delivery to targeted cells.”® Furthermore, off-target effects (OTEs) could occur when unintended

mRNAs are knocked or when the AONs and siRNAs trigger an immune response by interactions

97,98 99,100

with cellular immune receptors. In order to bypass these limitations, delivery vehicles
and several modifications (nucleobase, sugar and/or internucleotide linkage) have been utilized.®

A list of chemical modifications utilized in ON therapeutics is shown in Figure 1.7.
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The first AON-based drug was approved by the FDA for the treatment of
cytomegalovirus retinitis in 1998. This AON, named Vitravene (fomivirsen), consists of a
phosphorothioate backbone (PS) (Figure 1.7).”° The second approved AON drug was Kynamro
(mipomersen) for the treatment of hypercholesterolemia. Kynamro has a combination of
internucleotide linkage modifications (PS) and sugar modifications (2'-O-methoxyethyl (2'-O-
MOE), Figure 1.7)."°' Macugen, an aptamer drug, was approved by the FDA in 2004 for treating
age-related macular degeneration (AMD).'” 2'-F and 2'-O-methyl (2'-O-Me, Figure 1.7)
modifications are utilized in Macugen in order to preorganize the sugars into the C3'-endo
conformation. Locked nucleic acids (LNA)'” and Tricyclo-DNA (tc-DNA, Figure 1.7)'**!° are
constrained nucleic acids that exhibit high binding affinity towards RNA due to the reduced
conformational flexibility.'"”® Recently two splice-switching ONs have been approved by the
FDA, Exondys 51 and Spinraza. Exondys 51 (eteplirsen) is a 30-nt long phosphorodiamidate
morpholino oligomer (PMO, Figure 1.7) used for treating Duchenne muscular dystrophy,'”’
whereas Spinraza (nusinersen) is a fully modified MOE 18-mer AON used in the treatment of

"% The field of ON therapeutics holds great promise and the use of

spinal muscular atrophy.
chemical modifications and delivery vehicles could place ONs at the forefront of drug discovery,

together with small molecules and monoclonal antibodies.”

1.3.3 2'-Deoxy-2'-Fluoro-p-D-Arabinonucleic Acid (2'F-ANA)
2'-Deoxy-2'-fluoro-B-D-arabinonucleic acid (2'F-ANA) modifications, in particular 2'-
arabinofluorocytidine and 2'-arabinofluoroguanosine, are two nucleoside analogues utilized in
the research described in this thesis. 2'F-ANA is the 2'-epimer of 2'F-RNA (Figure 1.8);
however, due to the gauche effects caused by the fluorine atom in the arabino position, the
nucleoside tends to adopt a South-East conformation, making it an excellent structural mimic of

DNA 109,110

2'F-ANA modified ONs exhibit great potential as therapeutics and in structural studies of
non-canonical DNA structures, such as G-quadruplexes (G4s) and i-motifs, both of which are
explored in great detail in this thesis. 2'F-ANA was found to enhance binding affinity to
complementary RNA and improve stability against exo- and endonucleases in siRNA and AON-
based drug candidates.''""'"* Of note, 2'F-ANA is among the few sugar-modified ONs that elicit
RNase H-mediated cleavage of target mRNAs.'"* Chimeric siRNA constructs that combine 2'F-
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ANA with RNA-like modifications such as LNA and 2'F-RNA exhibit enhanced siRNA potency
and reduced immunostimulation profiles.''? The stability observed in 2'F-ANA:RNA duplexes is
due to C-H:--F-C pseudohydrogen bonding between the 2'-fluorine and purine HS at pyrimidine-
purine steps.'”” Moreover, Clofarabine, a 2'F-ANA nucleoside analogue, is FDA approved for

the treatment of leukemia (Figure 1.8).!"°

A) Structure of 2'F-ANA and 2'F-RNA B) Structure of Clofarabine C) Structure of 2'F-tc-ANA
NH,
N AN

N

B 2

HO - ase HO Base < | /)\
0. o N N~ el
HO F
O.
OH OH F
OH
2'F-ANA 2'F-RNA

Figure 1.8: A) Chemical structure of 2'F-ANA and its 2'-epimer, 2'F-RNA. B) Structure of
Clofarabine, a 2'F-ANA nucleoside analogue FDA-approved for the treatment of leukemia. C)
Structure of 2'B-fluoro-tricyclo nucleic acids (2'F-tc-ANA).

Additionally, our group was able to synthesize the first microarrays based on 2'F-ANA
and 2'F-ANA/DNA chimeric sequences,''’ and utilized them to identify aptamers with high
binding affinity to thrombin. Very recently, the Leumann group synthesized a new 2'F-ANA

18 This modification

analogue, 2'B-fluoro-tricyclo nucleic acid (2'F-tc-ANA, Figure 1.8).
exhibits high binding affinity when paired with DNA (+1.6 °C/mod) and RNA (+2.5 °C/mod)
and promotes RNase H-mediated cleavage of the complementary RNA. Therefore, 2'F-tc-ANA

is a promising modification for ON-based therapeutics.

1.4 Beyond the DNA Double Helix and Watson-Crick Base-Pairing
Since the discovery of the B-DNA double helix,” it has been shown that DNA adopts

several polymorphs.'” During replication and transcription processes, double-stranded DNA
partially unwinds into single-stranded sequences.'*’ It has been reported that more than 50% of
the human genome is comprised of repetitive DNA sequences.'”' Therefore, under certain
conditions, single-stranded repetitive DNA strands fold inter- or intramolecularly into unique
non-B-form secondary structures such as left-handed Z-DNA,'** poly (dA) duplexes (A-

. I . 5 126 . o 127
mo‘uf),123 halrpms,124 ‘[rlplexes,12 G4s, ~° and i-motifs.
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There is increasing evidence for the existence of these structures in cells and their

128,129
*“” Moreover, they have been

potential role in controlling gene expression and replication.
attracting considerable research interest in the pharmaceutical and medical fields due to their

significant roles in genetic instability and human disease.'*’

A free database for locating sequences with the tendency to fold into non-canonical
secondary structures across the genome has been created by Stephens and coworkers.”' Among
these structures are A-motif duplexes, triplexes, and G4 and i-motif tetraplexes held together by
“unusual” base pairs and base triplets as shown in Figure 1.9."*° The canonical antiparallel
double helical DNA structure is stabilized by WC base-pairing where the two bases interact
through their WC edges (Figure 1.9) with cis glycosidic bond orientation (relative to the axis of

rotation).'*

X-ray crystallography and high resolution nuclear magnetic resonance (NMR)
revealed that hydrogen-bonding can be divided into three categories/edges: the Watson-Crick
edge (WC) present in regular B-DNA double helices; the C-H, or Hoogsteen edge (H), which
stabilizes G4 structures; and the sugar edge (SE) which is relevant to RNA where the 2'-hydroxyl

group in the ribose sugar is available for hydrogen bonding (Figure 1.9)."*

In this work, we are particularly interested in stabilizing i-motif structures at
physiological conditions (Chapters 2 and 3) and investigating the effect of the co-existence of i-

motifs and G4s in human telomeric sequences on telomerase activity (Chapter 4).

1.5 Human Telomere Biology: Telomeres and Telomerase in Cellular Aging

and Cancer
1.5.1 Telomeres: The Protective Caps of Chromosomes

In 1938, Hermann Muller was the first to discover that the tip of chromosomes possesses
special structural features (Figure 1.10). Based on their position at the end of chromosomes,

133
Barbara

Muller named these ends “telomeres” (from Greek telos ‘end’ + mere ‘part’).
McClintock later observed that chromosomes with broken ends tend to fuse together by DNA
repair processes, hence suggesting that telomeres are necessary to protect chromosomes from
these fusion events. These broken ends result from the “end replication problem,” proposed by

James Watson in 1972.1%*
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Figure 1.10: A) Representation of a chromosome and of the telomeric region. Figure has been
modified from reference [135a]. B) Scheme representing the association of the telomerase and the
shelterin component proteins to telomere ends. The shelterin complex is composed of six proteins:
TRF1, TRF2, POT1, TIN2, TPP1, and Rapl. T-loop stands for “telomeric loop” and D-loop stands
for “displacement loop”. Figure modified from reference [135b].

During DNA replication one of the two daughter strands, the leading strand, is
synthesized continuously, while the other strand, the lagging strand, is synthesized in short
Okazaki fragments. The DNA repair machinery fills the gaps between these fragments; however,
DNA polymerase is unable to add nucleotides at the 3'-end due to the absence of the RNA
primer. Therefore, the daughter strands will always be at least one RNA primer shorter than the
parent DNA strand, and chromosomes will shorten with every cell-cycle division. Essentially

this is a cause of aging and limited cellular lifespan.

It was not until 1978 -forty years after Muller’s initial discovery- that Elizabeth

Blackburn observed one repeat sequence (TTGGGG), in chromosomal ends of Tetrahymena (a

136

unicellular eukaryotic ciliate).”™ Likewise, human telomeres consist of highly repetitive

hexameric repeats bound by the component proteins of the shelterin complex (Figure 1.10)."%

The hexamer telomeric repeat sequence is 5'-TTAGGG-3', consisting of a double-stranded
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region ranging between 5-50 kb and a short single-stranded G-rich 3'-overhang with a length of
100-300 nucleotides.”””'** Since the G-rich strand extends beyond its complementary C-rich
strand, it is proposed that it forms a T-loop (telomeric loop), wherein the 3'-overhang invades the
double-stranded telomeric region, causing strand displacement of the G-strand bound to the C-
rich strand. This forms a second loop called the D-loop (displacement loop, Figure 1.10B).
Thus, the T-loop caps the telomeric ends and protects telomeres from the DNA damage
response.” > Since the repetitive G-rich overhang is free of its complementary C-rich strand,

these overhangs could fold into G4 structures (discussed in depth in Section 1.6)."*°

Telomeres are considered dysfunctional either when they reach a critically-short length or
when any of the shelterin complex components is delocalized from the telomeres. Telomerase,
the ribonucleoprotein responsible for telomere maintenance, extends telomeres to counteract
telomere shortening and avoid end fusion of chromosomes, which leads to genomic instability.
Telomerase is overexpressed in 85% of cancer cells, but is absent in the remaining 15% where
telomere elongation occurs via the alternative lengthening of telomeres (ALT) mechanism based
on the recombination between telomeres.'*' In 2009, Elizabeth H. Blackburn, Carol W. Greider,
and Jack W. Szostak shared the Nobel Prize in Physiology or Medicine for discovering the

enzyme telomerase and how chromosomes are protected by telomeres.'*

1.5.2 Telomerase and Telomere Maintenance

14
3 and an

Telomerase consists of a Telomerase Reverse Transcriptase protein (WTERT)
RNA component (hTR).'** Absence of telomerase expression in most somatic cells (with the
exception of stem cells, skin keratinocytes, germ cells, etc.) is considered a tumor suppressing
mechanism, while telomerase is overexpressed in approximately 85% of human cancer cells.'*’
Therefore, telomerase is considered an important cancer biomarker and a potential therapeutic
target. The mechanism of telomere extension by telomerase is outlined in Figure 1.11.
Telomerase binds to the tip of the G-rich 3'-overhang, using it as a primer. hTERT catalyzes
reverse transcription, using hTR as the template, and leads to nucleotide addition in the 5' to 3'
direction. When the end of the template is reached, telomere extension continues, with
telomerase (i.e. the RNA template) translocating by 6 nucleotides. In order to fill in the gaps in

the complementary C-rich strand, a primer is synthesized, and then DNA polymerase a, which
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possesses DNA primase as one of its subunits, fills in the gaps. The primer is then removed and

ligase seals the gaps between the synthesized fragments.'>
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Figure 1.11: A) Mechanism of telomere elongation by telomerase. B) In the presence of
telomerase, telomere shortening during cell division is balanced with telomere-elongation by
telomerase. C) Lack of telomerase leads to critically short telomeres and eventually cell death.
Figure adapted from reference [135a].

The ability of telomerase to add several repeats to the same telomeric strand is known as
“repeat addition processivity” (RAP)."*® RAP is a unique feature of telomerase that is taken
advantage of in telomerase activity assays that measure telomerase activity in vitro by
monitoring the extension products. Several assays have been developed thus far and classified as
PCR-based or direct (without amplification) assays. TRAP (Telomere Repeat Amplification
Protocol) is a widely used technique with great sensitivity but suffers some limitations.'*”'**
Most importantly, TRAP was proven disadvantageous for determining the effect of G-
quadruplex ligands on telomerase inhibition. These ligands might lead to false positives due to

their interference with the PCR amplification step; thus leading to inhibition of telomeric DNA

amplification rather than inhibition of telomere extension.'* In order to circumvent this
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limitations, direct telomerase activity assays were developed. These assays utilize purified
telomerase, which would lead to the removal of polymerase inhibitors and allows for the
preparation of more concentrated samples of the enzyme, thereby enhancing the specificity of the
assays.'*® Several approaches have been developed in order to inhibit telomerase by targeting its
RNA template or catalytic components such as oligonucleotide inhibitors complementary to the
RNA template, nucleoside and non-nucleoside reverse transcriptase inhibitors, and G-quadruplex

ligands.'"'

1.6 G-Quadruplexes: Structure, Function, and Biological Relevance
G-quadruplex structures have gained considerable research interest due to their
thermodynamic stability near physiological conditions, unlike other non-canonical secondary

structures. They have been utilized in several areas of research such as chemistry,

151,152 117

nanotechnology (self-assembly),””’ biotechnology (DNAzymes), sensing,'> aptamers,

and as potential anti-cancer drug targets.'>*

1.6.1 G-tetrads: The Building Blocks of G4 Structures
The G-tetrad, also known as G-quartet, was initially discovered in 1962 from the

aggregation of 5'-monophosphate guanosines into guanosine gels.'”

A G-quartet is a square
planar arrangement of four guanine bases connected through Hoogsteen and Watson-Crick
hydrogen bonds between N1-O6 and N2-N7 (Figure 1.12A). In the tetrad, every guanine is
rotated around 90° with respect to its neighbor, thereby positioning the O6 atoms in the center of
the tetrad. The self-stacking of the planar G-tetrads leads to the formation of G4 structures and
extended 3D architectures stabilized by a central spine of cations."”® G4 structures generally
exhibit a right-handed helical nature with a rise of 3.13-3.3 A, a30° right-handed twist, and a 25
A diameter (Figures 1.12B)."”’ However, in 2015, the Phan group discovered the first left-
handed intramolecular G4 structure of the d(T(GGT)4sTG(TGG);TGTT) oligonucleotide via X-

ray analysis and NMR spectroscopy.'>®

The core of the G4 structure can accommodate a variety of mono and divalent cations of

159 The nature of the

different radii coordinated by the carbonyl groups of the guanine bases.
cation poses a significant influence on the stability and the folding topology of G4 structures.

This effect was first discovered by Sen and Gilbert in 1990."°° The stability of G4 structures has
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been assessed in the presence of several cations, and the ranking based on the stabilization of G4
structures is: Sr*" > Ba® > K" > Ca**> Na’, NH;" > Rb" > Mg”™> Li"> Cs"."* The radii of the
divalent metal ions, Sr*" and Ba®", allows them to fit in the central core of the quadruplexes
leading to significant stabilization.'” Among monovalent cations, Na“ and K" have gained
considerable attention due to their high intracellular concentrations (~100-150 mM and 10 mM,
respectively). K*, the most stabilizing monovalent cation, is usually flanked by two G-tetrads and
coordinates with eight guanine carbonyl groups.'® On the other hand, Na"is less stabilizing and
is usually localized in the plane of the G-tetrad coordinated with four carbonyl groups.'® The
thermodynamic stability of G4 structures is directly proportional to the concentration of

monovalent ions.'**

1.6.2 G-Quadruplexes: A Single Building Block Leading to a High Degree of Structural

Polymorphism

Even though G4 structures consist of just one building block, guanosine, they have a high
degree of structural polymorphism compared to B-DNA, which consists of 4 building blocks (A,
T, G, and C). This polymorphism is due to several factors, including the number and orientation
of the strands forming the G4 structures, the nature of the cation, the length of the G-tracts, the
length and composition of the loops connecting the G-tracts, and the glycosidic bond orientation
(syn or anti).'® G4s form in DNA and RNA strands via intramolecular or intermolecular

interactions.

In a parallel G4 topology, all the G-tracts are aligned in the same direction (i.e. 4 parallel
+ 0 antiparallel) and the loops connecting neighboring G-tracts on opposite surfaces are called

19017 When three out of four G-tracts

double-chain-reversal or propeller loops (Figure 1.12C).
are parallel (i.e. 3 parallel +1 antiparallel), the G4 structure is known as mixed or hybrid (Figure
1.12D) and possesses propeller, diagonal, and lateral loops. Diagonal loops connect antiparallel
strands from opposite edges of the G4 structure on the same surface, while lateral loops link
neighboring antiparallel G-tracts."”” An antiparallel G4 structure consists of two parallel and two
antiparallel strands. Two antiparallel topologies have been characterized: the basket possessing
lateral-diagonal-lateral loops (Figure 1.12E), and the chair possessing three lateral loops (Figure
1.12F). The type of loops connecting the G-tracts depends on the number and nature of

nucleotides in the loop. Propeller loops in parallel G4 structures are usually short in length (1-2
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nucleotides), while lateral and diagonal loops are longer. Therefore, the nature of the loops plays

a major role in determining the topology and stability of G4s.

A) ;ﬂ’ H )H\ B) ¢Twist <
N NN A s o3
w, 1(\]; H N7ON 9 3
N7N OOG\H""“‘“OE(\_fN N
: N
Vo H o N-H |
N2H Ny @ ;oo
H-N H :
)N o
N Oy | ] Ri
e *N N\ ‘ \ Ise
(NN W | N>—H . w Parallel (4+0)  propeller loop
Y NN -
H H o5
diagonal loop lateral loop
D) E) | )
Mixed (3+1) Antiparallel Antiparallel
Basket (2+2) Chair (2+2)

B onti-conformation

B syn-conformation
Figure 1.12: A) Structure of a planar G-tetrad. B) Helical parameters (twist, rise, and backbone
polarity) for a tetramolecular G4 structure, adapted with permission from reference [157] (Royal

Society of Chemistry, 2011). C-F) Different G4 topologies and the loops connecting the G-tetrads
in each G4 structure.

Another factor that plays a major role in G4 folding is the glycosidic bond angles
connecting N9 of the guanine base in the G-tetrad to the C1' of the ribose sugar. The torsion

157

angle can either be syn (0 to 90°) or anti (-120 to 180°)." In a parallel G4, all glycosidic angles

are anti, while in antiparallel and hybrid G4 structures, the bases are a mix of syn and anti.'®®

In addition to the syn/anti conformation of guanines and the type of loops, the nature and
concentration of the cation in the medium has a significant impact on the folding of G4
structures. The four-repeat telomeric sequence was found to adopt different topologies depending
on whether Na" or K" was utilized. In 1993, the Patel group was the first to characterize the

solution NMR structure of d{AGGG(TTAGGG);] in Na".'® The G4 folding topology was found
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to be intramolecular, comprising three stacked G-tetrads with anti-anti-syn-syn glycosidic bonds
and three TTA loops (lateral, diagonal, and lateral). In 2002, Neidle and Parkinson obtained the
crystal structure of the same sequence in K'. The crystallized G4 structures exhibited a parallel
topology; therefore, all loops were double-chain-reversal (propeller) loops and all guanines
adopted an anti glycosidic conformation.'”® On the contrary, several laboratories reported that in
the presence of K' in solution, the human telomeric repeat exists as a mixture of

conformations.'”"'7

Unlike telomeric sequences that are highly repetitive, G4-forming sequences within
promoter regions possess G-tracts with unequal numbers of guanines and diverse loop
sequences. This leads to an exchange between several G4 structures with different G4 cores due
to a shift in the alignment of the G-tracts. This exchange is called G-register (GR) exchange
dynamics and the different topologies are known as GR isomers. For instance, the 18mer c-MYC
Pul8 sequence, 5'-AGGGTGGGGAGGGTGGGG-3', was found to exchange between four
different GR isomers.'” Another interesting type of GR exchange may result from the
replacement of an entire damaged G-tract with a “spare tire”.'”® The Burrows group discovered
that when a fifth G-tract is present a few nucleotides away from an oxidatively-damaged G4
structure in oncogene promoter regions, it can act as a “spare tire” and entirely substitute the
damaged G-tract. Damaged G-tracts are due to inflammation and oxidative stress that lead to the
oxidation of the guanines in G4 structures formed in several oncogenes. When the damaged
guanines, such as 8-oxo-7,8-dihydroguanine (OG) and 5-guanidinohydantoin (Gh), are present in
the four G-tracts of a G4 fold, they are not removed by base excision repair (BER) DNA
glycosylases.'”” The replaced G-run (i.e. the spare tire) is now a substrate of BER processes, thus

suggesting a role of G4 structures as sensors of oxidative stress and regulators of gene

expression.

1.6.3 Trapping G-Quadruplex Geometries Using Chemically-Modified Nucleotides

The polymorphism observed in G4-forming sequences complicates the structural
determination of specific G4 topologies by NMR spectroscopy. Since the orientation of the
guanine nucleobases directly influences the G4 structure, researchers have taken advantage of
chemically-modified nucleotides that favor either the syn or the anti base conformation to

engineer G4 folding topology and slow down topological exchange.'”®"'"
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While DNA telomeric G4s adopt a plethora of polymorphs, the human telomeric RNA
G4 structures always adopt a parallel topology due to the presence of the 2'-hydroxyl groups.'®
The 2'-hydroxyl group in RNA stabilizes the C3'-endo sugar pucker and locks the glycosidic
bond in the anti conformation, thereby favoring the parallel folding topology.">” Moreover, these
hydroxyl groups participate in intramolecular hydrogen bonding interactions (i.e. between O4' of
the ribose sugars and with N2 groups of the central guanines) instead of interacting with water
molecules, resulting in RNA quadruplexes that are more thermodynamically stable than their
DNA counterparts.'™ Substitution of the 2'-H with 2'-O-Me rather than 2'-OH destabilizes the

G4 structures formed from a thrombin-binding aptamer and from an 18-mer telomeric repeat.'™

Our group and others have studied the effects of 2'F-ANA and 2'F-RNA on G4 structure
and stability.lgl’lgz’185 186 2B araG, araG, 2'F-riboG, and riboG modifications were introduced in
the two-repeat telomeric sequence, d(TAGGGTTAGGGT), which normally adopts parallel
propeller and antiparallel conformations in solution.'”' Since guanine at position nine adopts a
syn-glycosidic bond conformation,'® it was hypothesized that a modified nucleotide with anti
conformation could shift the equilibrium of the G4 topologies towards the parallel propeller fold.
2'F-araG favors the anti glycosidic bond orientation to avoid the steric clash between the guanine

base and the fluorine in the arabino position (Figure 1.13A)."®!

It was observed that 2'F-araG leads to the most stable intermolecular parallel structure
(AT, = +12 °C) due to electrostatic (F-CH---O4') and pseudo-hydrogen-bonding (F---HS)
interactions (Figure 1.13), while 2'F-riboG substitution is extremely destabilizing due to
unfavorable electrostatic repulsions between the fluorine at the 2' position and the oxygen atoms
in the phosphate backbone. Therefore, a single dG to 2'F-araG substitution is sufficient to
selectively stabilize the parallel topology over competing conformations. With respect to scope,
2'-fluoro modifications do not simply trigger a conformational switch; they can also be utilized

as "F-NMR probes to aid in structural determination.'®*'®

LNA modifications favoring the anti
glycosidic conformation of the guanine base have also been introduced in G4 structures. Similar
to the 2'F-araG scenario, LNA modifications shift the structural equilibrium towards the parallel
conformation when introduced into positions adopting syn glycosidic bonds.'*® Moreover, LNA

modifications have been shown to enhance the biological activity of G4 structures.'™
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Several natural and non-natural nucleobase modifications have also been investigated.'”
Bulky substituents at the C8 position of guanosine, such as 8-bromoguanine, destabilize the anti
glycosidic bond and shift the equilibrium conformation to favor the syn orientation by at least 1-
2 keal/mol."®”'®® Therefore, these modifications can only be utilized in structures possessing syn

glycosidic bonds.

A)

=2'F-araG

Figure 1.13: A) The guanine in 2'F-araG adopts an anti glycosidic conformation. Figure adapted
from reference [181] (Nucleic Acids Research, open access). B) Distances in the crystallographic
structure (PDB code: 1K8P) between H2'-H8 and H2"—04'. C) Distances between F—H8 and
H2"-04' in the 2'F-araG modified structure. Guanines in dG are shown in magenta and yellow in
2'F-araG, and fluorines are shown in light green. D) Scheme of the parallel propeller G4 with all
guanines in the anti conformation. 2'F-araG nucleotides are shown in yellow and dG residues in
magenta. B-D) Adapted with permission from reference [185] (American Chemical Society, 2013).

In general, nucleobase modifications in the G-tetrad are destabilizing, especially if they
interfere with the hydrogen-bonding network across the tetrad.'®” Nucleobases resulting from
oxidative stress, such as 8-oxo-7,8-dihydroguanine, do not only induce structural switching of
G4 structures in oncongene promoters by utilizing their “spare tire”,'’® but also lead to the up- or
down-regulation of transcription depending on whether they are located on the template or on the

coding strand of the promoter.'*’
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1.6.4 Location of G-Quadruplex-Forming Sequences Throughout the Genome

Given the growing interest in investigating G4 structures, several algorithms have been
developed in order to locate G4-forming sequences across the genome. The initial prediction tool
utilized was the “Quadparser” algorithm, G>3N; 7G>3N;_7G>3N-7Gs3, where N =A, T(U), G,
C.""1%? This algorithm determined around 300,000 sequence motifs across the genome with the
tendency to fold into G4 structures.'”'** Subsequent studies discovered numerous motifs that
fold into G4 structures such as G4s in minisatellite DNA possessing a 9-nt middle loop,'”” the
parallel topology of the BCL-2 promoter gene containing a 13-nt loop,"*® and G4 structures with
bulges of varying length across the G4 core;'”’ however, these structures deviate from the
“Quadparser” algorithm. False positives were also discovered following Quadparser screening,
such as G-rich sequences in the 5'-UTR (untranslated regions) in mRNA."* To circumvent these
limitations, the development of a better prediction tool was necessary to take into account a
wider range of criteria. In 2016, the Mergny group developed the G4Hunter algorithm, which
accounts for the G-richness, G-skewness, and G/C asymmetry on the complementary strand of a
studied sequence.’” Another method utilized to estimate the number of G4 structures was based
on G4-dependent DNA polymerase stalling combined with next-generation sequencing (G4-seq)
of single-stranded DNA.** In this method, G-rich strands were sequenced under conditions that
destabilize G4 structures and conditions that favor G4 folding. G4-dependent polymerase stalling
and a significant decrease in sequencing data were observed in the G4 rich constructs. Based on
the G4-seq method, more than 700,000 G4 structures have been detected in the human

genome.*”

Studies show that putative G4-forming sequences are highly populated in oncogene
promoter regions (c-MYC,ZOl’202 BCL-2,""® c-Kit,”*** VEGF,*” RET),206 in transcription
factors Nrf2,*”” SRC,* in the promoter of the human telomerase reverse transcriptase gene
(hTERT),”™” in 5-UTR mRNA, and in G-rich telomeric repeat RNAs. G4-forming sequences
also exist in the genomes of numerous viruses.'”'*'%?!! A breakthrough discovery in the G4 field
was the development of G4-specific antibodies by the Balasubramanian group which confirmed

*12 These antibodies did not only target a

the presence of G4 structures in human chromosomes.
specific G4 topology, but were also capable of differentiating parallel G4 topologies with 100-
fold specificity, even with only minor differences in the loop structure. Furthermore, quantitative

visualization of DNA and RNA G4 structures in cells was achieved with BG4 antibodies in
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immunofluorescence assays (Figure 1.14).”>*'* In these studies, BG4 antibodies were scattered
in several chromosome loci (Figure 1.14, i—iii) and at telomeric ends (Figure 1.14, iv and v).
Interestingly, G4 structures were observed in sister chromatids of newly replicated DNA (Figure
1.14v), highlighting the dependence of G4 formation on the stage of cell division with maximum

G4 levels obtained during the S-phase.

Figure 1.14: Immunofluorescence for BG4 antibodies on metaphase chromosomes isolated from
Hela cervical cancer cells leading to the observation of G4 structures in chromosomes. Scale bars,
2.5 mm. Adapted with permission from reference [213] (Nature Publishing Group, 2013).

1.6.5 Biological Significance of G-Quadruplex Structures

X-ray and NMR structural determination of numerous G4 folding topologies combined
with the imaging and mapping of these structures throughout the genome have provided
significant insight with respect to their role in several biological processes including
transcription, replication, and telomere maintenance and elongation. The formation and stability
of G4 structures in oncogene promoter regions gives them an important role in regulating gene
expression. For instance, stabilizing G4 structures with ligands or synthetic oligonucleotides in
the proto-oncogenes c-MYC,”"” KRAS,*'® and zebrafish embryos leads to decreased mRNA
levels accompanied by phenotypic changes,”'” while destabilizing G4 structures in promoter

218,219

regions leads to an increase in gene expression. Introducing mutations in the G4-resolving

helicases alters the expression of the G4-rich promoter regions, thus confirming the influence of

220,221

G4 structures on transcription. The presence of stable G4 structures, due to the disruption or
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absence of helicases, inhibits the progression of DNA polymerases, leading to genomic

instability.

G4 structures also have important consequences in telomere biology. Folding of the G-
rich 3'-overhang at the chromosome ends into G4 structures can prevent the hybridization of the
RNA template of telomerase to the 3'-overhang, thus blocking the extension of telomeric
DNA.*** G4s are also thought to be involved in inhibiting telomere recombination, thereby
impeding the alternative lengthening of telomeres.””> Moreover, G4 structures might hinder the
association of the shelterin complex proteins to the 3'-end and lead to telomere dysfunction.
Stabilization of telomeric G4 structures via small-molecule ligands has been considered as an

interesting strategy for anticancer therapy.***

Early studies reported that G4 structures prevent the extension of telomeres by telomerase

but did not take into account that G4 conformation could influence its interaction with

225

telomerase.” In 2006, the Bryan group reported that the parallel-stranded intermolecular G4

structures from the ciliated protozoa Tetrahymena thermophila and Euplotes aediculatus are
elongated by the ciliate telomerase, while the intramolecular antiparallel conformations are not
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substrates of telomerase.” In 2015 the same group showed that the ability of telomerase to

extend parallel G4 structures is not a ciliate-specific property.?’

They demonstrated that human
telomerase is able to partially unwind and extend parallel intermolecular G4 structures (Figure
1.15). In sum, these results show that not all G4 structures lead to inhibition of telomerase, as

was originally thought.
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A) Telomerase inhibition by G-quadruplex stabilizing agents

WCCCAATCCCAAT....
GGGTTAGGGTTA....GGGTTAGGGTTAGGGG
3' 5

G-quadruplex + ligand
(i.e. Telomestatin)

CCCAATCCCAAT...
NGGGTTAGGGTTA

3' 5

G-quadruplex

B) Telomerase extends parallel intermolecular G-quadruplex structures

Telomerase binding, partial G-quadruplex extension by
resolution & hTR hybridization telomerase

Figure 1.15: A) Inhibition of telomerase activity due to G4 formation. B) Proposed mechanism
for the elongation of parallel intermolecular G4 structures by telomerase, adapted from reference
[227] (Nature Communication, open access).

1.6.6 Ligands and Proteins that Recognize and Bind to G-Quadruplex Structures
Structural polymorphism observed for G4 structures can be a bottleneck for the design of
selective ligands. Small-molecule ligands targeting G4 structures should possess certain features.
For instance, they should exhibit a large aromatic core in order to enhance the m-stacking
interactions with the surface of the G-quartet, a positive charge to counteract the negatively
charged backbone, and side chain functionality to provide additional interactions with the G4

grooves, loops, or bases.””® These ligands can either bind to pre-formed G4 structures or initiate
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the folding of G-rich sequences into G4 structures (molecular chaperone).”®® The ability of
ligands to discriminate between various G4 topologies is extremely important for their
application as therapeutic agents.”” BRACO19,”” RHSP4," and telomestatin®” are examples
of three ligands that bind to telomeric DNA. For instance, telomestatin, a natural product from S.
Anulatus, was found to slow the growth of glioblastoma since it alters the binding of shelterin
protein TRF2 to telomeric DNA which normally results in glioma stem cells.'®” Additionally, the
discovery of several proteins that specifically bind to DNA'' and RNA Gd4s is extremely
significant since it further supports the biological relevance of these secondary structures.”>>***
Three different types of G4-binding proteins have been reported so far: telomere-binding

proteins (i.e. the shelterin complex);”>*** nucleases and helicases responsible for Gd4-
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unwinding; and proteins that stabilize G4s or act as molecular chaperones such as nucleolin

and nucleophosmin.*%**’

The high thermodynamic stability of G4 structures at physiological conditions followed
by the in vivo visualization of these structures in DNA and RNA led to a tremendous leap in the
G4 field. As a result of Watson-Crick base pairing, every G4-forming sequence has a
complementary C-rich strand with the tendency to form i-motif structures, also known as i-DNA

or i-tetraplexes.

1.7 Nucleic Acid i-Motifs: Structure, Stability, and Targeting Ligands

The i-motif field has grown at a slower pace compared to the G4 field because i-motif
structures are stabilized by hemi-protonated base pairs under acidic conditions (Figure 1.16A).
Despite the identification of hemi-protonated cytosine-cytosine” base-pairing in 1962 in crystals
of cytidine-5-acetic acid and the first i-motif structure in 1993,2****! it was not until recent years
that the i-motif field started to develop as evidence emerged for their biological relevance in
transcription, replication, telomere functions, and telomerase inhibition. The pH-dependence of i-
motif structures furthered their use as pH switches in nanotechnological applications,**

. 243 244 T
supramolecular structures, logic gates,”* molecular beacons,*** and pH sensors in living cells.**’
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1.7.1 i-Motif Structure and Topology
The first i-motif structure was characterized by Gehring et al. for the hexamer sequence
d(TCCCCC) forming an intercalated quadruple-helical tetramolecular structure under acidic

241

conditions (Figure 1.16B). The structure consists of two parallel-stranded duplexes

intercalated in an antiparallel orientation and held together by hemi-protonated cytosine-

.+ . . 241246
cytosine  base-pairing.”

Therefore, the building block of an i-motif structure consists of a
base pair between a neutral cytosine and a cytosine protonated at position N3 leading to three
hydrogen bonds (Figure 1.16A). The base-pairing energy (BPE) for the C-C" base pair is 169.7
kJ/mol, compared to the BPEs of G-C (96.6 kJ/mol) and neutral C-C (68.0 kJ/mol).**’ The high
BPE indicates that the hemiprotonated C-C" base pairs have stronger hydrogen-bonding
interactions compared to their neutral counterparts and the canonical Watson-Crick G-C base
pairs. Similar to G4 structures, i-motifs may fold in an intermolecular fashion from the

association of two (dimers) or four (tetramers) strands, or form an intramolecular structure due to

the spatial arrangement of C-C" base pairs from different C-tracts within the same strand.

The hydrogen bonding in a hemiprotonated C-C" (N3---H---N3) has been described as a

double-well potential where the proton delocalizes/oscillates between the two wells.**®

Leroy et
al. postulated the proton-transfer rate to be 8x10* s'.** The NMR structural study of an
intramolecular telomeric i-motif (PDB code: 1ELN) showed that the C-C" base pairs are planar
and the N3-N3 distance is around 2.6 — 2.8 A.* NMR spectroscopy and quantum chemical
investigation performed by Lieblein et al. suggested that the N3---H'---N3 bonds possess an
asymmetric double-well potential and that the proton in one C-C" base pair tends to adopt a
position that leads to the largest distance with respect to the proton of the consecutive C-C" base
pair.**®

Unlike other secondary structures such as B-DNA, G-quadruplexes, or hairpins that are
held together via m stacking interactions between sequential nucleobases, i-motif structures lack
stacking interactions due the intercalation between the consecutive base pairs. As shown in
Figure 1.16C, no overlap exists between the six-membered aromatic pyrimidine nucleobases;

however, C-C" base pairs involve the stacking of exocyclic carbonyls and amino groups in an

antiparallel fashion.
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Ilﬁll
step

“pb”
step

Major groove

D) 3'E intercalation topology E) 5'E intercalation topology

Figure 1.16: A) C-C"base pairs. B) 3D structure of a tetramolecular i-motif (PDB 1YBR), face-
to-face and back-to-back steps are highlighted. C) Stacking between intercalating C-C" base pairs.
Adapted with permission from reference [251] (Royal Society of Chemistry, 2014). D) Scheme
representing the 3'E intercalation topology of an intramolecular i-motif structure. E) Scheme
representing the 5'E intercalation topology of an intramolecular i-motif structure.

The structure consists of two wide major grooves and two narrow minor grooves. The
intercalation of base pairs from two parallel duplexes leads to a shorter base-pairing distance (3.1
A) and a smaller right-handed helical twist (12-16°) compared to A- and B-DNA, giving rise to
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close intermolecular contacts between the sugar phosphate backbones.” The minor groove

consists of alternating face-to-face (ff) and back-to-back (bb) steps. In the ff steps, the O4' ring
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oxygens face one another (5'-side); however, in the bb steps, the C3'-C4' edge of the sugar
moieties are oriented close to each other (3'-side, Figure 1.16B). This unusual folding
architecture is destabilized by two main factors: 1) the lack of base stacking interactions and 2)
the close inter-strand phosphorus-phosphorus distances (5.9 A) along the narrow groove.*”
These destabilizing factors are compensated by an intermolecular hydrogen-bonding network
between the deoxyribose sugar moieties along the minor groove.”> A C-H:--O hydrogen-
bonding network is observed between the lone pair of the O4' oxygen atom of a deoxyribose
from one strand and H1' of a deoxyribose from the antiparallel strand along the narrow groove
and vice versa. Moreover, studies have shown that a lone electron pair of one O4' can be shared
between H1' and H4' hydrogens.””> These very close contacts between the sugar-phosphate
backbones from the antiparallel duplexes along the narrow groove lead to strong NOE signals

between inter-strand sugar protons HI'-H1' and H1'-H4'".

Additional stabilizing interactions were observed in the crystal structures of d(CCCT)
and d(CCCAAT), such as the intra-nucleoside hydrogen bond between the 3 lone pair of O4' and
H6 in pyrimidine nucleobases (C6-H6:--O4"). In addition to the C-H---O hydrogen-bonding
network, the structure is stabilized by dipole-dipole and ion-dipole interactions between
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intercalated C-C" base pairs.”*' All the mentioned interactions contribute significantly to the

stability of i-motif structures.

Due to the spatial arrangement of C-C" base pairs, d(TCCCCC) interconverts between
two tetramolecular i-motif structures with different intercalation topologies known as 3'E and
5'E.>** When the outmost C-C" base pair is at the 3'-end, the structure is known as 3'E, while in
the 5'E topology, the terminal C-C" base pair is at the 5'-end.'”” Similarly, intramolecular i-motif
structures form 3'E and 5'E intercalation topologies (Figure 1.16D and E). NMR studies on the
intramolecular human telomeric repeat d(CCCTAA),, indicated that the 3'E configuration is
kinetically favored while the 5'E topology is thermodynamically more stable due to an extra T-T

base pair between the first and third loop.>”

1.7.2 Factors Affecting the Stability of i-Motif Structures
Detailed investigation of the factors that influence i-motif folding and stability is

important in understanding how i-motifs regulate gene expression and how to implement these
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structures efficiently in nanotechnological applications. Like other nucleic acid structures, i-
motif stability depends on several factors, including sequence nature and length, C-tract length,
loop topology, temperature, ionic strength, ligands, and pH. Initially, it was thought that i-motif
structures could only fold at acidic pH values, due to the requirement of hemiprotonated base
pairs; however, several recent studies have shown that i-motif structures might form at neutral
pH depending on the sequence and environmental conditions. For example, i-motif structures
were observed at neutral pH and low temperatures under molecular crowding conditions,”**’
under negative superhelicity,' and in the presence of silver cations.”® Moreover, as shown in

this thesis work, 2'F-araC chemical modifications stabilize inter- and intramolecular i-motif

structures at neutral conditions and high temperatures.

1.7.2.1 C-tract Length and Genomic Analysis
In general, under the same experimental conditions, the i-motif structure possessing a
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higher number of C-C" base pairs would be more stable.”> Very recently, Zoe Waller’s group

and Cynthia Burrows’ group investigated the effect of C-tract length on the folding of i-motif

. . el 260,261
structures under physiological conditions.”™"

Waller’s group studied several sequences with
varying C-tract lengths. Their results suggest that, at pH 7.4, the thermal stability increases as the
number of cytosines per tract increases from three (C3(T3Cs)s; Tm = 7 °C and pHr = 6.7) to five
Cs(T3C7)s; Tm = 26.2 °C and pHt = 7.2). Increasing the tract length beyond five enhances the
stability; however, it also leads to two melting transitions and to increased hysteresis between the
folding and unfolding transitions. Sequences with ten cytosines per tract C;o(T3Cio)3 exhibit a
pHr of 7.3 and therefore still form i-motif structures at neutral pH. In sum, the study suggests

that a minimum of five cytosines is required to achieve stability at neutral conditions.

Based on these findings, the Waller group utilized Quadparser to determine the potential
prevalence of such i-motif-forming sequences within the human genome. They developed a
folding rule, Cs(N;.19Cs)3, with four C-tracts of five cytosines and a loop length ranging between
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1 to 19 nucleobases.”™ This rule led to the identification of 5125 sequences across the genome

with the potential to fold into i-motif structures. Out of the 5125 i-motif structures, 637 (i.e.

~12.4%), were located in gene promoter regions. Thirty genes were found to have several i-

motif-forming sequences within their promoter regions. Through careful examination of the gene

ontology codes of 100 genes, it was found that i-motif formation was concentrated in promoter
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regions and regulatory genes. More specifically, i-motif formation was concentrated in “genes
involved in skeletal system development, sequence specific DNA binding, DNA templated
transcription and positive regulation of transcription from RNA polymerase II promoter” and not
in “genes involved in the immune response, G-protein coupled receptor activity and olfactory

receptor activity”.**

On the other hand, the Burrows group was interested in investigating the formation and
stability of i-motif structures from several dC, strands (where n = 10 — 30).”®' Several sequences
exhibited high pHr and 75, values, suggesting their ability to form i-motif structures under
physiological conditions. The highest stability was observed for sequences containing 15, 19, 23,
and 27 cytosines. This led to the determination of a 4n — 1 “sweet spot” for i-motif folding in
deoxycytidine homopolymers. By introducing T nucleotides to form loops of varying lengths, it
was determined that the highest stability is achieved with an even number of C-C" base pairs in
the core and three loops consisting of a single nucleotide each. However, it is important to note
that these results are not applicable for hetero-oligonucleotides since the presence of loop-to-loop

interactions might contribute to the stability of the structures.***

Using bioinformatics analysis, the Burrows group investigated the presence of dC, tracks
across the human genome. These studies suggested the presence of 269 dC,s sequence motifs
and 769 dC, tracks with n between 15 to 81 nucleotides. Consistent with the results obtained
from Waller’s group, these sequences were mainly distributed in promoter regions, introns, and
5'- and 3'-UTRs. On the contrary, fewer dC, strands were observed in the coding and intergenic
regions. These two studies are not comprehensive, but they are an optimistic starting point in
determining the number and occurrence of i-motif-forming sequences in the genome. They also
highlight the fact that these sequences are not randomly located; instead, they are localized in the
promoters of several genes and might have a great impact in the activation or suppression of

genes.
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1.7.2.2 Effects of Chemical Modifications on i-Motif Stability
1.7.2.2.1 Sugar Modifications

There is an increasing interest in stabilizing i-motif structures at a wider range of
pH for biological and nanotechnological applications. Since i-motif stabilization is highly
pH-dependent, chemical modifications have been introduced to modulate their stability.
Several sugar modifications have been investigated, some of which are: RNA,2%32%4 o1
arabinose,”® 2'F-RNA.*®® locked nucleic acids (LNA),267 unlocked nucleic acids (UNA),268

acyclic threoninol cytidine nucleic acids (aTNA),** and 2'F-araC (Figure 1.17).27°
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Figure 1.17: Sugar modifications introduced in i-motif structures.

In DNA i-motif structures, the glycosidic angles possess an anti-conformation and the
deoxyribose sugars mainly adopt a C3'-endo (North) pucker. These properties led researchers to
investigate the effect of RNA and RNA-like modifications locked in the North conformation on
i-motif stability. Reports have shown that oligoribonucleotides form less stable i-motif structures
compared to their oligodeoxynucleotide counterparts. Initial studies reported a ATy, of 29 °C
between i-motif  structures formed by an 18-mer DNA sequence,
(d(CCCTCCCTTTTCCCTCCC), 54 °C) versus the corresponding 18-mer RNA sequence
(r(CCCUCCCUUUUCCCUCCC), 25 °C).*** On the contrary, the uracil substituted DNA
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sequence exhibits a melting temperature of 56 °C. Therefore, the destabilization of RNA i-motif
is not due to the lack of the methyl group on uracil but due to the presence of 2'-OH group.
Collin and Gehring studied the effect of chimeric DNA/RNA tetrads on i-motif formation.*®’
This study suggested that the destabilization observed due to an RNA residue is almost equal to
the destabilization due to the loss of a C-C" base pair. When two hydroxyl groups are juxtaposed
in back-to-back step, the distance between them is 0.35 nm compared to 0.65 nm in face-to-face

steps, leading to less stable i-motif structures (Figure 1.18).>%

The r(UCs) sequence led to the formation of

@

two i-motif structures adopting different intercalation

3 5'

topologies. The intercalation topology of the major o 4

conformation possesses one less 2'-OH/2'-OH R -

repulsive contact compared to six in the minor e -

conformation. The free energy of the RNA i-motif per

C-C" base pair (-4 KJ/mol) is almost half that of the T | 7
face-to-face back-to-back

DNA  i-motif*”"  Similarl 2'-O-modifications
Y Figure 1.18: Details of the orientation

completely perturb i-motif formation, even when only of ribose residues in the narrow
groove. Left panel face-to-face and
right panel back-to-back orientation.

the 2'-OH in RNA with its 2'-arabinose epimer leads ~ Adapted  from — reference ~ [263]
(American Chemical Society, 1998).

one insert is introduced. On the contrary, substituting

to stable i-motif structures since the OH group is

5 The different stability observed between riboses and

placed in the wide major groove.
arabinoses confirms the critical significance of sugar—sugar contacts in the minor groove on the

stabilization of i-motifs.

Like RNA, 2'F-RNA also adopts a C3'-endo sugar pucker and the fluorine is sterically
close to a hydroxyl group. The main difference lies in fluorine’s lower hydrogen-bonding
capability compared to the 2'-OH group. The introduction of a single 2'-fluorine (Cf) in
d(TCCCCC) enhances i-motif stability at pH 42%° Two consecutive modifications,
d(TCCECECC), lead to 0.6 °C reduction compared to the unmodified strand. On the other hand,
ribose modifications in the same positions lead to a destabilization of 20 °C. Given the similarity

in the size of fluorine and hydroxyl group, the destabilization observed in this case is not due to
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steric clashes but likely due to the solvation of the hydroxyl groups compared to a limited solvent
accessibility for the fluorinated minor groove. LNA is another RNA mimic locked in the C3'-
endo conformation with a 2'-O-4'-C methylene bridge. LNA stabilizes DNA and RNA duplexes
and triplexes and G4 parallel topologies. LNA was also introduced in the hexamer model
sequence dTCs at pH 4.0.%7 Some of the partially modified sequences are more stable than the
unmodified i-motif, while the fully modified strand does not form an i-motif. The observed
stability is attributed to the extended hydrogen-bonding network at the back-to-back steps due to
the OCH, bridge that extends from C2' to C4'. Therefore, when LNA is carefully introduced, the
OCH; bridge creates additional hydrogen bonds that neutralize the unfavorable van der Waals

contacts in the minor groove.

In conclusion, introducing modifications preorganized in the C3'-endo conformation does
not necessarily stabilize i-motif structures. On the contrary, most of the C3'-endo modifications
significantly destabilize or completely abolish i-motif formation due to the presence of
electronegative substituents at the 2'-position, leading to steric clashes in the compact narrow
groove. Therefore, there is still a need to find modifications that would be well tolerated in the

unique i-motif architecture and would result in stabilization at physiological conditions.

1.7.2.2.2 Nucleobase Modifications

Nucleobase modifications have been less investigated compared to sugar and backbone
modifications. Wadkins and co-authors indicated that a cytosine modification might have
different effects on i-motif stability depending on the environmental conditions.*”* For instance,
methylation of cytosine in dilute aqueous solutions leads to an increase in the pK, and 7y, of i-
motif structures, while hydroxymethylation leads to a decrease in pK, and 7}, (ApK, = -0.2). In
general, halogenated cytosine analogues, such as 5-fluoro, 5-bromo, and 5-iodo, stabilize
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i-motif formation at acidic pHs,”” while 5-methylcytosine stabilizes i-motifs at more

basic pHs and leads to a slight increase in the pK, (ApK, = +0.11 for two sequences
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containing two 5-methylcytosine inserts).””" Therefore, the pH response of i-motif structures

can be tuned by introducing different types of nucleobase modifications.
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1.7.2.2.3 Backbone Modifications

The sugar-phosphate backbone of i-motifs is very compact in the minor groove with
unusually short distances between adjacent phosphates. Therefore, the i-motif structure is very
sensitive to perturbations in the sugar-phosphate backbone. In an attempt to suppress the
repulsion between the negatively-charged phosphate backbones, several backbone modifications
have been investigated. Molecular dynamics simulations performed on the tetramolecular 5'E
and 3'E intercalation topologies of d(CCCC) indicated that the 3'E conformation is more stable
due to the presence of two additional sugar interactions along the narrow groove.””> On the other
hand, the 5'E topology of the intramolecular human telomeric i-motif is thermodynamically more
stable due to the formation of an additional T-T base pair. Mergny and Lacroix investigated the
effect of phosphorothioate, and methylphosphonate, as opposed to the phosphodiester
backbone.”’”® Their studies suggest that only the phosphodiester and phosphorothioate
oligodeoxynucleotides lead to i-motif formation. They hypothesized that the bulkiness of the
methyl group prevents i-motif formation in sequences with a methylphosphonate backbone,
despite its neutral charge. The incorporation of phosphorothioates in longer sequences (18, 20
and 29 nucleotides) leads to the formation of stable i-motif structures at neutral pH, and they are
only a few degrees less stable than the unmodified structures.”’® Additionally, the chirality of the
phosphorothioate group influences i-motif stability; for instance the R-stereochemistry leads to
greater stabilization compared to the S-stereochemistry (AT = 11 °C).*”” Another backbone
modification that was investigated involved replacing the negatively-charged sugar-phosphate
backbone with a neutral polyamide backbone. Peptide nucleic acid (PNA) i-motifs exhibit lower
or comparable stability compared to DNA i-motifs.””® On the contrary, hybrid PNA-DNA i-

27 This difference can be attributed

motifs are more stable than pure PNA or pure DNA i-motifs.
to the presence of two negatively-charged DNA backbones and two neutral polyamide PNA
backbones, rather than a completely neutral backbone or an entirely negatively charged
backbone. Another interesting “backbone” modification investigated by Robidoux ef al. involves
branched oligonucleotides, where the 5'-ends of parallel duplexes are joined by a branching
riboadenosine linker. Their studies show that branched oligonucleotides can associate into stable

i-motif structures.”*°

In Chapter 2, we investigate the effect of 2'F-araC in d(TCCCCC), centromeric, and

telomeric sequences. In Chapter 3, we proceed to explore the effect of simultaneously combining
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both a sugar modification (2'F-araC) and a nucleobase modification (5-methylcytosine) on the
stability and folding topology of i-motif structures. Our rationale for selecting these two
modifications is that, among all studied modifications, they stabilize i-motifs at slightly basic pH

while increasing the pK, of the folded structures.

1.7.2.3 The Nature and Length of Connecting Loops

Based on the length of the connecting loops, Brooks et al. divided intramolecular i-motif
structures into two different classes. i-Motif structures possessing short loops (loop 1 (2-nt) :
loop 2 (3/4-nt) : loop 3 (2-nt) i.e. 2:3/4:2) were classified as “class I, while “class II”” i-motifs
possess longer loops (6/8:2/5:6/7).**' Since longer loops might allow for extra stabilizing
interactions, class II i-motifs are considered to be more stable. Very short loops, such as one
nucleotide, favor the formation of mono and bimolecular i-motifs, whereas longer loops only
282

lead to the formation of intramolecular i-motif structures.

d(TAACCCQ), is stabilized by an A—T base pair between the bases in the loops. This additional

The human telomeric repeat

base pair stacks on top of the i-motif core, further stabilizing the i-motif structure.”*’
Interestingly, d(TCCCGTTTCCA) sequence forms a dimeric i-motif structure via the association
of two hairpins. This i-motif structure is stabilized up to pH 6.7 due to the presence of T-G-G-T
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tetrad forming between the two loops.”” Therefore, longer loops enhance the stabilization of i-

motifs only if they can form additional base pairs to further stabilize the i-motif core.

1.7.2.4 Impact of Ionic Strength, Molecular Crowding, and Negative Supercoiling

Ionic strength is another factor that affects the stability of i-motif structures. Unlike G4
structures where the nature of the cation leads to significant differences in stability and folding
topology, i-motifs are not affected by the nature of the cation but by the ionic strength of the
solution. Mergny and co-workers investigated the effect of salt on the pK, of cytosine N3 and
their results show that low salt concentration reduces it, thereby stabilizing i-motif structures.”*
They showed that increasing NaCl concentration from 0 to 100 mM at a pH close to the pK, of
cytosine destabilizes i-motif structure, while higher NaCl concentrations (300 mM) do not cause
further destabilization.”®* The same trend of decreasing i-motif stability with increasing ionic

. . 284
concentration was observed in n-MYC sequences.
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Molecular crowding via high molecular weight polyethylene glycols (PEG) also
contributes to i-motif stability. Molecular crowding mimics the crowded environment in cells,
and hence studying its effect on i-motifs is biologically relevant. Crowding conditions
preferentially stabilize both i-motif and G4 structures over duplexes and single-stranded
sequences.”® Studies have shown the possible formation of i-motif structures at neutral pH in

molecularly-crowded systems which is attributed to the increased pK, of cytosine N3.%*7

Another factor that is associated with i-motif stability is negative superhelicity. As
mentioned in section 1.4, the DNA double helix unwinds into its component single-stranded
sequences during transcription. This unwinding leads to negative superhelical stress in the single
strands, facilitating the formation of non-canonical secondary structures in the unwound
regions.””' In order to mimic the negative supercoiling induced upstream of a transcription site,
Sun and Hurley placed the i-motif and G4-forming sequences of the c-MYC oncogene promoter
in a supercoiled plasmid. This study confirmed that negative superhelical stress promotes the
formation of i-motifs structures under physiological conditions further highlighting the potential

. . . . . 281
role of i-motifs in regulation of gene expression.

1.7.3 Interaction with Ligands and Proteins
1.7.3.1 Ligands

Compared to the well-documented examples of G4 ligands, the discovery of specific i-
motif binding ligands lags far behind. Several ligands have been investigated such as:
TMPyP4,” bis-acridine (BisA),” and phenanthroline compounds.”®* Some of these have a
stabilizing effect, but they are not selective to i-motifs and also bind to G4 structures and DNA
duplexes. Some metal complexes have been studied as potential i-motif ligands, such as terbium
and ruthenium;***** however, they lead to marginal destabilization of i-motif structures and are
not i-motif specific. Carboxyl-modified single-walled carbon nanotubes (SWNTs) are considered
the first selective i-motif DNA-binding ligands that serve as probes to determine the biological

role of i-motif structures in vivo and in vitro (Figure 1.19).
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Figure 1.19: Structure of i-motif binding ligands. A) Single-walled carbon nanotubes (SWNT).
B) Structure of IMC-48 specific for BCL-2 i-motif. C) Structure of IMC-76 specific for BCL-2
hairpin.
SWNTs were found to inhibit duplex formation in human telomeric regions and induce
the formation of i-motif structures at pH 8.0. At pH 5.5, SWNTs lead to a ATy, of 22 °C at 10

1% It is hypothesized that the nanotubes bind to the 5'-end of the major groove in an i-

pg/m
motif, leading to favorable electrostatic interactions between the C-C" core and the carboxylate
groups. Qu and co-workers investigated the biomedical effect of SWNTSs on telomerase activity
and telomere function (discussed in section 1.7.4.1). This study determined that i-motif structures
formed in the presence of SWNTs could inhibit telomerase activity, interfere with telomere
functions, and lead to senescence and apoptosis in cancer cells in vitro and in vivo.”' These

experiments hint, but by no means prove, that i-motif structures may play important roles in

telomere biology.

Following the carbon nanotubes, only one other study has succeeded in identifying a
selective i-motif ligand. After screening a library of 1990 compounds, Hurley and co-workers
identified two steroids, compound IMC-48 as an i-motif stabilizing ligand and IMC-76 as a
hairpin stabilizing ligand (Figure 1.19 and 1.20). This is relevant to the BCL-2 promoter since it
exists in dynamic equilibrium between a hairpin and an i-motif structure containing large loops

(8:5:7).%?

IMC-48 binds within the central loop of the i-motif by possible stacking interactions with
thymines. On the other hand, the binding site of the lipophilic molecule, IMC-76, was found
between the WC hydrogen-bonded regions in the hairpin structure. Furthermore, both of these
compounds are selective for BCL-2 over other promoter oncogenes. IMC-48 leads to the
activation of gene expression while IMC-76 markedly suppresses the levels of BCL-2 mRNA. It
is therefore hypothesized that IMC-48 and IMC-76 are antagonistic and stabilize either the BCL-

2 i-motif structure or the hairpin structure, respectively.””
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transcriptional repression. C) IMC-48 binds to the central loop of the BCL-2 i-motif providing the
binding sites for RRMs 1 and 2 of the hnRNP LL. D) hnRNP LL binds to the unfolded C-rich
strand causing transcriptional activation of BCL-2. Adapted with permission from reference [293]
(American Chemical Society, 2014).

In conclusion, only two i-motif specific ligands have been reported thus far (SWNTs and
IMC-48). Most of the other reported ligands are not i-motif specific, and some exhibit higher
affinity for G4s and/or DNA duplexes. As more i-motif structures are solved and our
understanding of possible binding sites in the compact i-motif structure increases, we will likely
see a dramatic increase in the number of i-motif ligands identified. The stabilization of i-motif
structures at neutral pH (a goal of this thesis work) will also further our ability to identify ligands

that stabilize i-motifs in vivo.

1.7.3.2 Proteins
The interaction of C-rich DNA strands with proteins has been investigated; however, in
most cases, it is not clear whether the protein binds to a given C-rich strand or to the C-rich

% Poly-C-binding proteins (PCBP) interact with the C-

strand resulting from i-motif unfolding.
rich oligonucleotides and play a fundamental role in regulating gene expression. The PCBP
family consists of the hnRNP K (heterogeneous nuclear ribonucleoprotein K), aCP1-4, and aCP-

KL.*" In an early study, Lacroix ef al. investigated the interaction of the hnRNP K and ASF/SF2
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proteins with the C-rich telomeric sequence over a wide pH range (6-9.2). Their results show
that the protein unfolds i-motif structures at acidic pH and binds to the unfolded C-rich
sequence.”* Additionally, a highly cytosine-specific protein has been discovered in human HeLa

295
cells.

This protein is very specific for the human telomeric sequence, d(CCCTAA),,
containing at least four cytosine tracts.”®® However, it is difficult to conclude whether the protein

binds to telomeric i-motif structures since the studies were performed at pH 7.4.

The BCL-2 activating transcription factor heterogeneous nuclear ribonucleoprotein LL
(hnRNP LL) is one of the very few i-motif binding proteins that have been studied in depth.
Through a pull-down assay, Hurley’s group identified hnRNP LL from 35 proteins as capable of
binding to the i-motif structure of the BCL-2 promoter oncogene and playing a role in
transcription.””> The hnRNP LL protein is a paralog of hnRNP L, which is a premRNA splicing
factor capable of binding and stabilizing BCL-2 mRNA.**® hnRNP LL was found to be specific
to i-motif structures as opposed to BCL-2 double-stranded duplex or modified single strand
incapable of folding into an i-motif. It is suggested that hnRNP LL binds to the two lateral loops
of the BCL-2 i-motif (Figure 1.20). CD and bromine footprinting experiments show that the
binding of the protein unfolds the i-motif structures to single-stranded sequences. Therefore, the
i-motif structures provide the protein binding sites in the most kinetically favorable conformation
for binding. Then the protein unfolds the i-motif structures to the more thermodynamically
favored single-stranded sequences. The protein remains bound to the single strands and leads to
the activation of BCL-2 gene transcription. Therefore, the discovery of the hnRNP LL protein
brings i-motif structures into focus as protein recognition sites capable of activating gene

expression.

A similar transcription factor, hnRNP K, is known to bind to the C-rich region of the c-

MYC promoter.”’

loops of the ¢-MYC i-motif.**® Since hnRNP K belongs to the same family of hnRNP LL, it has

The hnRNP K protein recognizes the TCCC sequences found in the lateral

been hypothesized that hnRNP K activates the transcription of c-MYC gene in a similar way to
the activation of BCL-2.
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1.7.4 Biological Relevance of i-Motifs in vivo — Is There One?

To date, several i-motif forming sequences have been identified and characterized. The
recent genomic analysis performed by Burrows and Waller groups confirmed the possible
formation of these secondary structures in telomeric, centromeric, and oncogene promoter
regions. Some key studies highlighting the impact of i-motif structures in several biological

processes are described below.

1.7.4.1 Inhibition of Telomerase Activity

As discussed in section 1.6.5, stabilization of certain human telomeric G-quadruplex
topologies with ligands is known to inhibit telomerase activity; however, the role of the
complementary C-rich strand has not been investigated in depth. During the S-phase of cell
division, the C-rich stand in human telomeres exists transiently as a single-stranded 5'-overhang
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and therefore has the tendency to fold into i-motif structures.”” The study conducted by Qu and

co-workers in 2012 was the first to investigate the effect of SWNT-stabilized human telomeric i-

motifs on telomerase activity (Figure 1.21).*!

SWNTs were found to induce duplex dissociation and to stabilize human telomeric i-
motifs under physiological conditions and under molecular crowding conditions. This, in turn,

induces the formation of G4 structures on the complementary G-rich strand.*”

In the presence of
the i-motif, telomerase activity is inhibited, thereby suggesting that the freed up G4 can no
longer be elongated by telomerase. Further investigations into the effect of carboxylated SWNTs
on cell growth and telomere structure and function have suggested that the inhibition of cellular
growth due to SWNTs was telomere structure-dependent rather than telomerase activity-
dependent. This is due to the persistence of i-motif and G4 structures, which lead to telomere
uncapping and release of telomere-binding proteins, resulting in telomere dysfunction. Telomere
dysfunction induces DNA damage response and activates DNA repair pathways, which in turn
trigger cell cycle arrest, senescence, and apoptosis. This report is the first to describe how i-motif
structures could inhibit telomerase activity and lead to telomere dysfunction in cancer cells. In

Chapter 4, we will investigate the effect of i-motif structures in the telomeric region in the

presence of G4 structures that are substrates of telomerase.
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Figure 1.21: The effect of carboxylated SWNTs on telomerase inhibition and telomere uncapping.
Adapted from reference [291] (Nature Communication, open access).

1.7.4.2 Transcriptional Regulation of Gene Expression

BCL-2 oncogene promotes cell survival and proliferation through an anti-apoptotic
mechanism. It is overexpressed in some cancer cells, while its under-expression leads to
neurodegenerative diseases.’”’ As discussed earlier, the P1 promoter of the BCL-2 oncogene is in
dynamic equilibrium between a hairpin structure and an i-motif structure.’®’ Two back-to-back
studies by Hurley’s group in 2014 showcase small molecules capable of modulating BCL-2
transcription in vitro and in vivo by specifically targeting either the i-motif or the hairpin form in
dynamic equilibrium and via the binding of the transcriptional factor (hnRNP LL)****%
Stabilization of the i-motif structure via IMC-48 leads to significant upregulation of the BCL-2.
On the contrary, stabilization of the flexible hairpin species via IMC-76 leads to transcriptional
repression in breast cancer and lymphoma cell lines in vitro and in vivo models (Figure 1.20).>”
Therefore, these studies demonstrate the antagonism between IMC-48 and IMC-76 in solution

and in cell studies.
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In a consecutive study, the Hurley group determined the effect of the hnRNP LL protein
on BCL-2 transcription. Two of the four RNA recognition motifs (RRMs) in hnRNP LL are
required for stable binding to a single-stranded RNA or DNA. The lateral loops of BCL-2
possess sequences capable of binding to the RRMs in hnRNP LL. These studies demonstrate that
hnRNP LL activates transcription by recognizing and unfolding the BCL-2 i-motif. The presence
of IMC-48 shifts the equilibrium in favor of the i-motif and therefore increases the i-motif
population available for binding to hnRNP LL. The research group hypothesizes that IMC-48
binds to the central loop of the BCL-2 i-motif, followed by recognition and binding of hnRNP
LL to the two lateral loops. Then, hnRNP LL facilitates i-motif unfolding to bind to the more
stable single-stranded sequence. In conclusion, these two studies demonstrate the effect of two
small molecules (IMC-76 and IMC-48) and a transcriptional factor (hnRNP LL) on the relative

population of i-motif and its impact on gene expression.

1.7.4.3 Regulation of DNA Biosynthesis

Very recently, Sugimoto and co-authors investigated the effect of several non-canonical
DNA structures on DNA polymerization by the Klenow fragment (KF) of DNA polymerase.*”” i-
Motif structures in the template of a telomere, hypoxia-induced transcription factor, and an
insulin-linked polymorphic region (ILPR) were found to stall DNA polymerase and thus impede
DNA replication or repair. Despite the fact that i-motifs, hairpin structures, and mixed-type G4s
possess similar thermodynamic stabilities, i-motifs were found to be better inhibitors of DNA
replication. For instance, KF can easily unwind hairpin structures since they possess a
“breathing” terminal base pair (Figure 1.22). In the case of mixed G4 structures, the terminal
tetrad is more stable than the terminal base pair in a hairpin structure. Therefore, the unzipping of
the terminal tetrad is the rate-determining step. Once it is unzipped, the stability of the G4
structure decreases dramatically and polymerase processivity is resumed. On the contrary, the
unique intercalating topology of base pairs in i-motif structures complicates its unwinding by

polymerase (Figure 1.22).

As mentioned earlier, the base pairs in an i-motif structure are intercalated between two
parallel duplexes and lack the base stacking interactions like in normal duplexes. Therefore,
unzipping is significantly repressed since consecutive base pairs belong to different duplexes.

Moreover the loop structure might cause steric hindrance for polymerase binding. Both of these
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factors may contribute to the observation that i-motif unwinding by KF requires an activation
energy that is threefold higher than that of mixed-G4 unwinding. Therefore, i-motifs can

modulate DNA replication to a greater extent than other secondary structures.

Polymerase easily
unwinds. '
— . JTIENINIE
3 Breathing terminal .
b::: p:;? R Breathing next
5 terminal base pair
B Stacking reduces
breathing of the
terminal base pair Polymerase
elongation blocked. 3m
|:'-|> 5
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5 for polymerase 5 e

Figure 1.22: The proposed mechanism of unwinding of structured DNAs by the Klenow
fragment of DNA polymerase. A) In hairpin structures the terminal base pair is relatively
unstable; therefore, polymerase can unzip the hairpin one base pair at a time. B) In i-motif
structures, the loops and intercalated base pairs stall the processivity of DNA polymerase.
Adapted with permission from reference [302] (National Academy of Science, 2017).

1.7.4.4 Mutual Exclusivity of i-Motifs and G-Quadruplexes and its Effect on Gene
Expression

Most of the earlier studies focused on investigating the biological effects of G-
quadruplexes and i-motifs separately in single-stranded DNA fragments. However, in cells, these
non-canonical secondary structures are flanked between double-stranded DNA duplexes in
oncogene promoter regions or present at the ends of chromosomes, which is the case for
telomeric sequences. Therefore, the formation of G4 and i-motif structures may compete with
duplex DNA, and several factors have been found to tune this equilibrium. Phan and Mergny
carried out the first G4/i-motif-duplex interconversion studies. Their results showed that 1:1
mixtures of the G-rich (AG3(T2AGs3)3) and C-rich ((C3TA;);CsT) telomeric sequences at acidic
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pHs (<5) and in the presence of KCI produced predominantly i-motifs and G4s.”~ However, at

pH 7.0 and 100 mM NaCl the duplex was the predominant species even at low temperatures.®”*
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Table 1.2: Characteristic features of B-DNA duplexes, G4s, and i-motifs.

Parameters/Characterization | B-DNA duplex G4 i-motif
Sensitivity to pH Slight Slight Extreme
Sensitivity to cation No Yes No
Molecular crowding Destabilizes Stabilizes Stabilizes
Flexibility Flexible Stiff Very stiff
Selective Ligands Yes Yes Very few

Base pairing

Hetero base pairs

Homo base pairs

Homo base pairs

AT/GC GGGG c-C
Helical sense R R R
Helical twist 36° 30° 12-16°
Helical rise 3.3-34A 3.13-3.3 A 3.1 A
Parallel (260)
CD (+ve band, nm) 260-280 ~ 285
Antiparallel (290)
Parallel (240)
CD (-ve band, nm) 245 ~ 265
Antiparallel (260)
NMR (ppm) 12-14 10-12 15-16

Several groups have investigated the factors influencing interconversion kinetics and
determined that the sequence, the experimental conditions (i.e. ionic strength, temperature, and
pH),>>*7 and the incorporation of chemical modifications (Chapter 4 of the thesis) all play a
significant role in favoring the tetraplex structures over duplexes and vice versa. Table 1.2 lists
the factors affecting the stability of G4s, i-motifs, and duplexes along with the distinct CD and

NMR signatures resulting from their structural differences.

Recently, several researchers, especially Hurley and Mao, have begun to investigate the
co-existence of G4 and i-motif structures. The question as to whether i-motif and G4 structures

can co-exist in complementary single strands or are mutually exclusive remains unsolved due to
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contradictory reports. One of the earlier reports by Sun and Hurley studied the influence of
negative superhelicity on the formation of G4 and i-motif structures in the promoter regions of c-

91 Utilizing enzymatic and chemical

MYC and their impact on gene expression (Figure 1.23).
footprinting, they found that the G4 and i-motif structures co-exist with slight displacement

relative to each other. Three out of the four required G-C tracts were shared between the two

tetraplexes.
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Figure 1.23: A) The proposed equilibrating forms of the NHE III; of the c-MYC promoter
produced under negative supercoiling. The requirements for the transition from duplexes to single-
stranded sequences and then to G4/i-motif species are shown on the right-hand panel. B) The
offset positioning of the G4 structure (with a 14 base overhang) and the i-motif structure (with 5-
base overhang). Adapted with permission from reference [201] (American Chemical Society,
2009).

On the contrary, a study conducted by Mao’s group in 2012 suggests that G4 and i-motif
structures are mutually exclusive in a double-stranded DNA in the insulin-linked polymorphic
region (ILPR).’® Using chemical footprinting and laser-tweezers-based single-molecule
techniques, they were able to show that the G-rich sequence folds into a G4 structure at pH 7.4
and 100 mM K" while the C-rich strand folds into an i-motif structure at pH 5.5 and 100 mM Li".
Under conditions that favor the formation of both structures (pH 5.5 and 100 mM K), either the
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G4 or the i-motif structure forms, but not both, probably due to mutual steric hindrance. This
observation was further studied in 2016, and results revealed that both tetraplexes form
simultaneously when the G4 and i-motif-forming sequences are offset with respect to each other
in complementary strands.’® This study further suggests that mutual exclusivity is governed by
steric hindrance in duplex DNA. The mutually exclusive phenomenon also suggests that G4 and
i-motif structures may play opposing biological roles at the same location in a double-stranded
duplex since G4 formation suppresses transcription, while i-motif structures lead to the

. - 281,292
activation of gene expression.”

Following the abovementioned reports, several studies have been reported by Hurley’s
group to demonstrate how G4s and i-motifs act as on/off molecular switches for the regulation of
MYC,"” platelet-derived growth factor receptor p (PDGFR- B),*'' and KRAS promoters.’'* For
instance, in the case of MYC, the SP1 protein induces negative superhelicity freeing up the G-
and C-rich strands (Figure 1.24). SP1 overexpression leads to a larger melted duplex area,
facilitating the binding of hnRNP K to the i-motif structure, thereby activating transcription. On
the other hand, nucleolin binds the MYC promoter G4 structure and suppresses transcription.
Lastly, in the presence of both nucleolin and hnRNP K, it is apparent that transcription decreases
overall. This effect can be attributed to the fact that at low SP1 levels, the G4-nucleolin complex
is stronger than the i-motif-hnRNP K complex and therefore the equilibrium is shifted towards

the G4-nucleolin complex, which results in repressed transcription.’'’

Despite the lack of direct in vivo evidence for the existence of i-motif structures, the
examples presented above suggest the likelihood of i-motif formation in biological systems.
However, many areas in the i-motif field require further investigations such as the development
of specific ligands for i-motifs, the identification of i-motif binding proteins, and the
development of i-motif-specific antibodies. The stabilization of i-motif structures under

physiological conditions will likely facilitate these endeavors.
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Figure 1.24: The proposed molecular mechanosensor mechanism for the differential control of
MYC expression through the NHE III;. A) Low SP1 levels result in low negative supercoiling,
therefore only the 4CT element is accessed, and nucleolin binding to G4 predominates over hnRNP
K binding to the i-motif. This results in basal levels of transcription from the P1 and P2 promoters,
because hnRNP K can only access the central and lateral loops in the i-motif. B) Higher SP1 levels
results in enhanced negative supercoiling, the SCT element is now available for hnRNP K binding,
leading to a more thermodynamically stable complex binding through the addition of the CT
element. The binding affinity of hnRNP K to the unfolded i-motif and the additional CT exceeds
that of nucleolin to G4, and MYC expression from P1 and P2 is significantly enhanced. Adapted
with permission from reference [310] (American Chemical Society, 2016).

1.8 Thesis Objectives

The aim of this thesis is to determine the effect of i-motif structures in telomere biology,
particularly on the elongation of G4 structures by telomerase. The telomeric G-rich sequence has
been studied in depth and several research groups are exploring the role of G4 structures in
telomere biology. Certain G4 topologies inhibit telomerase activity, while the parallel
intermolecular G4 topology is a substrate of telomerase. On the contrary, the role of the

complementary C-rich strand in telomeres has not been well explored yet.

In this thesis, we have attempted to stabilize telomeric i-motif structures at physiological
conditions to carry out telomerase assays in the presence of G4 structures. This is key, as we
wish to conduct these assays under conditions that will not avert the activity of the enzyme.
Therefore, we have introduced chemically-modified nucleoside/nucleotide analogues, especially

2'F-araC, in i-motif structures to help compensate for the factors that typically stabilize i-motif
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structures under neutral/physiological pH in vivo (i.e. negative superhelicity, cellular proteins,

and molecular crowding).

In Chapter 2, 2'F-araC modifications are introduced in the dTCCCCC hexamer model
sequence, in centromeric sequences, and in telomeric sequences capable of forming
tetramolecular, bimolecular, and unimolecular i-motif structures, respectively. We investigate the
effect of replacing 2-deoxyribose sugar with 2-deoxy-2-fluoro-arabinose via thermal melting
experiments, circular dichroism, and differential scanning calorimetry. We also report the
structural determination of the tetramolecular i-motif structure at pH 5.0 and, for the first time at

pH 7.0, via 2D NMR analysis.

Building on the results obtained in Chapter 2, Chapter 3 elaborates on the synthesis of a
novel nucleoside analogue (2'-deoxy-2'-fluoro-5-methyl-arabinocytidine) that combines the most
stabilizing sugar (2'F-araC) and nucleobase (5-Me-dC) modifications and investigates its impact
on the stability of telomeric i-motif structures. Furthermore, we report the first study that
combines several cytidine derivatives in the same structure to assess the effects of base and sugar
modifications in a “combinatorial” approach. We also provide evidence (via NMR, UV, CD) that
the stabilization of i-motif structures is highly dependent on the nature of the hemiprotonated
base pairs. Lastly, we study the immunostimulatory effect of the novel nucleoside analogue in

class C dCpG oligonucleotides.

In Chapter 4, first we aim to stabilize parallel intramolecular telomeric G4 structures by
incorporating 2'F-araG modifications and determining whether these modified G4 structures are
substrates of telomerase via direct telomerase activity assays. Next, by incorporating 2'F-araC
and 2'F-araG in the C-rich and G-rich telomeric sequences, we were able to monitor and tune the
G4/i-motif-duplex interconversion rate at neutral pH. Furthermore, the kinetics of G4/i-motif
unfolding and of duplex formation were monitored by 1D NMR experiments. Finally, we
performed telomerase activity assays using the constructs that possess stable G4 and i-motif
structures simultaneously, in an attempt to determine the effect of i-motif structures on

telomerase activity.
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Chapter 2
Stabilization of i-Motif Structures by 2'-B-Fluorination of DNA
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i-Motif structure of 5'-dTCC(fC)(fC)C-3' stabilized by
2'F-araC-2'F-araC" base pairing
pH,,=6.7+0.2, ApH A =+0.6
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The majority of this chapter is reproduced from: “Stabilization of i-motif structures by 2'-8-
fluorination of DNA”, Hala Abou Assi, Robert W. Harkness V, Nerea Martin-Pintado,
Christopher J. Wilds, Ramon Campos-Olivas, Anthony K. Mittermaier, Carlos Gonzalez, Masad
J. Damha, Nucleic Acids Research, 2016, 44, 4998-5009.

“If you are working on something exciting that you really care about,

you don’t have to be pushed. The vision pulls you.
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—Steve Jobs
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2.1 Introduction

Since the discovery of the DNA double helix, the understanding of DNA structure has
expanded considerably, with a plethora of polymorphs now known.'" Two structures have
attracted considerable interest due to their possible involvement in telomere maintenance and
gene regulation: a) the G-quadruplex (G4),> which consists of stacked guanine tetrads stabilized
by monovalent cations (K'/Na'); and b) the i-motif,* a cytosine-rich structure consisting of two
hemi-protonated (C-C") parallel duplexes intercalated in an antiparallel orientation.™® There is
increasing evidence for the occurrence of i-motif forming sequences throughout the human
genome such as centromeres,”® telomeres,”'’ and oncogene promoter regions.'"'? These
structures are also attracting much interest in nanotechnology, for example in the control of

13 . . 14,15
macromolecular structure assembly ~ and as pH-responsive switches. ™

The i-motif is a compact DNA structure characterized by short base-pairing distances
(3.1 A), a 12-16° helical twist between adjacent C-C" base pairs (Figure 2.1A), and close sugar-
sugar contacts stabilized by CH---O interactions.'® As discussed in the introduction, i-motif
structures can have different intercalation topologies known as 3'E and 5'E (Figure 1.16). In the
3'E topology, the terminal C-C" base pair is at the 3'-end while the 5'E has the terminal C-C"
base pair at the 5'-end.” Repulsive interactions exist between the charged C-imino protons, and
between the phosphate groups across the crowded narrow groove. In vitro, unmodified i-motif
structures are stable within a narrow pH range (~3.5-5.5), with maximum stability occurring at
pH equal to the pK, of the cytosine N3. At pHs above the cytosine N3 pK, (4.4), the stabilizing
C-C" base pairing is lost and the i-motif structure is denatured. However, it is likely that in vivo
factors such as negative superhelicity,'” cellular proteins,'® and molecular crowding conditions'
stabilize i-motif DNA structures at physiological pH. To help compensate for the absence of
these factors in vitro, small molecule ligands and certain metal ions (Cu™; Ag") have been
introduced to promote i-motif folding at neutral pH.** Among the sugar and phosphate
modifications so far reported, none have provided sufficient stability at neutral pH to permit

. . . . . 21-25
biochemical studies in vitro.

The present study was prompted by observations that arabinose (2'-OH),*® but not ribose
(2'-OH or 2'-F),”"** is well tolerated within the i-motif structure. We hypothesized that 2'F-

arabinose (2'F-araC) would enhance inter-strand CH:--O interactions within the narrow grooves
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since sequential FC-H2'---O4' interactions have been previously observed in duplexes™ and G-
quadruplex structures.’® Furthermore, such a modification could potentially stabilize the i-motif
by augmenting ion-dipole and stacking interactions of C-C" base pairs.'® To explore the effect of
2'-B-fluorination on the structure and stability of different families of i-motif structures, we
introduced 2'F-araC modifications in various i-motif forming sequences. We show that replacing
2-deoxyribose sugar with 2-deoxy-2-fluoroarabinose enables the formation of stable i-motif

structures over a wide pH range with thermal stabilizations up to 30 °C at neutral pH.

A) B)
H (DNA)
N-H---O f)N T1 T1
H 4 ®\ B
5 \
' O--—-H-N, H, : /" "N-—-H-N_
Ny~ P-O N— 6

4 :' el H-—
He‘g\_(NsH*f---m \ He o o O---H N-H
. e Hy H{ 2

c3 (

>l
<

ce c6

T q
T1

Figure 2.1: A) C-C" base pair (left) and 2'F-araC-C" base pair (right). B) Schematic representation
of the tetrameric i-motif formed by dTCCCCC (H-1). C) Schematic representation of human
telomeric repeat (HT-0). D) Schematic representation of the centromeric A-box (HC-0). Color
code: dC are shown in cyan and capping dT are shown in magenta. Residues in the loops are not
shown.
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2.2 The Effect of 2'F-araC Substitutions on Thermal and pH Stability of i-
Motif Structures

Sequences of the oligonucleotides prepared for this study are provided in Table 2.1. The
first series (named H) is derived from dTCCCCC, a hexanucleotide that associates into a
tetrameric i-motif structure (Figure 2.1B), whereas the HT and HC series are derived from
human telomeric and human centromeric DNA sequences, respectively. Their control
unmodified sequences, HT-0 and HC-0, form monomeric and dimeric i-motif structures

respectively (Figures 2.1C and 2.1D).

UV melting experiments showed a significant increase in 71, at acidic and neutral pH in
all the monomeric (HT) and dimeric (HC) sequences studied herein (Figure 2.2 and Table 2.1).
Here, we use T, to refer to the midpoint of the dissociation transition, owing to the observed
hysteresis between forward and reverse scans for many of the studied sequences. Although very
similar spectral features (NMR and CD) were observed for the native (HT-0) and modified
telomeric sequences (e.g. HT-2 and HT-4), the modified structures were significantly more stable
at both pH 5.0 and 7.0 relative to the unmodified strands (Table 2.1). HC-4 and HT-2 exhibit 7},
values of 28.2 °C and 32.6 °C at pH 7.0, respectively. It is interesting to note that A7), values
obtained between modified and control oligonucleotides were independent of the temperature
gradient used in the melting experiments 0.5 °C/min (Tables 2.1) versus 0.2 °C/min (Table
AIL1). In addition, the dissociation/association profiles obtained at 0.5 and 0.2 °C/min for every
sequence studied were virtually identical, indicating that the measured processes were the same,

despite the presence of hysteresis.

The same stabilization effect was observed in the majority of the tetrameric sequences
(Tables 2.2). Melting of H-1 was detected at pH 3.5-5.5, whereas melting of the modified
sequences was observed over a broader pH range (3.0-7.0). However, the denaturation curves of
the tetrameric structures were more complex, showing more than one transition, which suggests
the occurrence of several species. The most substituted tetrameric sequences (H-5 and H-6)
exhibited lower 7/, values, in contrast to the general stabilization effect observed in all the other
sequences. These contradictory results prompted us to study the tetrameric sequences in more

detail.
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Table 2.1: T, (°C) values for the (un)modified sequences.™

. T ATy T ATy
Code Sequence (3-3) pH 5.0 pH 5.0 pH 7.0 pH 7.0
H-1 dTrccccc 51.5 - - -
H-2 dTCC(fC)CC 10.0, 53.6 +2.1 - -
H-3 dTC(fC)(fC)CC 25.7,58.7 +7.2 - -
H-4 dTCC(fC)(fO)C 21.5,57.0 +5.5 - -
H-5"! dTC(fC)(fC)(fC)C 32.0 - - -
H-6"! dTf(CCCCO) 37.5 - 10.0 -
HC-0 dTCCTTTTCCA 19.0 - 9.0 -
HC-1 dT(fC)CTTTTCCA 23.0 +4.0 11.0 +2.0
HC-2 dT(fC)(fC)TTTTCCA 31.6 +12.6 24.1 +15.1
HC-3 dT(fC)CTTTT(fC)CA 34.1 +15.1 27.1 +18.1
HC-4 dT(fC)(fO)TTTT(fC)(fC)A 36.2 +17.2 28.2 +19.2
HT-0 d(CCCTAA);Cs 60.0 - 14.0 -
HT-1 d(C(fC)CTAA);C(fO)C 67.5 +7.5 23.0 +9.0
HT-2 d(C(fO)(fC)TAA);C(fCO)(fC) 77.1 +17.1 32.6 +18.6
HT-3 d((fC)(fC)CTAA)5(fO)(fC)C 74.1 +14.1 26.6 +12.6
HT-4 d((fC)(fC)(fC)TAA))5(fC)3 80.2 +20.2 31.2 +17.2

[0ligonucleotide concentration was 4.6 uM in single strands for the hexamer sequences and 4.0 uM for
HC and HT. T}, data were calculated from UV-Visible spectroscopy thermal denaturation profiles where
Ty, corresponds to the midpoint of the dissociation transition obtained at 0.5 °C/min. AT, values were
calculated for the main melting transitions relative to the respective unmodified strands. (-) indicates
sequences for which no melting transition was detected, or an absence of ATY,.

®ISequences H-5 and H-6 exhibited lower T}, values compared to the control (H-1). This is due to the

melting of a dimeric structure rather than an i-motif structure. Therefore AT}, cannot be calculated since
the comparison with H-1 would be invalid.
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Figure 2.2: 7', spectra recorded at 265 nm and 0.5 °C/min in 10 mM NaP; buffer and 4 uM strand
concentration. A) HC i-motifs at pH 5.0. B) HC i-motifs at pH 7.0. C) HT i-motifs at pH 5.0. D)
HT i-motifs at pH 7.0.
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Table 2.2: T, (°C) values for the hexamer sequences at different pH values.

H-1 H-2 H-3 H-4 H-5 H-6
pH
Tn, | %H T, %H T %H Tip %H T, %H Ty, | %H
30 | - - - - 32.7 9.9 355 | 86 | 135 | 122 | 317 | 206
12.7 1.6 10.5 1.0 | 305 | 147
35| 365 |87 | 300 | 190 | s 570 |13 | 515 | 5, | 446|198
25.2 9.8 240 | 83
40 | 470 [125| 501 | 158 | 337 o1 560 | ce | 390 | 143|487 | 157
100 | 1.3 25.7 120 | 215 9.3
50 | 515|233 o | oo | 57 < 570 | sg | 320 | 130|375 | 131
50| 95 |27 171 | 91 24.7 135 | 240 | 124
* 53.0 | 6.6 | 55.1 3.6 59.7 1.1 585 13 35.0 124 | 416 | 11.8
80 | L1 | 96 | 29 16.2 9.5 18.6 | 112
S50 510 [ea | 53 | 98 | 572 | oa | ses | on | 280 | 116|322 121
7.1 0.5 10.2 3.0 11.0 38 | 190 | 111
6.0 | - T | 456 | 49 | s02 | 37 495 | 08 2101 119
6.0 10.1 | 35 11.7 6.3 1.5 5.4
" - - | 401 | 50 527 s % g | 240 | 116|262 | 114
6.5 - - - - 8.2 3.0 10.0 28 | 125 | 77 | 182|101
7.0 - - - - - - - - - 10.0 | 4.0

Oligonucleotide concentration was 4.6 uM in single strands. 7', were recorded at 265 nm. Buffers used
were 10 mM sodium citrate (pH 3.0 — 4.0) and 10 mM sodium phosphate (pH 5.0 — 7.0). pH 5.0* (10 mM
sodium acetate buffer). pH 6.0* (10 mM sodium cacodylate buffer). (-) not detected. Melting curves were
recorded at a heating rate of 0.5 °C/min. %H corresponds to hyperchromicity.

Circular dichroism provides a convenient way to detect the formation of i-motifs since
their spectra exhibit characteristic negative and positive bands at around 265 and 285 nm,
respectively.’' As previously reported, the model sequence dTCCCCC (H-1) exhibited a positive
band that decreases in magnitude and becomes blue shifted as the pH is raised above 5.5 (Figure
2.3A). By contrast, some of the modified hexanucleotides (e.g., H-3, H-4, H-5, and H-6)
exhibited this characteristic i-motif CD signature at pH 6.5 (Figures 2.3B and AIlL.1). Similarly,
the modified centromeric and telomeric sequences maintained the i-motif CD signature at neutral

pH (Figures 2.3C and 2.3D).
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Figure 2.3: A) and B) pH-dependent CD spectra at 30 uM and T = 5 °C for H-1 and H-4,
respectively. C) CD spectra for centromeric sequences at pH 7.0, 100 uM, and T = 5 °C. D) CD
spectra for telomeric sequences at pH 7.0, 50 uM, and T =5 °C.

pH titration experiments were performed for the modified and unmodified i-motif
structures to determine the pH at which 50% of the strands are folded into i-motif structures
(pHi2). The titration profiles were fit to a standard titration model assuming a single protonation
event in order to extract populations of folded (protonated) and unfolded (deprotonated) states as
a function of pH (Figure 2.4). The “fraction protonated” profiles indicate that the modified i-
motif structures were markedly stabilized at pH 7.0 relative to the corresponding unmodified
references. For example, H-4 and H-6 were roughly 40% and 50% folded at pH 7.0 respectively,
whereas H-1 was 10% folded.

The pH stabilizations translate to the centromeric and telomeric sequences where the
fraction protonated profiles for the modified HC-3 and HT-4 sequences exhibited folded
populations of approximately 60% and 90% at pH 7.0 respectively, compared to the unmodified
HC-0 and HT-0 which were roughly 10% and 30% folded (Figure 2.4). This 6- and 3-fold
increase in folded population is translated to an increase in thermal stability for HC-3 (AT, =

+18.1 °C) and HT-4 (AT;» = +17.2 °C).
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Figure 2.4: Nucleoside pK, and i-motif pH,;, data. A) Nucleoside titration curves: dC data are in
blue, 2'F-araC data are in red. UV data were collected at 280 nm. B) Tetramer titration curves: H-1
are in blue, H-4 are in red, and H-6 are in yellow. C) Centromeric titration curves: HC-0 are in blue
and HC-3 are in red. D) Telomeric titration curves: HT-0 are in blue and HT-4 are in red.
Tetrameric, centromeric, and telomeric CD data as a function of pH were collected at 284 nm at T
= 5 °C. Experimental data are shown as colored filled circles, fits are shown as colored lines.
Experimental data were fit to CDgbs = CDhigh + (CDjow — CDhign)/(1 + 10PHPKR),

The pH,, differences from the modifications that contributed to the large increase in
thermal stability are listed in Table 2.3. The pH;» data of the i-motif structures exhibited an
opposite trend compared to the nucleoside pK,s (2'F-araC and dC were 3.9 and 4.4,
respectively). This indicates that the effective pK, of 2'F-araC residues is strongly affected by the
three-dimensional structure of the i-motif. Most likely, this large pK, shift is due to the
hydrogen-bonding network and electrostatic interactions in the neighborhood of the protonation

. 32
sites.

86



Table 2.3: Nucleoside pK,"™ and i-motif pH,, values.™

Code Nucleoside pK. ApK,
dC 2'-deoxycytidine 4.4+0.02 -
2'F-araC 2'-deoxy-2'-fluoroarabinocytidine 3.9+0.05 -0.5
Code Sequence pHi, ApHy;
H-1 5'-dTCCCCC-3' 6.1+0.2 -
H-4 5'-dTCC(fC)(fC)C-3' 6.7+0.2 0.6
H-6 5'-dTf(CCCCC)-3" 6.8+0.3 0.7
HC-0 5'-dTCCTTTTCCA-3' 63+0.2 -
HC-3 5'-dT(fC)CTTTT(fC)CA-3' 7.0+£0.2 0.7
HT-0 5'-d(CCCTAA);CCC-3' 6.8+0.1 -
HT-4 5'-d((fC)(fC)(fC)TAA);(fC)(fC)(fC)-3' 7.6+0.3 0.8

[@IThe pK, values for dC and 2'F-araC were calculated from the plot of UV absorbance at 280 nm in
10 mM NaP; buffer as a function of pH. The pH,/, values for i-motif structures were calculated
from the plot of molar ellipticity at 284 nm versus pH in 10 mM NaP; buffer at 5 °C. ®)CD versus
pH data were fit to a standard titration model involving a single protonation event using CDgys =
CDhigh + (CDjow — CDyign)/(1 + 10°"7%%) " Errors were calculated according to the variance-
covariance method.”

2.3  Studying i-Motif Formation by '"H-NMR

i-Motif formation can be also detected by 'H-NMR. All the NMR data reported in this
chapter were obtained in collaboration with Prof. Carlos Gonzélez at the CSIC in Madrid.
Signals at 15-16 ppm, characteristic of cytosine imino protons in hemi-protonated C-C" base
pairs, were observed for most of the modified sequences over a wide temperature and pH range
(Figures 2.5-2.7 and AIL2). For instance, the control i-motif (H-1) exhibited no imino signals at
pH 7.0 (Figure 2.5A) whereas i-motif structures formed by H-3, H-4, H-5, and H-6 maintained
C-C" base pairing at neutral pH and at relatively high temperatures (35 °C) (Figures 2.5B and
AIL2). This effect was more pronounced in the case of the dimer centromeric sequences (Figure
2.6) and monomer human telomeric sequences (Figure 2.7), in which 'H-NMR spectra exhibited
imino signals at 15-16 ppm, which were clearly visible at physiological temperatures and neutral

pH.
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Figure 2.5: A) '"H-NMR melting experiments for H-1 (5'-TCCCCC-3', 2.0 mM). At pH 7.0 and T =
5 °C, no imino peaks were observed. b) 'H-NMR melting experiments for H-4 (5'-TCC(fC)(fC)C-
3',2.53 mM).
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Figure 2.6: "H-NMR melting experiments (5 °C to 35 °C) for centromeric sequences at pH 7.0. At
neutral conditions, no imino peaks were observed at 5 °C for HC-0. However, in the modified
centromeric sequences the imino signals were clearly visible at 25 °C.
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2.4 Determining the Molecularity of the i-Motif Structures via Gel
Electrophoretic Experiments and YF-NMR

Native PAGE experiments confirmed the formation of more than one species in the
tetrameric i-motif structures at low temperature (5 °C, Figures 2.8 and 2.9). For example, the
denaturation curve of the singly modified oligomer (H-2, 4.6 uM; pH 5.0) exhibited a minor
transition with a 7', of 10.0 °C and a major transition with a 73, of 53.6 °C that corresponded
closely to that of the control sequence (7', of 51.5 °C). This was also evident by native PAGE,
where H-2 (40 uM, Figure 2.8, lane 4) appeared as a mixture of closely moving bands that

migrated with the same mobility as the tetrameric control structure H-1.

B2 8 o] W ER TR el

WYEe .-
—

-
-

Figure 2.8: Native gel, pH 5.0, 40 uM strand concentration. Lane 1: dT;,, Lane 2: dT,4, Lane 3:
(H-1) TCCCCC, Lane 4: (H-2) TCC(fC)CC, Lane 5: (H-3) TC(fC)(fC)CC, Lane 6: (H-5)
TC(fC)(fC)(fC)C, Lane 7: (H-4) TCC(fC)(fC)C, Lane 8: (H-6) T{(CCCCC).

Results obtained for H-2, H-3, H-4 and H-5 from concentration-dependent gel
electrophoresis experiments were consistent with the formation of topologically similar i-motif
structures at all concentrations studied (4.6-200 uM; Figure 2.9). A major species was observed
for the unmodified control sequence at 4.6-20 uM, with a minor component appearing on the gel
at >40 pM strand concentration (Figure 2.9).* Interestingly, the fully substituted sequence (H-6)
exhibited an aberrant gel electrophoretic mobility (Figure 2.9), a significantly lower 7/, value
(37.5 °C, Table 2.1), and fast association-dissociation kinetics (Figure 2.10), all consistent with
the formation of a dimeric structure in this case. For instance, at pH 5.0 and 40 uM, H-6
appeared as two bands: one fast moving band and one band, which co-migrated with the H-1
control. This slow moving band corresponded to a tetrameric structure, which was the

predominant species at higher strand concentration (100-200 uM).
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(H-1) 5'-TCCCCC-3' (H-2) 5'-TCC(fC)CC-3'

(H-3) 5'-TC(fC)(fC)CC-3" (H-4) 5'-TCC(fC)(fC)C-3"

(H-5) 5'-TC(fC)(fC)(fC)C-3' (H-6) 5'-TA(CCCCC)-3"

Figure 2.9: Concentration-dependent native gels, pH 5.0. Lane 1: dTy,, Lane 2: dTy4, Lane 3: 4.6
uM, Lane 4: 10 uM, Lane 5: 20 uM, Lane 6: 40 uM, Lane 7: 80 uM, Lane 8: 100 uM, Lane 9: 140
uM, Lane 10: 200 uM.
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Figure 2.10: Denaturation profiles of H-1 (top) and H-6 (bottom) obtained at 265 nm and a heating
rate of 0.5 °C/min. Strand concentration was 4.6 uM in 10 mM NaP; buffer, pH = 5.0. T,
corresponds to the melting curve (5 - 85 °C) and T, corresponds to the annealing/cooling curve (85

- 5°0).

The wide dispersion of fluorine chemical shifts in the ""F-NMR spectra facilitated the
study of multiple species in equilibrium under various experimental conditions.>* In most of the
tetrameric structures, the number of '°F signals was not consistent with a single conformation, in
agreement with PAGE data. "’F resonances from different species, including the unfolded
oligonucleotide, were observed simultaneously in the whole range of temperatures explored.
This indicated that the equilibria were slow on the NMR timescale at all temperatures, as

observed previously with other 2'F-araC modified oligonucleotides.”’

With the exception of
sequences H-5 and H-6, °F spectra recorded at high (1-2 mM) and low (0.1 mM) concentrations

were very similar (Figures 2.11 and AIL3).

As observed in UV melting and gel electrophoresis experiments, the fully substituted

sequence (H-6) exhibited distinctive features. "F-NMR spectra for H-6 at high and low
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oligonucleotide concentration were completely different (Figure 2.11). Thus, "’F-NMR spectra
confirmed the presence of species of different molecularity, as suggested by UV and gel
electrophoretic mobility experiments. '°F signals of the low concentration species were observed
in the high concentration sample prepared under a fast annealing procedure. On the other hand,
the high concentration spectrum was partially recovered after storing the low concentration

sample for several months at T =5 °C (Figure 2.12).
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Figure 2.11: "F-NMR melting experiments for H-6 5-Tf(CCCCC)-3', pH 5.0.

These observations indicate that the dimeric species is kinetically favored. Such strong
kinetic bias explains the apparent destabilization observed in H-6, since the 7}, determined by
UV (37.5 °C) corresponds to a kinetically trapped species detected by NMR at low
concentrations. Interestingly, 'H-NMR spectra of H-6 recorded in conditions in which the
dimeric species was predominant exhibited signals in the 15-16 ppm region, as expected for
hemiprotonated cytosines (Figure 2.13). Most probably, this structure is a parallel homo-duplex
stabilized by C-C" base pairs.*®’ Since there was no indication of the formation of this dimeric
species in the unmodified oligonucleotide, we must consider that 2'F-araC substitutions may also

influence the stabilization of parallel duplexes, which in this case can be considered as
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intermediates in the formation of i-motif structures. '°F spectra suggested that a similar effect
may also occur in H-5. Therefore, the only two exceptions in Table 2.1 can be explained by the
formation of kinetically trapped dimeric structures. To extract more reliable thermodynamic data
on the tetrameric i-motif formation, we made use of calorimetric techniques such as differential

scanning calorimetry.

A) B) )
S ’
£
p n
g |
| i | l ar
% T / ] | Wb, k"‘ ) | || A [} |
B g e u.Mya.i.a I gt iy Ve o pooontdt S e
o : N . o S —
w -11% -120 rpm -115% -120 ppm -115% -120 ppm
2 1
‘© I
3 o
£ i ||
TP B B L W O, N A o i o B
-
wv
- — S —— —
= -115 120 ppm -115 -120  ppm

Figure 2.12: "F-NMR recorded at pH 5.0 and 5 °C for H-6 5'-Tf(CCCCC)-3" after slow and fast
annealing procedures. A) Spectra for the high concentration sample (1.54 mM). B) Spectra for the
low concentration sample (115 uM). C) Spectra for the low concentration sample (115 pM)
recorded after several months. Slow annealing procedure: samples were heated to 90 °C for 15
minutes, then cooled slowly to room temperature and stored at 5 °C for at least 16 h before
recording the spectra. Fast annealing procedure: samples were heated in the NMR tube at 65 °C for
around 15 minutes, with ""F-NMR spectra subsequently recorded at 5 °C.
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Figure 2.13: 'H-NMR spectra for H-6 5'-Tf(CCCCC)-3' at pH 5.0 and T = 5 °C for A)
concentrated sample (1.54 mM) and B) diluted sample (115 pM).

2.5 Thermodynamic Analysis by Differential Scanning Calorimetry

In collaboration with Robert Harkness in the laboratory of Prof. Anthony K. Mittermaier
in the Department of Chemistry at McGill University, differential scanning calorimetry (DSC)
experiments were performed. DSC is well-suited to detecting the presence of multiple structural
populations. We performed DSC experiments on samples H-1 through H-6, finding the main

melting transition to occur at higher temperatures with increasing numbers of 2'F-araC
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modifications (Figure 2.14). With the ~33-fold higher concentrations relative to UV-Vis
experiments, the association kinetics were much faster, reflected in the minimal hysteresis across
the sample set (Figure AIL4). Interestingly, an additional low temperature transition became
more prominent as the number of modifications was increased (H-3 through H-6). The DSC
profile for H-6 was in greatest contrast, with a wide low temperature shoulder and the highest
main transition temperature of the entire set. Positive unfolding AC,s = 2-6 kJ mol” K™ were

found for each structural ensemble.

The DSC profiles were fitted assuming a non-two-state folding behavior, finding in all
cases that the extracted structural populations were in close agreement with PAGE and NMR
data. H-1 to H-5 were fit with a thermodynamic model assuming the presence of two tetrameric
structures, while the model for H6 assumed a tetrameric and dimeric structure, in accordance
with gel and NMR results. Thermodynamic parameters resulting from the DSC fits are displayed
in Table 2.4. Because certain samples exhibited slight hysteresis (Figure AIlL.4), we define 7.,
here as the temperature at which respective structural populations were equal to the population of
the monomer. For the samples with no hysteresis, this value is the equilibrium 7}, Optimal data
quality with minimal hysteresis was found with scan rates of 0.5 °C/min; therefore, we applied
this rate across the H-1 to H-6 dataset. The populations extracted from the fit for H-1 show a
small fraction of a second tetrameric structure at low temperature. DSC populations for H-2 to
H-5 indicate the presence of minor tetrameric structures at low temperature, which became the

dominant populations approaching 77.

These unfolding intermediates may be different topologies or frayed structures, such as
those observed in G-quadruplexes and homoduplexes.”®*® The NMR for H-4 (discussed in the
NMR section) suggested that the stable structure at pH 7.0 has opened terminal bases. This might
be the case for the unfolding intermediates in H-2 through H-5. H-6 populations indicate the
tetrameric structure was favored at low temperature and the dimeric intermediate structure was
strongly populated towards the 77, to give the main transition. Importantly, the population of

intermediate states in H-2 to H-6 was consistent with the NMR data.***!
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Figure 2.14: Excess C, profiles for the control and 2'F-araC modified tetrameric i-motif structures.
Sequence numbers are indicated in the top left corner of each set. Experimental and fitted excess
heat capacities (left panels) are shown as black dashed and blue solid lines, respectively. Structural
populations from the fits for each sequence are shown in the panels immediately to the right.
Tetramer, dimer, and monomer populations are shown as green and blue, orange, and grey lines
respectively.

In addition to identifying structural populations and quantifying their unfolding
thermodynamics, the DSC fitting allowed determination of 7j,s for individual populations, as
well as the global 73/, at which 50% of the structural ensemble was denatured. To quantify the
increase in thermal stability due to the modifications, we compared the increase in 77, for each

modified structure relative to the corresponding unmodified structure (ATy, = Tyn""" —

T 1/2”"'””d’ﬁed) with the number of modifications. The relation between ATj, and number of
modifications was strongly correlated (R = 0.98, 0.98, 0.98), showing the 7',s for structures 1, 2,
and the global 7)., are increased by 7.5, 5.1, and 5.2 °C respectively with each 2'F-araC

modification (Figure 2.15).
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Table 2.4: Thermodynamic parameters extracted from fits of the tetrameric i-motif DSC
melting experiments.

AHM A AP ASP AG AG Ting Ting G]!Ol?d?}l
12
Ho1 572.6 572.4 1615 1583 61.5 71.4 23.9 43.4 43.5
+0.2 +3.8 +35 +18 +0.7 +0.7 +0.8 +0.7 +0.2
Ho 692.4 562.3 1960 1528 72.1 78.7 38.7 48.0 48.1
+4.4 +2.7 +15 +9 +0.4 +0.3 +0.6 +0.7 +0.2
Ho3 771.8 638.1 2146 1705 92.6 98.5 45.7 57.7 57.8
+0.7 +0.8 +5 +2 +1.5 +0.9 +1.2 +0.8 +1.7
Hed 545.3 4229 1457 1049 84.2 90.9 42.2 55.1 55.2
+0.4 +0.3 +10 +1 +0.7 +0.3 +0.9 +0.4 +0.3
1.5 663 4939 1783 1244 98.7 100.2 50.6 60.3 60.4
+04 +0.4 +54 +37 +0.6 +0.4 +0.4 +0.5 +0.3
o6 677.7 205.5 1743.0 498 126.0 47.9 63.5 68.4 68.9
+6.1 +4.4 +19 +16 +0.4 +0.9 +1.0 +1.2 +0.2

BWAH and AG expressed in kJ mol”. ’AS expressed in J mol”" K. Thermodynamic parameters
were calculated at the global T, for the control sequence H-1.Ty,s (expressed in °C) for
structures 1 and 2 were defined as the temperatures where the respective populations were equal to
the population of the monomer. [Global T 1ns were defined as the temperatures at which the
monomer was 50% populated. Numbered subscripts refer to thermodynamic parameters for
melting tetramer 1 and tetramer 2 in sequences H-1 to H-5 and tetramer and dimer respectively in
sequence H-6. Errors were calculated according to the variance-covariance method.*
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Figure 2.15: ATy, (°C) as a function of the number of 2'F-araC modifications. A) Modifications
increased the stability of structure 1 by 7.5 °C (R = 0.98). B) Modifications increased the stability
of structure 2 by 5.1 °C (R = 0.98). C) Modifications increased the global T}, of the structural
ensemble by 5.2 °C (R = 0.98).
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2.6 Structural Basis of 2'F-araC Stabilization

To obtain further insight into the origin of the stabilization due to fluoroarabinose
modifications, an in-depth structural study was undertaken using NMR spectroscopy. Complete
assignment of the NMR spectra of highly repetitive sequences such as those studied here is a
difficult task, which is further exacerbated here by the occurrence of multiple folded species in
the case of the tetrameric structures. However, the presence of 2'F-araCs in the sequence
improved chemical shift dispersion and greatly facilitated 2D NMR analysis. In the case of H-4,
we accomplished a complete sequential assignment of the major species at pH 5.0 (Figure 2.16),

consistent with a 3'E intercalation topology.

Strong HI1'-H1' cross-peaks and amino-H2'/2" NOEs clearly confirmed the formation of
an i-motif structure. The stacking order could be determined by following H1'-H1' connectivities
along the minor groove between C2-fC5, C2-C6, C6-T1, C3-fC4, and C3-fC5. This pattern was
confirmed by the amino-H2'/H2" contacts observed along the major groove between T1-C6, C2-
fC5 and C3-fC4 (Figure 2.16). The exchangeable proton spectra exhibited several signals
between 15-16 ppm, indicative of C-C" base pairs. These base pairs must have occurred between
magnetically equivalent cytosines, since each of these signals exhibited cross-peaks with only

two amino protons (8-10 ppm). NMR assignments are specified in Table AIL2.

DQF-COSY experiments indicated that deoxyriboses adopted a north conformation
(except C6) due to their intense COSY cross peaks between H1'-H2", while 2'F-araCs adopted a
south conformation (Figure 2.17). The three dimensional structure of H-4 was calculated on the
basis of 284 experimental distance constraints using restrained molecular dynamics methods, and
following standard procedures previously described by our group.” All residues were well
defined, with an RMSD of 0.9 A (Table AIL3). The final AMBER energies and NOE terms
were reasonably low in all the structures, with no distance constraint violation >0.3 A. The

coordinates of the final refined structures were deposited in the PDB (code:2N&9).
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Figure 2.16: NMR spectra of H-4 (5'-TCC(fC)(fC)C-3"). A) Amino-H2'/2" region of the NOESY

spectra of H-4 (mixing time = 100 ms, T =5 °C, pH 6.0). Only peaks corresponding to the major
species are labeled. B) Hl'-aromatic and H1'-H1' regions of a NOESY spectra in D,O (mixing time

=250 ms, T =25 °C, pH 5.0).
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Figure 2.17: A) DQF-COSY (green and red) superimposed on NOESY (black) for H-4 5'-
TCC(fC)(fC)C-3', pH 5.0. B) Scheme representing the North and South sugar puckers along with
the expected coupling constants.

The structures provide evidence that 2'F-araC fits very well in the otherwise standard 3'E
i-motif structure with the stacking order T1-C6-C2-fC5-C3-fC4 (Figures 2.18 and AILS). The
fluorine atoms in the S-type arabinoses point toward the major groove of the i-motif without
affecting sugar-sugar contacts critical for i-motif stability (Figure AILS). Geometrical

parameters are shown in Table AIL4.

The major i-motif species at acidic pH was not the most stable one at neutral pH (Figure
2.19). NMR data indicate that the terminal deoxycytidines (C6) were not protonated and were
disordered at pH 7.0. Some key NOEs, such as those shown in Figures 2.20 and AIIL.6, indicated
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that the intercalation order is T1-fC5-C2-fC4-C3 (Figure 2.18), which is different than that of
the major conformer at acidic pH.

Figure 2.18: A) Average solution structure and schematic representation of the major 3'E species

of H-4 at pH 5.0. B) Schematic representation of the major 3'E species of H-4 at pH 7.0. Color
code: dC: cyan, 2'F-araC: blue, dT: magenta; and fluorine atoms: green.
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Figure 2.19: Imino-amino region of the NOESY spectra of H-4 (2.53 mM) at different pHs

(mixing time = 100 ms, T = 5 °C). Black cross-peaks correspond to the major species at pH 5.0.
Red cross-peaks correspond to the major species at pH 7.0.
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Figure 2.20: NMR spectra H-4 at neural pH. Several regions of the NOESY spectra of H-4
involving exchangeable protons (mixing time = 100 ms, T = 5 °C, pH 7). Cross-peaks labeled in
black and letter “a” correspond to the major species at acidic pH. Cross-peaks labeled in red and
letter “b” correspond to the major species at neutral pH. NOEs involving H3 of T1 are only
observed at neutral pH.
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Although the complete sequential assignment of the NMR spectra of the major conformer
at neutral pH could not be carried out, a model structure consistent with the NOEs that could be
assigned unambiguously was built and refined with molecular dynamics methods (Figures 2.18
and AII.6). Similar to the conformer observed at acidic pH, the neutral pH conformer maintained
a 3'E topology with one fewer C-C", due to deprotonation of the terminal C-C" base pair. Thus,
disruption of C6-C6" base pair upon raising the pH provokes a rearrangement of the intercalation
order, preserving the 3'E topology. This reflects the well-documented higher stability of 3'E

versus 5'E intermolecular i-motif topologies.***

2.7 Significance of Results

Our groups and others have extensively studied the stabilizing effect of fluorine
substitutions at the sugar C2' position in different nucleic acids motifs.*™** 2'F-
arabinonucleotides, when incorporated into DNA strands, increase binding affinity towards RNA
through formation of non-canonical 2'F---purine (H8) hydrogen bonds.*’ Similar interactions
have been observed in pure 2F-ANA-2'F-ANA duplexes.”” Moreover, the strong
electronegativity of fluorine affects the sugar charge distribution (in particular in the H2' proton)
and can induce the formation of FC-H---O hydrogen bonds between sequential sugars. This
interaction is responsible for the enhanced stability of 2'F-araG substituted G-quadruplexes®™!
and 2'F-ANA-RNA hybrid duplexes.”” The structural analysis of H-4 did not provide evidence
for FC-H---O hydrogen bonds with the appropriate geometry. However, a number of favorable
sequential and inter-strand contacts involving 2'F-araC residues were observed (Figure 2.21).
Many of these close contacts are facilitated by the south conformation of the 2'F-arabinoses, and
hence are absent in unmodified i-motifs in which the sugar conformations are north. In
particular, sequential FC-H2'---O4' and inter-strand FC-H2'---O2 distances are much shorter in
S-type 2'F-arabinoses. Since fluorine electronegativity provokes a positive charge polarization at
the geminal H2' proton, its close contacts with electron-dense oxygen atoms cause favorable
electrostatic interactions. Other favorable electrostatic interactions involve sequential F-C-
H2'---X (where X = 03', O5') and inter-strand F---H,N. In addition to favorable electrostatic
interactions, a long-range inductive effect may also strengthen hemiprotonated 2'F-araC-2'F-

araC" base pairs as seen in 2'F-RNA duplexes.*’”* Stronger base pairing and long-range
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electrostatic interactions may also explain the large increase in pHj; observed for 2'F-araC

substituted i-motifs compared to the unmodified structures.

Figure 2.21: Details of sugar contacts in A) 2'F-araC substituted i-motif H-4 and in B) an
unmodified i-motif H-1. Close distances corresponding to favorable electrostatic interactions in the
substituted i-motif are shown in yellow (the structure is slightly rotated along the Y-axis to better
illustrate the relevant distances). The electronegative fluorine and the positively polarized H2'
alleviate the unfavorable electrostatic interactions between 02, O3', O4' and O5', characteristic of i-
motif structures. Coordinates of the unmodified i-motif are 1 YBL.

The possibility of modulating the stability and pH dependence of the i-motif through
chemical modification has attracted much attention in recent years. Even though the deoxyribose
sugar rings in an i-motif structure adopt a C3'-endo conformation, modifications adopting a C3'-
endo sugar pucker, such as RNA,” LNA,”' and 2'F-RNA.,*® lead to position-dependent
stabilization and only at acidic pH values. Our modification is a rather conservative DNA-like
modification which preserves the structure of natural i-motifs with only minor alterations. This
makes 2'F-araC substituted sequences excellent mimics for the study of molecular recognition
processes involving i-motifs. For example, pull-down cell based assays that identify i-motif
binding proteins (including potential i-motif specific antibodies) will be significantly facilitated
by carrying out these experiments under physiological conditions. The fluorine modification also
provides an excellent handle to detect i-motif-ligand interactions via '’F-NMR methods. Finally,
the nuclease resistance properties conferred by 2'F-araC substitutions are important for in vivo

applications of i-motif based nanodevices."*
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2.8 Conclusions

We have shown that i-motifs, including tetrameric sequences and those formed by
centromeric and telomeric DNA sequences, can be significantly stabilized by replacing dC units
with 2'F-araC residues, by at least 10 kJ/mol per 2'F-araC incorporation. Importantly,
replacement of DNA with 2'F-araC does not alter the overall i-motif structure. This provides us
with the opportunity to correlate the structural information of transient arrangements of G4 and i-
motifs within duplex DNA with transcription factor or polymerase activity under physiological
conditions (Chapter 4), and to screen small molecule libraries that bind to our fluorinated i-

motifs under physiological conditions.>

2.9 Experimental Section

2.9.1 Oligonucleotide Synthesis and Purification

Oligonucleotide synthesis was performed on an ABI 3400 DNA synthesizer (Applied
Biosystems) at 1 pmol scale on Unylinker (Chemgenes) CPG solid support. Thymidine (dT),
deoxycytidine (N-acetyl) (dC), and deoxyadenosine (N-Bz) (dA) phosphoramidites were used at
0.1 M concentration in acetonitrile and coupled for 110 s. 2'F-araC was used at 0.13 M
concentration and coupled for 600 s. After completion of the synthesis, the CPG was transferred
to a 1.5 mL screw-cap eppendorf. Cleavage of the oligonucleotide from the CPG and removal of
the nucleobase protecting groups were achieved by treatment with 1000 uL aqueous ammonium
hydroxide for 48 hours at room temperature. The ammonia solution was centrifuged and
decanted from the CPG. Samples were vented for 30 min, chilled on dry ice and evaporated to
dryness. Hexamer sequences were purified by anion exchange HPLC on a Waters 1525
instrument using a Protein-Pak DEAE 5PW column (21.5 mm x 15 cm). The buffer system
consisted of water (solution A) and 1 M aqueous lithium perchlorate (solution B), at a flow rate
of 4 mL/min. The gradient was 0—40% lithium perchlorate over 50 minutes at 60 °C. Under
these conditions the desired peaks eluted at roughly 28 min. The centromeric (HC) and telomeric
(HT) sequences were purified by anion exchange HPLC on an Agilent 1200 Series instrument
using a Protein-Pak DEAE 5PW column (7.5 x 75 mm) at a flow rate of 1 mL/min using a
gradient of 0-24% lithium perchlorate buffer (1.0 M) over 30 minutes at 60 °C. Under these
conditions, the desired HC and HT peaks eluted at roughly 21 and 24 min, respectively. Samples

were desalted on NAP-25 desalting columns according to manufacturer protocol. The extinction
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coefficient of the 2'F-araC was assumed to match that of the unmodified deoxynucleosides.

Masses were verified by high resolution LC-MS.

Table 2.5: MS characterization of the studied sequences.

Calculated ~ Mass found

Code Sequence (5'-3") mass (g/mole)
(g/mole) (-ve mode)
H-1 dTCCCCC 1688.1375 1687.2140
H-2 dTCC(fC)CC 1706.1280 1705.2034
H-3 dTC(fC)(fC)CC 1724.1185 1723.1887
H-4 dTCC(fO)(fC)C 1724.1185 1723.1913
H-5 dTC(fC)(fC)(fC)C 1742.1090  1741.1887
H-6 dTf(CCCCC) 1778.0990 1777.1629
HC-0 dTCCTTTTCCA 2928.9350 2927.4888
HC-1 dT(fC)CTTTTCCA 2946.9255 2945.4350
HC-2 dT(fC)(fC)TTTTCCA 2964.9160 2963.4230
HC-3 dT(fC)CTTTT(fC)CA 2964.9160 2963.4198
HC-4 dT(fC)(fC)TTTT(fC)(fC)A 3000.8970 29994464
HT-0 d(CCCTAA);C; 6197.0846 6197.0313
HT-1 d(C(fC)CTAA);C(fC)C 6269.0466 6269.0313
HT-2  d(C(fC)(fC)TAA),C(fC)(fC) 6341.0086  6341.0313
HT-3 d((fC)(FC)CTAA(FC)(FC)C 6341.0086  6341.0315
HT-4 d((fO)(fO)(fC)TAA))5(fC)5 6412.9706 6413.0313

2.9.2 UV melting Studies

UV thermal denaturation data was obtained on a Varian CARY 100 UV-visible
spectrophotometer equipped with a Peltier temperature controller. The concentration of
oligonucleotides used was 4.6 uM for the hexamer sequences and 4 uM for the centromeric and
telomeric sequences. Samples were dissolved in appropriate buffer as indicated in the text.
Concentrations were determined after quantitating the samples by UV absorbance at A = 260 nm.
Samples were heated to 90 °C for 15 minutes, then cooled slowly to room temperature, and
stored at 5 °C at least 16 h before the measurements were performed. Denaturation curves were
acquired at 265 nm at a rate of 0.5 °C/min. Experiments at pH 5.0 and pH 7.0 were performed at
least in triplicates at a ramp of 0.5 °C/min and experiments at 0.2 °C/min were performed once

for comparison. Samples were kept under a nitrogen sheath at temperatures below 12 °C. The
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dissociation temperatures were calculated as the midpoint of the transition (71,2) values using the

first derivatives of the experimental data.

2.9.3 Circular Dichroism

Circular Dichroism (CD) studies were performed at 5 °C on a JASCO J-810
spectropolarimeter using a 1 mm path length cuvette. Temperature was maintained using the
Peltier unit within the instrument. Spectra were recorded from 350-230 nm at a scan rate of 100
nm/min and a response time of 2.0 s with three acquisitions recorded for each spectrum. The
spectra were normalized by subtraction of the background scan with buffer. Data were smoothed
using the means-movement function within the JASCO graphing software. Oligonucleotide
solutions for CD measurements were prepared with 10 mM sodium phosphate buffer (pH 5.0 and
pH 7.0) in a similar manner to that used for UV melting. The concentration of oligonucleotides
used was 30 uM for the hexamer sequences, 100 uM for the centromeric sequences, and 50 uM

for the telomeric sequences.

2.9.4 Gel Electrophoresis

Native polyacrylamide gel electrophoresis was performed utilizing 24% polyacrylamide
at pH 5.0 using TAE (Tris:Acetate:EDTA) buffer. Running buffer was 1x TAE. Samples were
equilibrated in 10 mM sodium phosphate (pH 5.0) as described in the UV melting section. The
gels were run at 200 V inside a refrigerator (5 °C) for 12 hours or at 280 V for 6 hours. Gels
were visualized by treatment with Stains-All dye (Sigma E-9379) or UV shadowing. The

oligonucleotide controls were dT,, and dT»4 strands.

2.9.5 NMR Experiments and Constraints

NMR Experiments: Samples for NMR experiments were suspended in 300 pL of either
D,0 or 9:1 H,O/D;0 in 10 mM sodium phosphate buffer. NMR spectra were acquired on Bruker
Avance spectrometers operating at 600, 700, or 800 MHz, and processed with Topspin software.
TOCSY spectra were recorded with standard MLEV17 spinlock sequence and with 80 ms
mixing time. NOESY spectra in H,O were acquired with 50 and 150 ms mixing times. For 2D
experiments in H,O, water suppression was achieved by including a WATERGATE module in
the pulse sequence prior to acquisition.”® Two-dimensional experiments were carried out at

temperatures ranging from 5 to 25 °C. "°F resonances were assigned from 'H-'""F HETCOR and
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PF detected HOESY spectra.” The spectral analysis program Sparky was used for

semiautomatic assignment of the NOESY cross-peaks.>

Experimental NMR constraints: Distance constraints were obtained from a qualitative
estimation of NOE intensities. In addition to these experimentally derived constraints, hydrogen
bond and planarity constraints for the base pairs were used in the initial DYANA calculations.
Target values for distances and angles related to hydrogen bonds were set to values obtained
from crystallographic data in related structures.”” Due to the relatively broad line-widths of the
sugar proton signals, J-coupling constants were not accurately measured, but only roughly
estimated from DQF-COSY cross-peaks. Loose values were set for the sugar dihedral angles 9,
v; and v; to constrain deoxyribose conformation to North or South domain. No backbone angle
constraints were employed. Distance constraints with their corresponding error bounds were

incorporated into the AMBER potential energy by defining a flat-well potential term.

2.9.6 Structural Determination

Structures were calculated with the program DYANA 1.4°® and further refined with the
SANDER module of the molecular dynamics package AMBER 7.0.”” The resulting DYANA
structures were used as starting points for the AMBER refinement, consisting of 1 ns trajectories
in which explicit solvent molecules were included and using the Particle Mesh Ewald method to
evaluate long-range electrostatic interactions. Non-experimental constraints used in the initial
DYANA calculations were removed in the AMBER refinement. The specific protocols for these
calculations have been described elsewhere.*” The AMBER-98 force-field was used to describe
the DNA, and the TIP3P model was used to simulate water molecules.”” Analysis of the
representative structures as well as the MD trajectories was carried out with the programs Curves

V5.1 and MOLMOL %

2.9.7 Differential Scanning Calorimetry

DSC measurements were performed using a NanoDSC-III (TA Instruments, USA). All
samples were prepared as 150 uM solutions in 10 mM sodium phosphate buffer (pH 5.0).
Sample data were collected in triplicate by scanning from 5-80 °C at a scan rate of 0.5 °C per
minute. Fitting procedures and statistical analysis methods are described in detail in Appendix

AILL1. Errors were calculated according to the variance-covariance method.”
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Chapter 3
Probing Synergistic Effects of DNA Methylation
and 2'-B-Fluorination on i-Motif Stability

4 b o)
-t 4
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i-motif structure at pH 7.0
pH ,=7.17+0.2

12

ApH = +0.62
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The majority of this chapter is reproduced from: “Probing synergistic effects of DNA
methylation and 2'-B-fluorination on i-motif stability”, Hala Abou Assi, Yu Chen Lin, Israel
Serrano, Carlos Gonzélez, and Masad J. Damha, Chemistry — A European Journal, 2017, doi:
10.1002/chem.201704591.

“Good is the enemy of great...”
—James C. Collins

115



3.1 Introduction

As discussed in the previous chapters of this thesis, DNA sequences containing stretches
of cytosine residues can form intercalated, quadruple-helical i-motif structures under acidic
conditions, and consist of two parallel-stranded duplexes that associate head-to-tail

through C-C" base pair intercalation.’

Numerous strategies have been developed to promote i-motif formation at
physiological pH, in order to assist in identifying ligands which can selectively interact with
i-motifs in vivo® and determine their role in the regulation of transcription® and in telomere
biology.*"® Recently pursued strategies include extending the length of the C-tracts;>°
altering the sugar, nucleobase, or phosphate moiety;'' utilizing branched RNA to hold the
intercalated duplexes together;'” introducing the i-motif-forming sequence into a
supercoiled DNA plasmid;’ and utilizing single-walled carbon nanotubes,'” graphene
quantum dots,'* or small molecule ligands."” Furthermore, a wide range of modified sugars
has been investigated in i-motif formation, including RNA,'®'® arabinonucleic acid (ANA),'°
locked (LNA)" and unlocked (UNA) nucleic acids,”®™*' 2'F-RNA,* and 2'-deoxy-2'-
fluoro-arabinonucleic acids (2'F-ANA).>> Of these, only our 2'F-araC modification has
been found to significantly stabilize i-motif structures at neutral pH (Figure 3.1).> The
nucleobase modifications studied include 5-fluoro, 5-bromo, 5-iodo, and 5-
methylcytosine.”* The latter stabilizes i-motif structures up to pH 6.0 (ATi» = +1.9 °C;
ApH,; = +0.11, relative to cytosine) (Figure 3.1).%

5-Methylcytidine (5-Me-dC) is of particular interest as C-rich regions in genomic
DNA located near transcriptional start sites (TSS)*® are susceptible to methylation and 5-

hydroxymethylation (5-hMe-dC).””*® In fact, 5-Me-dC and 5-hMe-dC are considered

29-31

epigenetic regulators of gene expression. Furthermore, 5-Me-dC plays a significant

role in genomic imprinting, transcriptional inhibition, and gene silencing applications.’**’

The presence of 5-Me-dC in DNA telomeric sequences affects telomere length,

telomerase activity, and telomeric repeat-containing RNA (TERRA) transcription.’**’

Therefore, investigating the effect of 5-Me-dC modification on the stability of telomeric i-

motifs is of great interest.***’
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Figure 3.1: Base and sugar modifications previously introduced in i-motif structures.

Given the known stabilizing effect of 5-methylcytosine and 2'F-arabinose in i-
motifs, the aim of this chapter was to synthesize 2'-deoxy-2'-fluoro-5-methyl-
arabinocytidine (5-Me-2'F-araC) and study its impact on i-motif structure and stability. A
second aim was to assess potential synergistic effects of several cytidine derivatives (5-
Me-2'F-araC (fC™), 2'F-araC (fC), 5-Me-dC (C™), and dC (C)) and identify combinations
of these that provide optimal stability at physiological pH.

3.2 Synthesis of 2'-Deoxy-2'-Fluoro-5-Methyl-Arabinocytidine
Phosphoramidite
The synthesis of the novel phosphoramidite 12 is outlined in Scheme 3.1. The
brominated sugar precursor 2 was prepared from the readily available benzoylated sugar 1
following previously published protocols.’® The first synthetic route we pursued required
benzoyl protection of 5-methylcytosine (3) to afford 4 in 46% yield. Glycosylation was

accomplished by silylation of the nucleobase 4, followed by coupling with the brominated sugar
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in carbon tetrachloride (CCly), resulting in an o/B-anomeric mixture. The anomeric mixture was

separated by column chromatography to afford the fully protected B-nucleoside 5 in 41% yield.
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Scheme 3.1: Synthetic scheme representing the synthesis of 5-Me-2'F-araC phosphoramidite 12.

To overcome the challenge of separating o/B-anomeric mixtures, an alternative synthetic
route was devised. Here, glycosylation of thymine (7) with the brominated sugar precursor 2
afforded the protected B-thymidine nucleoside (8) with anomeric purity and high yields (Scheme
3.1). Thymidine (8) was first converted to 5-Me-cytidine (6) using the triazole intermediate
method. Reaction of 8 with phosphoryl chloride, triethylamine, and triazole provided

intermediate 9, which was monitored by fluorescence on thin layer chromatography and
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followed by removal of the benzoyl groups to give nucleoside 6 in 91% yield over three steps.
The NOESY NMR spectra of 6 showed a clear correlation between H-1' and H-4' of the sugar
ring and between H-5' of the sugar and H-6 of the nucleobase, as expected for the B-anomer
(Figure 3.2). Selective benzoylation of the N' position gave 10, which upon 5'-
dimethoxytritylation and 3'-phosphitylation afforded the desired 5-Me-2'F-araC phosphoramidite
derivative 12 as a mixture of diastercomers *'P NMR, Figure 3.3). The long-range ''F-*'P
coupling (Jr.p = 7.8-9.4 Hz) was consistent with the “W”-like conformation adopted by the F2'-
C2'-C3'-03'-P3' framework in a C2'-endo arabinose pucker.”’
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Figure 3.2: NOESY NMR spectrum of 5-methyl-1-[2-deoxy-2-fluoro-B-D-arabinofuranosyl]cytosine (6).
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Figure 3.3: S'P.NMR spectrum of amidite 12 showing the long-range Pp3p coupling.
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3.3

Formation

Studying the Effect of Nucleobase and Sugar Modifications on i-Motif

A library of eleven oligonucleotides (ONs) was synthesized; their sequences and

properties are listed in Tables 3.1. i-Motif formation and stability were investigated through

circular dichroism (CD), melting temperature (77,) experiments, and in the case of HIJ-2,

structural determination via NMR. The T}, and pH;,; values of the studied ONs were very close

to the physiological values. In fact, all the sequences studied were more stable than the control

strand (HT-0), at pH 5.0, 7.0, and 7.4 (Tables 3.1 and Figure 3.4).

Table 3.1: UV-melting data (°C) of the modified oligonucleotide sequences.

T1/2 AT1/2 T1/2 ATI/Z T1/2 BaSC
' _1Q
Code Sequence (' - 3") 50 50 70 7.0 7.4  pairing
59.2 15.2
HT-0 CCC TAA CCC TAA CCC TAA CCC - - - c-c
£0.2 +0.6
74.1 32.1 27.3
HT-2  CfCfC TAA CfCfC TAA CfCfC TAA CfCfC +14.9 +16.9 fC-fC*
£0.5 +0.3 £0.2
HTM-1 CC™C TAA CC™C TAA CC™C TAA CC™C 645 +53 199 +47 nd. Cm-C™
64.8 31.0 27.6
HTM-2 CC™C™TAA CC™C™ TAA CC™C™ TAA CC™C™ +5.6 +15.8 cm-cm*
£0.2 +0.1 £0.1
HTM-3 C™C™C TAA C™C™C TAA C™C™C TAA C™C™C 63.6 +44 177 425 nd = cCc™C™
HTM-4 C™C™C™ TAA C™C™C™ TAA C"C™C™ TAA C"C™C™ 662 +70 227 +75 nd.  C™C"™
70.4 30.3 25.2
HTFM  CfC™C™ TAA CfC™fC™ TAA CfC™fC™ TAA CfC™fC™ +11.2 +15.1 fCc™- fC™*
£0.5 +0.2 £0.2
69.9 31.2 279  fC-fC"
HJ-1  CfCC™ TAA CC™C TAA CfCC™ TAA CC™fC +10.7 +16.0
£0.2 +0.2 0.1 e
75.5 35.0 32.2
HJ-2  CC™C™ TAA CfCfC TAA CfCfC TAA CC™C™ +16.3 +19.8 fC-c™
£0.2 +0.2 £0.0
e e 74.5 33.0 29.5 .
HJ-3  CfC™fC™ TAA CfCfC TAA CfCfC TAA CfC™fC +15.3 +17.8 fC™ £C
£0.3 +0.1 £0.1
S . 68.8 28.7 25.3 I
HJ-4 CfC™fC™ TAA CCC TAA CCC TAA CfC™fC +9.6 +13.5 fCc™-C
£0.2 0.6 +0.3

Oligonucleotide concentration: 4 pM (single strands).

T, data were calculated from UV-visible

spectroscopy thermal denaturation profiles where 73, corresponds to the midpoint of the dissociation
transition obtained at 0.5 °C/min. ATy, values were calculated for the main melting transitions relative to
the respective unmodified strands. (-) indicates sequences for which no melting transition was detected, or
an absence of ATy;; (n.d.) indicates not determined. Nucleotide codes: fC: 2'F-araC, C™: 5-Me-dC, fC™:
5-Me-2'F-araC; and C, T, and A: dC/A/T).
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Figure 3.4: Thermal melting curves. Oligonucleotide concentration is 4 uM in 10 mM NaP;, pH
5.0 to pH 7.4. T, spectra were recorded at 265 nm with heating ramped at 0.5 °C/min.
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First, 5-Me-dC was incorporated in the human telomeric sequence at the same positions
as previously reported for 2'F-araC: four incorporations in HTM-1, eight in HTM-2 and HTM-3,
and twelve in HTM-4 (Table 3.1).” Recently, Xu ef al. incorporated one, two (forming a base
pair), and three consecutive 5-Me-dC units in a 24-nt human telomeric repeat.”> This study
revealed that one or two 5-Me-dC inserts stabilize DNA i-motif structures, while three
consecutive modifications were destabilizing. Interestingly, in our studies, HTM-4, which
contains four stretches of three consecutive 5-Me-dC modifications, was more stable than HT-0
at pH 5.0 (AT,=+7.0 °C, Table 3.1) and at pH 7.0 (AT}, = +7.5 °C). The highest Tj,, values at
pH 7.0 were obtained for sequence HTM-2 (7', = 31.0 °C) with eight 5-Me-dC incorporations.

CD experiments at pH 5.0 confirmed i-motif formation, exhibiting characteristic positive
and negative CD bands at approximately 285 nm and 255-260 nm, respectively (Figure 3.5). At
pH 7.0, the strands having modified cytosine inserts retained the characteristic i-motif signature.
By contrast, the control strand (HT-0) no longer showed the characteristic positive i-motif

signature at pH 7.0, as expected.

A) B)

50 pH 5.0 . pH 7.0

40 r

&

30 ——HT-0 10 { =——HT-0

Fi 20 1 HTM-L B s HTM-1
-]
E 10 ¢ HTM-2 £ HTM-2
a £
“ oo ——HTM3 8 o ——HTM-3
245 26 290 320 380 2 250 270 290 310 330 350
10 F —HTM-4 e ——HTM-4
-20
-10
-30 - Wavelength (nm) Wavelength (nm)

Figure 3.5: CD spectra recorded at 5 °C in 10 mM NaP;. A) Oligonucleotide concentration is 50
uM in single strands. B) Oligonucleotide concentration is 20 pM in single strands.

This stabilization has been ascribed to the hydrophobicity and bulkiness of the 5-methyl
group, which consequently leads to reduced flexibility of the methylated i-motif structures.”
Moreover, Yang et al. reported that 5S-methylcytosine stabilizes DNA i-motif conformations by
increasing the base-pairing energies (BPEs) relative to cytosine.”® From an electronic

perspective, this increase in BPE is expected since the electron-donating methyl group stabilizes

122



the positive charge, strengthens the base-pairing interaction, and therefore stabilizes the

methylated i-motif structure.

Based on these results, 5-Me-2'F-araC was incorporated at the same positions as in HTM-
2 to provide sequence HTFM (Table 3.1). HTFM was more stable than HT-0 at all the studied
pHs (712 = 70.4 °C vs. 59.2 °C, pH 5.0) and HTM-2 (7', = 64.8 °C). While HTFM exhibited a
lower T, value relative to the 2'F-araC modified sequence (HT-2), it maintained significant
stability at neutral pH (71, = 30.2 °C vs. 32.1 °C). At pH 7.0 and 7.4, HT-2, HTM-2, and HTFM

were at least 15 °C more stable than the control sequence (Table 3.1 and Figure 3.4).

Next, we investigated the effect of combining 5-Me-dC and 2'F-araC modifications in the
same sequence (5-methyl and 2'-fluorine modifications in different nucleotides). It is interesting
to note that while HJ-1 and HJ-2 each comprise four 5-Me-dC inserts and four 2'F-araC inserts,
HJ-2 exhibited significantly higher stability at all studied values of pH. Based on the NMR
studies described below, we hypothesize that the positional effect observed in these sequences
arises from the nature of their base pairs (fC-fC"/C™ C™" in HI-1 versus fC-C™ in HJ-2, Table
3.1). HJ-3, containing four 2'F-araC and four 5-Me-2'F-araC inserts, exhibited very similar
stability to HT-2 and HJ-2 at pH 5.0. At pH 7.0 and pH 7.4, the stability trend observed was HJ-2
> HJ-3 > HT-2. Sequence HJ-4 (containing only four 5-Me-2'F-araC modifications) exhibited the
lowest T/, value; nevertheless, HJ-4 was significantly more stable than the control sequence HT-

0 in the pH 5.0-7.4 range.

3.4 Exploring the Effect of Chemical Modifications on the pK, of

Nucleosides and pH,), of i-Motif Structures

Next we sought to determine the pK, values of the newly synthesized nucleoside 6 and
the pHi, for some of the ON sequences in order to investigate the effect of combined
modifications on the pH,, of i-motif structures. The pK, values of 5-Me-2'F-araC (pK, = 4.2)
and the other cytidine derivatives were determined by monitoring the change in absorbance at
280 nm as a function of pH (Figure 3.6 and Table 3.2). As expected, 2'F-araC exhibited the
lowest pK, value (3.9) due to the electronegative nature of the fluorine atom, while 5-Me-dC

exhibited the highest pK, value (4.6) due to the presence of the electron-donating methyl group.
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Figure 3.6: UV spectra for the free nucleosides as a function of pH.

We will refer to the pK, of the i-motif structures as pH,., defined as the pH at which
50% of the sequences are folded into i-motifs. CD spectra were performed from pH 4.0 to pH 9.0
(Figure 3.7). As the pH increases, the characteristic i-motif signature disappears and a positive
band at 275 nm and a negative peak at 250-255 nm appear, indicating the formation of a single-
stranded DNA random coil conformation. The pH;» of the modified i-motif structures was
determined by measuring the change in ellipticity at 284 nm as a function of pH. In order to
determine the proportion of folded and unfolded states, the titration profiles were fit to a standard
titration model (Figure 3.8). The pH; data of the i-motif structures generally correlated well
with Ty, data (Tables 3.1 and 3.2). With the exception of HJ-1, all of the modified sequences
exhibited a higher pH;/, value with respect to HT-0. Consistent with the 77/, data, the pH,,, value
of HJ-2 was greater than that of HJ-1 (7.17 versus 6.53, Table 3.2). HJ-3 exhibited the highest
pHi value (7.34), which very closely matches the physiological pH value (= 7.4). Therefore,
whether 5-Me-dC and 2'F-araC (HJ-2, pHi» 7.17) or 5-Me-2'F-araC (HTFM, pH,, 7.34) were
introduced, a significant increase in pH;, was observed. This suggests that these modifications
are well accommodated within the i-motif structure leading to favorable interactions translated in

this increase in pHj,.
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Table 3.2: Nucleoside pK, and i-motif pH,,, values.

Nucleoside!® Nucleoside pK, A pK,
2'-deoxycytidine 4.4+0.02 -
2'-deoxy-2'-fluoroarabinocytidine 3.9+0.05 -0.5
2'-deoxy-5-methylcytidine 4.6+0.1 +0.2
2'-deoxy-2'-fluoro-5-methyl-arabinocytidine 42+0.2 -0.2
Code™ Oligonucleotide pH;/; ApH,;,
HT-0 6.55+0.3 -
HT-2 7.27+0.4 +0.72
HTM-2 6.99 0.3 +0.44
HTFM 7.13+£0.3 +0.58
HJ-1 6.53+0.3 -0.02
HJ-2 7.17+0.2 +0.62
HJ-3 7.34+0.3 +0.79
HJ-4 6.70+0.1 +0.15

[The pK, values for the nucleosides were calculated from the plot of UV absorbance at 280 nm in

10 mM NaP; buffer as a function of pH.

®lThe pHi values for i-motif structures were calculated from the plot of molar ellipticity at 284 nm
versus pH in 10 mM NaP; buffer at 5 °C. Oligonucleotide concentration is 50 uM in single strands.
UV and CD data versus pH data were fit to a standard titration model involving a single
protonation event using CDgps = CDyigh + (CDiow — CDpign)/(1 + 10°""%%). Errors were calculated

according to the variance-covariance method.
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Figure 3.7: CD spectra for HT-0 (left) and HJ-2 (right) reported from pH 4.0 to 9.0.
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Fraction protonated
=

Figure 3.8: Plot of ellipticity at 284 nm as a function of pH at T = 5 °C. Experimental data are
shown as colored filled circles, fits are shown as colored lines. Experimental data were fit to CDgps
= CDhigh + (CDijow — CDpign)/(1 + 107775,

3.5 Structural Determination via 2D NMR Spectroscopy

To obtain further insight on the stabilizing effect of the 2'F-araC / 5-Me-dC combination
in i-motif structures, an NMR study of HJ-2 was undertaken in collaboration with Prof. Carlos
Gonzélez and Israel Serrano at the CSIC in Madrid. "H-NMR melting temperature experiments
confirmed the high stability of HJ-2, with cytosine imino and amino protons observed at 15-16
and 8.5-10.5 ppm, respectively, at exceptionally high temperatures at neutral pH (up to 45 °C,
Figure 3.9A). Based on the NOE assignments (Figures 3.10 and 3.11), the imino proton signals
observed at 45 °C correspond to the fC-C™ base pairs confirming that the stability of this
specific structure, HJ-2, is due to 2'F-araC base-pairing with 5-Me-dC. The presence of 5-Me-dC
and 2'F-araC substitutions improved the chemical shift dispersion in comparison with the

unmodified sequence (Figure 3.10).

Two-dimensional NMR spectra of HJ-2 exhibited all the NOE patterns characteristic of i-
motifs. Resonances of cytosine nucleobases were identified by their H5-H6 TOCSY cross-peaks
and H5-amino NOEs (Figure 3.11). A similar pattern was observed for 5-Me-dC (i.e. Me5-H6
TOCSY cross-peak and Me5-amino NOEs). Nucleobase spin systems were connected with their
own sugars through H6-HI1' and H6-H2'/H2" NOE cross-peaks. 2'F-araC residues were
distinguished from dC by the characteristic splitting in the H1' resonances of the fluorinated

sugar, due to the strong 'H-""F coupling. Hemiprotonated base-pairs were identified by following
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intra-nucleotide H6-H5/Me5 = intra-nucleotide H5/MeS-amino = inter-strand amino-imino =
intra-nucleotide imino-amino = intra-nucleotide amino-H5/Me5 - intra-nucleotide H5/Me5-H6
pathways in the NOESY spectra (Figure 3.10). Four pathways were found connecting 5-Me-dC
and 2'F-araC residues, and two connecting dC residues. This shows the formation of four fC-C™"
and two C-C" base pairs. HI'-H1' NOE cross-peaks along the minor grooves were found between
2'F-araCs on one side and between 5-Me-dCs on the other side (Figure 3.9B); therefore, all 2'F-
araCs occupy one minor groove and base pair with the 5-Me-dCs. These connectivities, together
with some weak sequential NOEs, allowed the unambiguous assignment of the residues in the

central core of the i-motif.

Hence, the structure of HJ-2 is stabilized by four hemiprotonated fC-C™" base pairs
flanked by two C-C" base pairs (Figure 3.9). The experimental NOEs strongly indicate that the
structure of HJ-2 is very similar to that of the native structure (HT-0), with both adopting a 5'E
configuration.” Based on this similarity, a model structure of HJ-2 was built from the structure of
the human telomeric C-rich strand reported by Phan and co-workers (PDB 1ELN).* After
performing the appropriate mutations, the coordinates were submitted to a restrained molecular
dynamics calculation with the AMBER package. A number of experimental distance constraints
involving protons of the central i-motif core were included. The final model is shown in Figure

3.9 and the chemical shifts are listed in Table 3.3.
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Figure 3.10: Regions of the NOESY spectra of HJ-2 (150 ms mixing time, T =5 °C, pH 7.0). This
figure shows the assigned characteristic cross peaks and illustrates the high quality of the NMR
spectra with good dispersion of exchangeable protons. Chemical shifts are listed in Table 3.3.
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Figure 3.11: A) Regions of the TOCSY spectra of HJ-2 (mixing time 150 ms, T = 5 °C, pH
7.0) showing Me-H6 cross-peaks for 5-Me-dC (top) and H5-H6 cross-peaks for dC and 2'F-araC
(bottom). B) Scheme representing 2'F-araC-5-Me-dC" base pair along with the inter-strand and
intra-nucleotide NOEs observed in the NOESY spectra.
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Table 3.3: Chemical shifts of HJ-2, pH 7.0, 10 mM sodium phosphate buffer, T =5 °C.

H1' H2' H2" H3' H5/H2/M Heo/8 H41 H42 H3
C1 6.14 2.05 2.54 4.79 5.96 7.73 7.46 7.46 15.58
CM2 6.34 2.04 2.54 4.63 1.88 7.61 8.02 8.02 15.71
CM3 6.26 231 2.81 4.84 2.03 7.58 8.71 8.71 15.30
c7 6.36 2.77 2.48 5.12 6.46 8.62 9.15 8.32 -
CF8 6.40 - 5.24 4.65 5.86 7.67 8.09 7.51 -
CF9 6.27 - 5.29 n.a. 5.68 7.59 8.27 7.52 -
C13 6.37 2.24 2.60 4.95 6.31 7.99 9.44 8.70 -
CF14 6.54 - 5.36 4.85 5.90 7.77 9.11 7.93 -
CF15 6.59 - 5.50 n.a. 5.94 7.69 8.51 7.89 -
C19 5.76 1.96 242 4.88 6.23 7.56 9.51 9.13 18.88
CM20 6.60 2.22 2.63 5.02 1.95 7.77 10.44 7.93 15.35
CM21 6.56 241 2.57 4.74 2.00 7.55 10.61 8.52 15.39

In spite of the overall similarity with the unmodified structure, some differences are
observed: 2'F-araC sugars adopt a South conformation instead of the North conformation usually

found in the native i-motif (Figure 3.12).

4N
A ,)__.‘/, V‘

Figure 3.12: Details of sugar contacts in A) unmodified telomeric i-motif (PDB 1ELN) and B) 2'F-araC
and 5-Me-dC substituted i-motif (HJ-2). Fluorine atom is shown in green and close distances
corresponding to favorable electrostatic interactions are shown in yellow.

Similar to our recently reported observations in the tetrameric structure of
d(TCCfCfCC),” the arabinose 2'-fluorine is well accommodated within the major groove of the
i-motif. Also, HJ-2 exhibited very similar pattern of favourable electrostatic contacts that were

previously obtained in the 2'F-araC tetrameric i-motif structure (Figure 3.12).> The
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electronegative fluorine and the positively polarized H2' alleviate the unfavorable electrostatic
interactions leading to closer sequential (H2'-O4', H2'-O5') and inter-strand distances (H2'-O2)

compared to the unmodified structure.

3.6 Conclusion

In this chapter we were able to synthesize 5-Me-2'F-araC, a novel cytidine modification
for use in i-motif studies, in very good yields. This nucleoside stabilizes i-motif structures when
incorporated alone or in combination with other cytidine derivatives. Certain cytidine
combinations afforded i-motif structures with pH;, values close to physiological pH,
highlighting the impact of base-pairing on i-motif stability. Based on the 7', data obtained at pH
7.4, the following stabilization trend was observed: fC-C™ > fC™fC" > fC-fC" = C™-C™ >
fC™-fC™ ~ fC™C" > C-C". By carefully selecting the positions of the various cytidine
modifications studied here, it may be possible to fine-tune the pH and temperature-dependent
responses of nanodevices constructed from i-motifs.*’ This study offers a library of chemically
modified oligonucleotides that may be used to probe the biological significance of i-motifs that
are prevalent in telomeric and promoter regions of the human genome. Furthermore, they may
find use in the discovery and development of specific ligands or antibodies that target native i-

motifs in vivo.

3.7 Experimental Data

3.7.1 General Considerations

Unless indicated otherwise, reactions were performed in oven-dried flasks with dry
solvents under Argon. Solvents used were dried by MB-SPS 800 Auto (MBraun). Proton,
fluorine, and phosphorous nuclear magnetic resonance spectra (‘(H NMR, ’F NMR, *'P NMR)
were acquired on Varian Mercury 400 MHz and Bruker AV500 spectrometers. Carbon magnetic
resonance spectra (°C NMR) were acquired on the Bruker AV500. Data were processed using
TopSpin or MestReNova software. Chemical shifts (d) are reported in parts per million (ppm),
calibrated to the residual protium in the deuterated solvent. Coupling constants (J) are reported in
Hz. Multiplicities are reported using the following abbreviations: s = singlet, d = doublet, ¢ =
triplet, ¢ = quartet, m = multiplet (where the range of chemical shift is given). Analytical thin-
plate chromatography was performed on pre-coated 200 wm layer thick silica gel TLA-
R10011B-323 plates (Silicycle). Purifications by column chromatography were performed on
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silica gel (40-63 um, 230-400 mesh). High-resolution mass spectra (HRMS) were obtained on a

mass spectrometer under electron spray ionization (ESI) conditions.

3.7.2 Experimental Procedure for All Synthesized Compounds
3.7.2.1 2-deoxy-2-fluoro-3,5-di-O-benzoyl-a-D-arabinofuranosyl bromide (2)

An oven-dried 250 mL round-bottom flask, equipped with a rubber septum and Teflon-
coated stir bar, was charged with 1 (6.0 g, 12.92 mmol, 1 equiv), followed by CH,Cl, (81 mL,
0.16 M) and 33 % HBr (9.6 mL) in acetic acid. The mixture was stirred under Argon at room
temperature for 24 h. This led to the complete consumption of 1 as monitored by TLC (in
CH,Cl,) using UV shadowing. The mixture was diluted with CH,Cl, (50 mL), quenched with
sat. NaHCO; (100 mL), and transferred to a separatory funnel. It was then washed with CH,Cl,
(100 mL x 3). The organic phase was dried over MgSQy, filtered, and concentrated in vacuo to

afford 2, a brown oil. Yield: 95 %

R; (CH,Cl,) = 0.73; "H NMR (500 MHz, CDCls): § = 8.10 - 7.44 (m, 10H, H-Bz), 6.66
(d, Jur= 12.1 Hz, 1H, H-1), 5.62 (d, Jur= 50.0 Hz, 1H, H-2), 5.57 (dd, Jyr= 22.0 Hz, Jyu= 3.3
Hz, 1H, H-3), 4.88 - 4.79 (m, 2H, H-4 and H-5a), 4.78 - 4.71 (m, 1H, H-5b); ’F NMR (500
MHz, CDCl3): 6 = -165.9 (ddd, Jyr= 52.0 Hz, J ¢ = 23.5 Hz, Jy = 12.5 Hz).

3.7.2.2 N'-benzoyl-5-methylcytosine (4)

An oven-dried 250 mL round-bottom flask, equipped with a rubber septum and Teflon-
coated stir bar, was charged with 5-methylcytosine 3 (1.8 g, 14.39 mmol, 1 equiv), followed by
pyridine (43.3 mL, 0.33 M), and benzoylchloride (2.0 mL, 17.26 mmol, 1.2 equiv). The mixture
was stirred under Argon at reflux for 24 h. This led to the complete consumption of 3 as
monitored by TLC (3 % MeOH in CH,Cl,) using UV shadowing. The mixture was quenched
with MeOH (100 mL) and concentrated in vacuo. The crude was purified by column

chromatography (CH,Cl, = 1 % MeOH in CH,Cl,) to afford 4, a beige solid. Yield: 46 %

R/ (1% MeOH in CH,Cl,) = 0.36; "H NMR (500 MHz, DMSO-d5): 6 = 8.20 (d, Jin = 7.2
Hz, 2H, H-Bz), 7.66 (s, 1H, H-6), 7.58 (t, Jun = 7.3 Hz, 1H, H-Bz), 7.49 (t, Jun = 7.6 Hz, 2H, H-
Bz), 1.99 (s, 3H); “C NMR (125 MHz, DMSO-d;): 6 = 161.7, 142.3, 137.4, 132.8 (2C), 129.7
(3C), 128.7 (2C), 108.9, 13.1; HRMS (ESI-) m/z: calculated for C;,H (N30, [M - H] 228.0773;
found 228.07761.
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3.7.2.3 N‘'-benzoyl-5-methyl-1-[2-deoxy-2-fluoro-3,5-di-O-benzoyl-p-
arabinofuranosyl]cytosine (5)

An oven-dried 100 mL round-bottom flask, equipped with a rubber septum and Teflon-
coated stir bar, was charged with 4 (800 mg, 3.49 mmol, 4 equiv), followed by HMDS (8.73 mL,
0.1 M*), and TMS-CI (0.34 mL, 2.55 M*). The mixture was stirred under Argon at reflux for 8 h,
at which point the solution became clear, signaling complete silylation of 4. The reaction mixture
was dried in vacuo and the flask purged with Argon immediately upon removal from vacuum to
minimize its exposure to air. A solution of 2 (370 mg, 0.87 mmol, 1 equiv) dissolved in CCly
(4.85mL, 0.18 M") was syringed into the reaction flask. The mixture was stirred under Argon at
reflux for 14 h. This led to the complete consumption of 2 as monitored by TLC (1 % MeOH in
CH,Cl,) using UV shadowing. The mixture was quenched with sat. NaHCO; (50 mL), washed
with brine (100 mL), and extracted with CH,Cl, (50 mL x 3). The organic phase was dried over
MgSO,, filtered, and concentrated in vacuo. The crude product was purified by column
chromatography (0.3 % MeOH in CH,Cl,) to separate the two anomers formed to afford 5, a
white solid. Yield: 41 %

*Molarities of HMDS, TMS-CI, and CCl, were calculated with respect to 2.

R; (1 % MeOH in CH,Cl) = 0.24; "H NMR (500 MHz, CD,Cl,): d = 8.39 - 8.30 (m,
2H), 8.20 - 8.10 (m, 4H), 7.75 - 7.62 (m, 3H), 7.62 - 7.45 (m, 7TH), 6.44 (dd, Jur = 21.6 Hz, Jup=
2.9 Hz, 1H, H-1'), 5.71 (dd, Jur = 17.7 Hz, Jug = 3.0 Hz, 1H, H-3"), 5.45 (dd, Jur= 50.0 Hz, Juy =
2.9 Hz, 1H, H-2"), 4.89 - 4.82 (m, 2H, H-5' and H-5"), 4.62 (q, Juu = 3.9 Hz, 1H, H-4"), 2.01 (d,
Jun = 1.1 Hz, 3H, H-(5-Me)); ®C NMR (125 MHz, CD,Cl,): ¢ = 166.1, 165.2, 159.8 (2C),
147.6, 138.0, 137.0, 134.0, 133.4, 132.5, 128.7 - 128.1 (14C), 111.2, 92.7 (d, Jcg = 190.8 Hz),
85.1 (d, Jop= 16.4 Hz), 81.4, 76.8 (d, Jcr= 30.6 Hz), 63.2, 13.2; ’F NMR (500 MHz, CDCl;): 6
=-200.91 - -201.10 (m); HRMS (ESI+) m/z: calculated for C3,H27FN30; [M + H]" 572.1833;
found 572.18304.

3.7.2.4 S5-methyl-1-[2-deoxy-2-fluoro-p-D-arabinofuranosyl]cytosine (6)

A 100 mL round-bottom flask, equipped with a rubber septum and Teflon-coated stir bar,
was charged with § (457 mg, 0.80 mmol, 1 equiv), followed by 2 M NH3in MeOH (18.0 mL,
0.04 M). The mixture was stirred under Argon at rt for 4 days. This led to the complete
consumption of 5 as monitored by TLC (15 % MeOH in CH,Cl,) using UV shadowing. The
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mixture was quenched with MeOH (50 mL) and concentrated in vacuo. The crude was purified
by column chromatography (2 % MeOH in CH,Cl, 2 15 % MeOH in CH,Cl,) to afford 6, a
white solid. Yield: 95 %

R, (15% MeOH in CH,Cl,) = 0.18; "H NMR (500 MHz, MeOH-d,): 6 = 7.71 (s, 1H, H-
6), 6.20 (dd, Jur= 18.3 Hz, Jun = 3.6 Hz, 1H, H-1'), 5.04 (ddd, Jur= 52.1 Hz, Juu= 3.7 Hz, Jun
=2.1 Hz, 1H, H-2'), 431 (ddd, Jur= 19.0 Hz, Jun= 4.4 Hz, Jun= 2.2 Hz, 1H, H-3"), 3.95 (q, Juu
= 4.3 Hz, 1H, H-4"), 3.85 (dd, Jun = 12.2 Hz, Jun= 3.3 Hz, 1H, H-5"), 3.77 (dd, Jun = 12.1 Hz,
Jun= 5.6 Hz, 1H, H-5"), 1.98 (d, Juu= 1.1 Hz, 3H, H-(5-Me)); *C NMR (125 MHz, MeOH-d,):
5 =166.0, 156.5, 139.4, 102.2, 95.2 (d, Jcr = 190.0 Hz), 84.9 (d, Jer= 16.8 Hz), 84.4, 73.9 (d, Jcr
=25.4 Hz), 60.7, 11.8; ’F NMR (500 MHz, MeOH-d,): 6 = -200.6 (dt, Jur= 55.4 Hz, Jur= 20.1
Hz); HRMS (ESI+) m/z: calculated for CoH;sFN3O4 [M + H] 260.1047; found 260.10381.

3.7.2.5 1-[2-deoxy-2-fluoro-3,5-di-O-benzoyl-p-D-arabinofuranosyl]thymine (8)

A 500 mL round-bottom flask, equipped with a rubber septum and Teflon-coated stir bar,
was charged with 7 (9.31 g, 73.82 mmol, 5 equiv), followed by HMDS (147.5 mL, 0.1 M"), and
TMS-CI (5.8 mL, 2.53 M"). The mixture was stirred under Argon at reflux for 2 d, at which point
the solution became clear, signaling complete silylation of 7. The reaction mixture was dried in
vacuo and the flask purged with Argon immediately upon removal from vacuum to minimize its
exposure to air. A solution of 2 (6.22 g, 14.70 mmol, 1 equiv) dissolved in CCly (147 mL, 0.1
M") was syringed into the reaction flask. The mixture was stirred under Argon at reflux for 2 d.
This led to the complete consumption of 2 as monitored by TLC (3% MeOH in CH,Cl,) using
UV shadowing. The mixture was quenched with sat. NaHCO,4 (300 mL), washed with brine (300
mL) and extracted with CH,Cl, (200 mL x 5). The organic phase was dried over MgSQOs,
filtered, and concentrated in vacuo. The crude was purified by column chromatography (1 %

MeOH in CH,Cl, 2 3 % MeOH in CH,Cl,) to afford 8, a white solid. Yield: 84 %.
*Molarities of HMDS, TMS-CI, and CCl,; were calculated with respect to 2.

R, (3% MeOH in CH,CL,) = 0.18; "H NMR (500 MHz, DMSO-de): 6 = 11.54 (s, 1H, H-
N?), 8.08 - 8.06 (m, 4H, H-Bz), 7.74 - 7.66 (m, 2H, H-Bz), 7.60 - 7.52 (m, 4H, H-Bz), 7.43 (dd,
Jiun = 2.5 Hz, Juy = 1.4 Hz, 1H, H-6), 6.34 (dd, Jur = 19.2 Hz, Jun= 4.0 Hz, 1H, H-1'), 5.72
(ddd, Jur= 20.3 Hz, Jun= 4.8 Hz, Juy = 1.9 Hz, 1H, H-3"), 5.56 (ddd, Jur= 50.9 Hz, Jiy= 4.0
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Hz, Juu = 1.6 Hz, 1H, H-2'), 4.79 (dd, Juu= 12.1 Hz, Juy = 3.5 Hz, 1H, H-5"), 4.70 (dd, Jus =
12.1 Hz, Jun = 5.0 Hz, 1H, H-5"), 4.60 (q, Junu= 4.7 Hz, 1H, H-4"), 1.64 (d, Jun= 1.3 Hz, 3H, H-
(5-Me)); *C NMR (125 MHz, DMSO-dq): § =166.0, 165.3, 163.9, 150.5, 137.0, 134.4, 134.1,
130.1 - 129.1 (10C), 109.5, 93.8 (d, Jep= 190.1 Hz), 83.4 (d, Jeg= 16.2 Hz), 78.7, 77.0 (d, Jcp =
29.2 Hz), 63.8, 12.4; ’F NMR (500 MHz, DMSO-d;): § = -199.2 (dt, Jur= 53.5 Hz, Juyp= 22.1
Hz); HRMS (ESI+) m/z: calculated for Co4H2,FN2O7 [M + H]" 469.1411; found 469.14024.

3.7.2.6 5-methyl-1-[2-deoxy-2-fluoro-B-D-arabinofuranosyl]cytosine (6)

A 100 mL round-bottom flask, equipped with a rubber septum and Teflon-coated stir bar,
was charged with 8 (500 mg, 1.07 mmol, 1 equiv), followed by 1,2,4-triazole (1.11 g, 16.01
mmol, 15 equiv), MeCN (21.3 mL, 0.05 M), and Et;N (2.98 mL, 21.35 mmol, 20 equiv). The
mixture was cooled to 0 °C in an ice bath. POCl; (0.4 mL, 4.27 mmol, 4 equiv) was then added
dropwise, and the mixture was stirred under Argon at rt for 1 d. This led to the complete
consumption of 8 as monitored by TLC (EtOAc) using UV shadowing to afford the intermediate
9, which is fluorescent under UV. The mixture was concentrated in vacuo, and filtered through a
silica plug with EtOAc (500 mL). The filtrate was again concentrated in vacuo. 33 % aq. NH3
(60 mL, 0.2 M) was added. The mixture was stirred under Argon at rt for 4 h. This led to the
complete consumption of 9 as monitored by TLC (EtOAc) using UV shadowing. The mixture
was concentrated in vacuo. 2 M NH; in MeOH (60 mL, 0.2 M) was added, and the reaction was
stirred under Argon at rt for 2 d. The crude was purified by column chromatography (CH,Cl,~>
15 % MeOH in CH,Cl,) to afford 6, a white solid. Yield: 91 %

R/ (15% MeOH in CH,Cl,) = 0.20; "H NMR (400 MHz, MeOH-d,): 6 = 7.74 (s, 1H , H-
6), 6.21 (dd, Jur= 18.1 Hz, Jyn= 3.7 Hz, 1H, H-1"), 5.04 (ddd Jur= 52.1 Hz, Jun= 3.6 Hz, Juy=
2.2 Hz, 1H, H-2"), 4.32 (ddd, Jur= 19.0 Hz, Jun= 4.5 Hz, Juu= 2.2 Hz, 1H, H-3"), 3.95 (q, Juu =
4.3 Hz, 1H, H-4"), 3.85 (ddd, Juy = 12.2 Hz, Jun= 4.0 Hz, Juy= 1.2 Hz, 1H, H-5'), 3.78 (dd, Juu
=12.0 Hz, Jyu = 4.0 Hz, 1H, H-5"), 1.99 (d, Jun = 1.1 Hz, 3H, H-(5-Me)); *C NMR (125 MHz,
MeOH-d,): 6 = 165.6, 156.4, 139.5, 102.7, 95.2 (d, Jcp= 190.1 Hz), 84.8 (d, Jcr= 16.8 Hz), 84.5,
73.7 (d, Jop = 25.3 Hz), 60.6, 11.9; ’F NMR (500 MHz, MeOH-dy): 6 = -200.7 (dt, Jur= 54.6
Hz, Jur= 19.8 Hz); HRMS (ESI+) m/z: calculated for C;oH;sFN3O4 [M + H]" 260.1047; found
260.10416.
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3.7.2.7 N'-benzoyl-5-methyl-1-[2-deoxy-2-fluoro-p-D-arabinofuranosyl]cytosine (10)

A 100 mL round-bottom flask, equipped with a rubber septum and Teflon-coated stir bar,
was charged with 6 (139 mg, 0.54 mmol, 1 equiv), followed by benzoic anhydride (146 mg, 0.64
mmol, 1.2 equiv), DMF (1 mL, 0.54 M), and pyridine (3 mL, 0.18 M). The mixture was stirred
under Argon at rt for 2 d. The mixture was quenched with MeOH (50 mL) and concentrated in
vacuo. The crude was purified by column chromatography (1 % MeOH in CH,Cl, = 3 % MeOH
in CH,Cl,) to afford 10, a white solid. Yield: 42 %

Ry (10% MeOH in CH,Cly) = 0.33; "H NMR (500 MHz, MeOH-dy): 6 = 8.24 (d, Jun =
7.7 Hz, 2H), 8.09 - 7.94 (m, 1H, H-6), 7.60 - 7.53 (m, 1H), 7.49 - 7.45 (m, 2H), 6.24 (dd, Jur=
16.7 Hz, Juu= 3.9 Hz, 1H, H-1'), 5.11 (ddd, Jur = 52.2 Hz, Juu = 4.0 Hz, Jun= 2.5 Hz, 1H, H-2"),
4.38 (ddd, Jur= 19.1 Hz, Jyu = 4.7 Hz, Jyu= 2.6 Hz, 1H, H-3"), 3.99 (q, Juu = 4.6 Hz, 1H, H-4"),
3.89 (ddd, Jun = 12.2 Hz, Jug= 3.8 Hz, Juz= 1.3 Hz, 1H, H-5"), 3.80 (dd, Juu= 12.2 Hz, Jupy=
5.2 Hz, 1H, H-5"), 2.13 (d, Juu= 1.1 Hz, 3H, H-(5-Me)); *C NMR (125 MHz, acetone-d): J =
179.2, 160.3, 147.5, 139.1, 137.3, 132.4, 129.7 (2C), 128.1 (2C), 110.0, 95.7 (d, Jer= 190.7 Hz),
84.4, 83.9 (d, Jor= 16.8 Hz), 73.4 (d, Jor= 24.4 Hz), 60.5, 12.6; ’F NMR (500 MHz, MeOH-
ds): 0 = -200.6 (dt, Jur = 55.5 Hz, Jyr = 19.2 Hz); HRMS (ESI+) m/z: calculated for
C17H9FN305 [M + H]" 364.1309; found 364.12997.

3.7.2.8 N'-benzoyl-5-methyl-1-[2-deoxy-2-fluoro-5-(4,4'-dimethoxytrityl)-p-D-
arabinofuranosyl]cytosine (11)

A 50 mL round-bottom flask, equipped with a rubber septum and Teflon-coated stir bar,
was charged with 10 (88 mg, 0.24 mmol, 1 equiv), followed by 4-dimethylaminopyridine (3 mg,
0.024 mmol, 0.1 equiv), pyridine (1.94 mL, 0.125 M), and 4,4'-dimethoxytritylchloride (123 mg,
0.36 mmol, 1.5 equiv). The mixture was stirred under Argon at rt for 7 h. The crude was washed
with CH,Cl, (1 L) on silica that was neutralized with 3 % Et:;N, and purified by column
chromatography (0.5 % MeOH in CH,Cl, =2 1 % MeOH in CH,Cl,) to afford 11, a pale yellow
solid. Yield: 62 %

R, (10 % MeOH in CH,Cl,) = 0.74; "H NMR (500 MHz, MeOH-ds): 6 = 8.21 (d, Jiy =
7.6 Hz, 2H), 7.80 (s, 1H, H-6), 7.56 - 7.43 (m, SH), 7.38 - 7.22 (m, 7H), 6.89 - 6.86 (m, 4H),
6.27 (dd, Jur = 16.6 Hz, Jun = 4.1 Hz, 1H, H-1"), 5.11 (ddd, Jir = 52.3 Hz, Jun = 4.1 Hz, Jun =
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2.4 Hz, 1H, H-2"), 4.50 (ddd, Jur = 19.8 Hz, Jun = 4.8 Hz, Jun = 2.5 Hz 1H, H-3"), 4.09 (q, Juu =
4.3 Hz, 1H, H-4"), 3.77 (d, Juy = 0.7 Hz, 6H, H-DMTr(-OMe)), 3.49 (dd, Juu = 10.6 Hz, Jyu =
5.0 Hz, 1H, H-5"), 3.40 (dd, Jus = 10.5 Hz, Juy = 4.7 Hz, 1H, H-5"), 1.80 (d, Juu = 1.1 Hz, 3H,
H-(5-Me)); *C NMR (125 MHz, MeOH-d,): 6 = 158.9 (2C), 144.8 (3C), 135.6, 132.3 - 126.6
(18C), 112.8 (4C), 110.4, 95.6 (d, Jeg= 191.0 Hz), 86.3, 84.5 (d, Jer= 17.0 Hz), 83.3, 74.3 (d,
Jor=25.4 Hz), 62.2, 54.3 (2C), 12.4; F NMR (500 MHz, MeOH-d3): § = -199.0 (dt, Jyr = 55.0
Hz, Jur= 19.9 Hz); HRMS (ESI+) m/z: calculated for C3sH37FN3O7 [M + H]" 666.2616; found
666.26066.

3.7.2.9 N'-benzoyl-5-methyl-1-[3-(2-cyanoethoxy(diisopropylamino)-phosphinyl)-2-deoxy-
2-fluoro-5-(4,4'- dimethoxytrityl)-p-D-arabinofuranosyl]cytosine (12)

A 50 mL round-bottom flask, equipped with a rubber septum and Teflon-coated stir bar,
was charged with 11 (97 mg, 0.15 mmol, 1 equiv), followed by THF (1.46 mL, 0.1 M), N,N-
diisopropylethylamine ~ (0.13 mL, 0.73 mmol, 5 equiv), and chloro(2-
cyanoethoxy)(diisopropylamino)phosphine. The mixture was stirred under Argon at rt for 6 h.
The mixture was directly loaded on silica that was neutralized with 3 % Et;N for purification by
column chromatography (10 % EtOAc in hexanes = 40 % EtOAc in hexanes). The product was
co-evaporated with acetone to afford 12, a yellow solid. Yield: 85 %. The mixture of two

diastereomers at phosphorous led to complex 'H and *C NMR spectra.

Ry (1:1 EtOAc:hexanes) = 0.50; "’F NMR (500 MHz, MeCN-d;): § = -197.8 - -198.2
(m); ¥'P NMR (500 MHz, MeCN-d;): 6 = 151.61 (d, Jpr = 7.8 Hz), 150.12 (d, Jpr = 9.4 Hz);
HRMS (ESI+) m/z: calculated for C47Hs3FNsOgPNa [M + Na]" 888.3513; found 888.3508.

3.7.3 Oligonucleotide Synthesis and Purification

Oligonucleotide synthesis was performed at 1 pmol scale on the Unylinker CPG solid
support (ChemGenes) on an ABI 3400 DNA Synthesizer (Applied Biosystems).
Phosphoramidites thymidine (dT), deoxyadenosine (N-Bz) (dA), deoxycytidine (N-acetyl) (dC),
and 5-methyl-2'-deoxycytidine (5-Me-dC) were used at 0.1 M concentration in acetonitrile and
coupled for 200 s. Deoxyguanosine (N-ibu) (dG) was coupled for 300 s, 2'F-araC and 2'F-araG
were used at 0.15 M concentration and coupled for 600 s and 900 s, respectively. 5-Me-2'F-araC
was coupled for 1200 s. After the completion of synthesis, the CPG was transferred to a 1.5 mL
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screw-cap eppendorf where aqueous NH4OH (1 mL) was added and placed on a shaker for 48
hours at room temperature. The solution was centrifuged and then decanted from the cleaved
CPG. Samples were vented for 1 h, chilled on dry ice, and evaporated to dryness, then purified
by ion exchange HPLC on an Agilent 1200 Series HPLC (Agilent Technologies) using a Protein-
Pak DEAE 5PW column (7.5 x 75 mm). The buffer system consisted of water (solution A) and 1
M aqueous lithium perchlorate (solution B) at a flow rate of 1 mL/min. The gradient was 0-60%
solution B over 42 minutes at 60 °C. Samples were desalted using NAP-25 desalting columns
according to manufacturer’s procedure. The extinction coefficients of 2'F-araC and 5-Me-2'F-
araC were approximated to that of the unmodified sequence using the Oligo Analyzer tool
provided by IDT. Unless otherwise indicated, MilliQ water and autoclaved consumables were

used. Masses were verified by ESI-MS (Table 3.4).

Table 3.4: MS characterization of the studied sequences.

Calculated Mass found

Code Sequence (5'-3") mass (g/mole)
(g/mole) (-ve mode)
HT-0 CCC TAA CCC TAA CCCTAA CCC 6197.0846 6197.1250
HT-2 CfCfC TAA CfCfC TAA CfCfC TAA CfCfC 6341.0086 6341.0313
HTM-1 CC"C TAA CC"C TAA CC"C TAA CC"C 6253.1470 6253.0938
HTM-2 CC"C"™ TAA CC"C"™ TAA CC"C" TAA CC™"C™ 6309.2094 6309.1875
HTM-3 C"C"C TAA C"C"C TAA C"C"C TAA C"C"C 6309.2094 6309.1563

HTM-4 C"C"C" TAA C"C"C" TAA C"C"C" TAA C"C"C" 6365.2718 6365.2188
HTFM CfC™{C™ TAA CfC™fC"™ TAA CfC™fC™ TAA CfC™fC" 6453.1342 6452.9688

HIJ-1 CfCC™ TAA CC™fC TAA CfCC™ TAA CC™fC 6325.1090 6324.8125
HJ-2 CC"C"™ TAA CfCfC TAA CfC{fC TAA CC™C" 6325.1090 6325.0938
HJ-3 CfC™{C™ TAA CfCfC TAA CfCfC TAA CfC™fC™ 6397.0714 6396.8125
HJ-4 CfC™fC™ TAA CCC TAA CCC TAA CfC™fC™ 6325.1094 6324.8125

(fC): 2'F-araC, (C™): 5-Me-dC, and fC™: 5-Me-2'F-araC

3.7.4 UV Melting Studies

UV thermal denaturation data were obtained on the Varian CARY 300 UV-Vis
spectrophotometer (Agilent Technologies) equipped with a Peltier temperature controller. The
concentration of oligonucleotides used was 4 uM prepared in 10 mM sodium phosphate buffer

(pH 5.0, pH 7.0, and pH 7.4). Concentrations were determined after quantitating the samples by
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UV absorbance at A = 260 nm. Samples were heated at 90 °C for 15 minutes, slowly cooled to
room temperature, then stored at 5 °C for at least an overnight before measurements were
performed. Denaturation curves were acquired at 265 nm at a ramp of 0.5 °C/min. Samples were
kept under a nitrogen flow at temperatures below 12 °C. The optimal melting temperature (7,2)

values were calculated using the first derivative method.

3.7.5 Circular Dichroism Studies

CD studies were performed at 5 °C on the JASCO J-810 spectropolarimeter (JASCO
Analytical Instruments) using a 1 mm path length cuvette. Temperature was maintained using the
Peltier unit within the instrument. Spectra were recorded from 350-230 nm at a scan rate of 100
nm/min and a response time of 2.0 s with three acquisitions recorded for each spectrum. The
spectra were normalized by subtraction of the background scan with the corresponding buffer.
Data were smoothed using the means-movement function in the JASCO graphing software. The
concentration of oligonucleotides used was 50 uM prepared in 10 mM sodium phosphate buffer

(pH 5.0 and pH 7.0).

3.7.6 Nuclear Magnetic Resonance

Samples for NMR experiments were dissolved in 9:1 H,O/D,O (10 mM sodium
phosphate buffer). All NMR spectra were acquired using Bruker Avance spectrometers operating
at 600 and 800 MHz, equipped with cryoprobes, and processed with TOPSPIN software.
NOESY*' spectra were acquired with mixing times of 150 and 250 ms. TOCSY™* spectra were
recorded with the standard MLEV-17 spin-lock sequence and a mixing time of 80 ms. Water
suppression was achieved by including a WATERGATE™ module in the pulse sequence prior to
acquisition. The spectral analysis program SPARKY was used for semiautomatic assignment of

the NOESY cross-peaks and quantitative evaluation of the NOE intensities.

3.7.7 Structural Determination

Restrained molecular dynamics calculations were carried out with the SANDER module
of the package AMBER 12.0.** Coordinates from the human telomeric i-motif (pdb code 1ELN)
were utilized as starting points for the AMBER refinement, consisting of an annealing protocol
in vacuo, followed by trajectories of 500 ps each in which explicit solvent molecules were

included. The Particle Mesh Ewald method was used to evaluate long-range electrostatic
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interactions. The specific protocols for these calculations have been described elsewhere.*” The

BSC1 force field was used to describe the DNA,* and the TIP3P model was used to simulate

water molecules. Suitable parameters for the 2'F-araC derivatives were extracted from Noy et

47
al.

3.8
1.

10.

11.

12.

Analysis of the representative structures was carried out with MOLMOL program.*®

References

Gehring, K.; Leroy, J. L.; Gueron, M., A Tetrameric DNA-Structure with Protonated
Cytosine.Cytosine Base-Pairs. Nature 1993, 363 (6429), 561-565.

Day, H. A.; Pavlou, P.; Waller, Z. A., i-Motif DNA: structure, stability and targeting with
ligands. Bioorg. Med. Chem. 2014, 22 (16), 4407-18.

Brooks, T. A.; Kendrick, S.; Hurley, L., Making sense of G-quadruplex and i-motif
functions in oncogene promoters. FEBS J. 2010, 277 (17), 3459-69.

Phan, A. T.; Gueron, M.; Leroy, J. L., The solution structure and internal motions of a
fragment of the cytidine-rich strand of the human telomere. J. Mol. Biol. 2000, 299 (1),
123-144.

Fleming, A. M.; Ding, Y.; Rogers, R. A.; Zhu, J.; Zhu, J.; Burton, A. D.; Carlisle, C. B.;
Burrows, C. J., 4n-1 Is a "Sweet Spot" in DNA i-Motif Folding of 2'-Deoxycytidine
Homopolymers. J. Am. Chem. Soc. 2017, 139 (13), 4682-4689.

Wright, E. P.; Huppert, J. L.; Waller, Z. A. E., Identification of multiple genomic DNA
sequences which form i-motif structures at neutral pH. Nucleic Acids Res. 2017, 45 (6),
2951-2959.

Sun, D.; Hurley, L. H., The Importance of Negative Superhelicity in Inducing the
Formation of G-Quadruplex and i-Motif Structures in the c-Myc Promoter: Implications
for Drug Targeting and Control of Gene Expression. J. Med. Chem. 2009, 52 (9), 2863-
2874.

Kendrick, S.; Akiyama, Y.; Hecht, S. M.; Hurley, L. H., The i-Motif in the bcl-2 P1
Promoter Forms an Unexpectedly Stable Structure with a Unique 8:5:7 Loop Folding
Pattern. J. Am. Chem. Soc. 2009, 131 (48), 17667-17676.

Kang, H. J.; Kendrick, S.; Hecht, S. M.; Hurley, L. H., The Transcriptional Complex
Between the BCL2 i-Motif and hnRNP LL Is a Molecular Switch for Control of Gene
Expression That Can Be Modulated by Small Molecules. J. Am. Chem. Soc. 2014, 136
(11),4172-4185.

Cui, Y. X.; Kong, D. M.; Ghimire, C.; Xu, C. X.; Mao, H. B., Mutually Exclusive
Formation of G-Quadruplex and i-Motif Is a General Phenomenon Governed by Steric
Hindrance in Duplex DNA. Biochemistry 2016, 55 (15), 2291-2299.

Benabou, S.; Avind, A.; Eritja, R.; Gonzalez, C.; Gargallo, R., Fundamental aspects of
the nucleic acid i-motif structures. Rsc Adv. 2014, 4 (51), 26956.

Robidoux, S.; Klinck, R.; Gehring, K.; Damha, M. J., Association of branched
oligonucleotides into the i-motif. J. Biomol. Struct. Dyn. 1997, 15 (3), 517-27.

141



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Li, X.; Peng, Y.; Ren, J.; Qu, X., Carboxyl-modified single-walled carbon nanotubes
selectively induce human telomeric i-motif formation. Proc. Natl. Acad. Sci. USA 2006,
103 (52), 19658-63.

Chen, X.; Zhou, X.; Han, T.; Wu, J.; Zhang, J.; Guo, S., Stabilization and induction of
oligonucleotide i-motif structure via graphene quantum dots. ACS Nano 2013, 7 (1), 531-
7.

Kendrick, S.; Kang, H. J.; Alam, M. P.; Madathil, M. M.; Agrawal, P.; Gokhale, V_;
Yang, D. Z.; Hecht, S. M.; Hurley, L. H., The Dynamic Character of the BCL2 Promoter
i-Motif Provides a Mechanism for Modulation of Gene Expression by Compounds That
Bind Selectively to the Alternative DNA Hairpin Structure. J. Am. Chem. Soc. 2014, 136
(11),4161-4171.

Robidoux, S.; Damha, M. J., D-2-deoxyribose and D-arabinose, but not D-ribose,
stabilize the cytosine tetrad (i-DNA) structure. J. Biomol. Struct. Dyn. 1997, 15 (3), 529-
35.

Collin, D.; Gehring, K., Stability of chimeric DNA/RNA cytosine tetrads: Implications
for i-motif formation by RNA. J. Am. Chem. Soc. 1998, 120 (17), 4069-4072.

Snoussi, K.; Nonin-Lecomte, S.; Leroy, J. L., The RNA i-motif. J. Mol. Biol. 2001, 309
(1), 139-153.

Kumar, N.; Nielsen, J. T.; Maiti, S.; Petersen, M., i-Motif formation with locked nucleic
acid (LNA). Angew. Chem. 2007, 46 (48), 9220-2.

Pasternak, A.; Wengel, J., Modulation of i-motif thermodynamic stability by the
introduction of UNA (unlocked nucleic acid) monomers. Bioorg. Med. Chem. Lett. 2011,
21 (2), 752-5.

Perlikova, P.; Karlsen, K. K.; Pedersen, E. B.; Wengel, J., Unlocked Nucleic Acids with a
Pyrene-Modified Uracil: Synthesis, Hybridization Studies, Fluorescent Properties and i-
Motif Stability. Chembiochem 2014, 15 (1), 146-156.

Fenna, C. P.; Wilkinson, V. J.; Arnold, J. R.; Cosstick, R.; Fisher, J., The effect of 2'-
fluorine substitutions on DNA i-motif conformation and stability. Chem. Commun. 2008,
(30), 3567-9.

Abou Assi, H.; Harkness, R. W. V.; Martin-Pintado, N.; Wilds, C. J.; Campos-Olivas, R.;
Mittermaier, A. K.; Gonzalez, C.; Damha, M. J., Stabilization of i-motif structures by 2'-
beta-fluorination of DNA. Nucleic Acids Res. 2016, 44 (11), 4998-5009.

Lannes, L.; Halder, S.; Krishnan, Y.; Schwalbe, H., Tuning the pH Response of i-Motif
DNA Oligonucleotides. Chembiochem 2015, 16 (11), 1647-1656.

Xu, B. C.; Devi, G.; Shao, F. W., Regulation of telomeric i-motif stability by 5-
methylcytosine and 5-hydroxymethylcytosine modification. Org. Biomol. Chem. 2015,
13 (20), 5646-5651.

Balasubramanian, S.; Hurley, L. H.; Neidle, S., Targeting G-quadruplexes in gene
promoters: a novel anticancer strategy? Nat. Rev. Drug Discov. 2011, 10 (4), 261-275.

142



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Brooks, T. A.; Hurley, L. H., Targeting MYC Expression through G-Quadruplexes.
Genes Cancer 2010, 1 (6), 641-649.

Dai, J.; Hatzakis, E.; Hurley, L. H.; Yang, D., [-motif structures formed in the human c-
MYC promoter are highly dynamic--insights into sequence redundancy and I-motif
stability. Plos One 2010, 5 (7), e11647.

Jin, S. G.; Kadam, S.; Pfeifer, G. P., Examination of the specificity of DNA methylation
profiling techniques towards 5-methylcytosine and 5-hydroxymethylcytosine. Nucleic
Acids Res. 2010, 38 (11), e125.

Yildirim, O.; Li, R.; Hung, J. H.; Chen, P. B.; Dong, X.; Ee, L. S.; Weng, Z.; Rando, O. J.;
Fazzio, T. G., Mbd3/NURD complex regulates expression of 5-hydroxymethylcytosine
marked genes in embryonic stem cells. Cell 2011, 147 (7), 1498-510.

Kraus, T. F.; Globisch, D.; Wagner, M.; Eigenbrod, S.; Widmann, D.; Munzel, M.;
Muller, M.; Pfaffeneder, T.; Hackner, B.; Feiden, W.; Schuller, U.; Carell, T,
Kretzschmar, H. A., Low values of 5-hydroxymethylcytosine (ShmC), the "sixth base,"
are associated with anaplasia in human brain tumors. Int. J. Cancer 2012, 131 (7), 1577-
90.

Bird, A., DNA methylation patterns and epigenetic memory. Genes & Dev. 2002, 16 (1),
6-21.

Bird, A., Perceptions of epigenetics. Nature 2007, 447 (7143), 396-8.

Gonzalo, S.; Jaco, I.; Fraga, M. F.; Chen, T. P.; Li, E.; Esteller, M.; Blasco, M. A., DNA
methyltransferases control telomere length and telomere recombination in mammalian
cells. Nat. Cell Biol. 2006, 8 (4), 416-U66.

Ng, L. J.; Cropley, J. E.; Pickett, H. A.; Reddel, R. R.; Suter, C. M., Telomerase activity
is associated with an increase in DNA methylation at the proximal subtelomere and a
reduction in telomeric transcription. Nucleic Acids Res. 2009, 37 (4), 1152-1159.
Elzagheid, M. I.; Viazovkina, E.; Damha, M. J., Synthesis of protected 2'-deoxy-2'-
fluoro-beta-D-arabinonucleosides. Current protocols in nucleic acid chemistry / edited by
Serge L. Beaucage ... [et al.] 2002, Chapter 1, Unit 17.

Wilds, C. J; Damha, M. J., 2'-Deoxy-2'-fluoro-beta-D-arabinonucleosides and
oligonucleotides (2'F-ANA): synthesis and physicochemical studies. Nucleic Acids Res.
2000, 28 (18), 3625-35.

Yang, B.; Wu, R. R.; Rodgers, M. T., Base-Pairing Energies of Proton-Bound
Homodimers Determined by Guided Ion Beam Tandem Mass Spectrometry: Application
to Cytosine and 5-Substituted Cytosines. Anal. Chem. 2013, 85 (22), 11000-11006.
Tellinghuisen, J., Statistical error propagation. J. Phys. Chem. A 2001, 105 (15), 3917-
3921.

Dong, Y. C.; Yang, Z. Q.; Liu, D. S., DNA Nanotechnology Based on i-Motif Structures.
Acc. Chem. Res. 2014, 47 (6), 1853-1860.

Kumar, A.; Ernst, R. R.; Wuthrich, K., A two-dimensional nuclear Overhauser
enhancement (2D NOE) experiment for the elucidation of complete proton-proton cross-

143



42.

43.

44,

45.

46.

47.

48.

relaxation networks in biological macromolecules. Biochem. Biophys. Res. Commun.
1980, 95 (1), 1-6.

Bax, A.; Davis, D. G., Mlev-17-Based Two-Dimensional Homonuclear Magnetization
Transfer Spectroscopy. J. Magn. Reson. 1985, 65 (2), 355-360.

Piotto, M.; Saudek, V.; Sklenar, V., Gradient-Tailored Excitation for Single-Quantum
Nmr-Spectroscopy of Aqueous-Solutions. J. Biomol. NMR 1992, 2 (6), 661-665.

Case, D. A.; Darden, T. A.; Cheatham, T. E. IIL.; et al. AMBER 12, University of
California, San Francisco, 2012.

Soliva, R.; Monaco, V.; Gomez-Pinto, I.; Meeuwenoord, N. J.; Van der Marel, G. A.;
Van Boom, J. H.; Gonzalez, C.; Orozco, M., Solution structure of a DNA duplex with a
chiral alkyl phosphonate moiety. Nucleic Acids Res. 2001, 29 (14), 2973-2985.

Ivani, L.; Dans, P. D.; Noy, A.; Perez, A.; Faustino, I.; Hospital, A.; Walther, J.; Andrio,
P.; Goni, R.; Balaceanu, A.; Portella, G.; Battistini, F.; Gelpi, J. L.; Gonzalez, C.;
Vendruscolo, M.; Laughton, C. A.; Harris, S. A.; Case, D. A.; Orozco, M., Parmbscl: a
refined force field for DNA simulations. Nat. Methods 2016, 13 (1), 55-8.

Noy, A.; Luque, F. J; Orozco, M., Theoretical analysis of antisense duplexes:
determinants of the RNase H susceptibility. J. Am. Chem. Soc. 2008, 130 (11), 3486-96.
Koradi, R.; Billeter, M.; Wuthrich, K., MOLMOL: A program for display and analysis of
macromolecular structures. J. Mol. Graph. 1996, 14 (1), 51.

144



Chapter 4
2'-Fluoroarabinonucleic Acid Modification Traps G-Quadruplex

and i-Motif Structures in Human Telomeric DNA

/

: SLOW
DOWN

SPEED LIMIT
2'F-ANA

G- quadruplex

The majority of this chapter is reproduced from: “2'-Fluoroarabinonucleic Acid Modification
Traps G-Quadruplex and i-Motif Structures in Human Telomeric DNA”, Hala Abou Assi,
Roberto El-Khoury, Carlos Gonzalez, and Masad J. Damha, Nucleic Acids Research, 2017, 45,
11535-11546.

“Discipline and freedom are not mutually exclusive but mutually
dependent because otherwise, you'd sink into chaos.”
—Paulo Coelho
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4.1 Introduction

Human telomeric DNA is composed of tandem guanine-rich repeats (TTAGGG), along
with complementary cytosine-rich repeats (CCCTAA),' The G-rich sequence forms G4
structures consisting of square-planar stacked guanine tetrads stabilized by Hoogsteen hydrogen
bonds and mono- or divalent cations (Figure 4.1).>* In the past two decades, G4s have gained
considerable attention due to their significant stability under physiological conditions. In
addition, their formation in cells has been implicated in several key biological processes.™ It has
been suggested that G4 structures formed at telomeric ends of chromosomal DNA and stabilized
by specific ligands might inhibit the activity of telomerase or lead to telomere dysfunction.”"!
Telomerase, a ribonucleoprotein, is the enzyme responsible for telomere maintenance by
elongating the G-rich 3'-overhang.'” Recent studies have shown that telomerase can recognize
and extend the unwound 3'-end of intermolecular parallel G4 structures and not the
intramolecular antiparallel conformation."” The occurrence of DNA and RNA G4 structures in

1415 and smart fluorescent

human cells has been visualized utilizing structure-specific antibodies
probes.'® Interestingly, recent studies have shown that conserved Zika virus RNA sequences
adopt stable, parallel-stranded G4 folds.'” Therefore, G4-binding molecules may be utilized to

inhibit viral replication.

Under acidic conditions, the complementary C-rich strand folds into i-motif structures
consisting of two parallel duplexes intercalated in an antiparallel orientation and held together by
hemiprotonated cytosine-cytosine (C-C") base pairs (Figure 4.1)."**° Several factors have been
found to stabilize these structures at physiological conditions such as molecular crowding and
single-walled carbon nanotubes,' silver cations,”* and negative supercoiling.”> We have shown
in Chapter 2 that 2'F-araC substitutions (Figure 4.2), significantly stabilize telomeric and
centromeric i-motif structures at neutral pH.>* To date, various i-motif structures had been
reported in numerous oncogene promoter regions, such as c-MYC,” BCL-2,***” VEGF,*® and

31,32

RET,” in addition to telomeric®® and centromeric regions. Furthermore, two recent reports

33,34
" Even more

show that several genomic sequences fold into i-motif structures at neutral pHs.
recently, it has been demonstrated that i-motif structures in a DNA template can cause Klenow
fragment DNA polymerase to stall immediately before the i-motif-forming region, suggesting

that i-motifs could impede DNA replication or repair.>
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Figure 4.1: A) AT and C-:G Watson-Crick base pairs (top) and schematic representation of an
antiparallel duplex (bottom). The G-rich strand is represented in blue and the C-rich strand in red.
B) G-quartet stabilized by monovalent cation (left) and schematic representation of an
intramolecular G-quadruplex (right). C) C-C" base pair (left) and schematic representation of an
intramolecular i-motif (right).
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Figure 4.2: Structures of 2'-deoxy-2'-fluoro-arabinocytidine (2'F-araC, left), 2'-deoxy-2'-fluoro-
arabinoguanosine (2'F-araG, middle) and 2'-deoxy-2'-fluoro-guanosine (2'F-riboG, right).

The telomeric G-rich 3'-overhang is a substrate of telomerase; however, no extension
products are observed for the C-rich telomeric repeat due to the lack of complementarity between
the C-rich strand and the RNA template of telomerase.”® In blunt-ended telomeric duplexes
where the two strands are fully hybridized, the G-rich strand is no longer a substrate of the
enzyme.’® Therefore, it is important to determine whether the transient formation of i-motif

structures in the C-rich strand would free up the G-rich strand for elongation by, or inhibition of

telomerase. For this reason, G4/i-motif-duplex interconversion is a process of significant
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importance.”*

The kinetics of G4/i-motif unfolding and of duplex formation at pH 5.0 were
first studied by Mergny and Phan in 2002.** Several other reports regarding G4/i-motif-duplex
competition have been conducted, confirming that the competitive equilibria between G4, i-
motif, and WC duplexes are primarily driven by the nature of the cation, the pH, and the

45-48
sequence.

In this work, we aim to stabilize parallel intramolecular G4 structures and tune the G4/i-
motif-duplex interconversion rate at neutral pH by stabilizing i-motif and G4 structures
simultaneously. For this purpose, C- and G-rich sequences modified with 2'F-araC, 2'F-araG, and
2'F-riboG residues were synthesized (Table 4.1 and Figure 4.2). 2'-deoxy-2'-F-arabinonucleic
acids (2'F-ANA) modifications can modulate G4 stability and topology by favoring the parallel
propeller G4 topology over competing conformers, while 2'F-ribose modifications (2'F-RNA)
disrupt the conformation of the furanose ring leading to less stable quadruplexes.””' We show
that 2'F-araG and 2'F-araC modified oligonucleotides provide very stable G4 and i-motif
structures in potassium buffer at neutral pH, and that these structures pose a large kinetic barrier

for duplex formation.

Table 4.1: Thermal stability of the telomeric 22G™ and 22C™"-rich sequences (pH 7.0).

Code Sequence (5'-3") T AT,
22G0 A GGG TTA GGG TTA GGG TTA GGG 65.6 0.1 -
22G1 A (fG)GG TTA (fG)GG TTA (fG)(fG)G TTA (fG)GG 74.2+0.9 +8.6
22G2 A (fG)GG TTA (fG)(fG)G TTA (fG)GG TTA (fG)GG 73.8+0.2 +8.2
22G3 A (fG)GG TTA (fG)(fG)G TTA (fG)(fG)G TTA (fG)GG 80.2+0.5 +14.6
22G4 A GGG TTA GGG TTA GGG TTA GGG 53.4+0.2 -12.2
22G6 A GGG TTA GGG TTA GGG TTA GGG 57.6+0.2 -8.0
22G7 A GGG TTA GGG TTA GGG TTA GGG 59.3+0.2 -6.3
22C0 CCCTAACCCTAACCCTAACCCT n.d. -
22Cl1 C(fC)(fC) TAA C(fC)(fC) TAA C(fC)(fC) TAA C(fC)(fC) T 25.7+0.1

22C2 (fO)(fC)(fC) TAA (fC)(fC)(fC) TAA (fC)(fC)(fC) TAA (fO)(fC)(fC) T 30.0+0.3

@The T ms of the 22G-rich sequences were determined at 295 nm and 0.2 °C/min in 20 mM KP; and
70 mM KCI buffer, pH 7.0 at 10 uM strand concentration. ™'The Ty,s of the 22C-rich sequences
were determined at 265 nm and 0.5 °C/min in 20 mM KP; and 70 mM KCl buffer, pH 7.0 at 4 pM
strand concentration. (fG): 2'F-araG, G: 2'F-riboG, (fC): 2'F-araC, and n.d. not detected.
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4.2  Biophysical Properties of 22mer Cytosine and Guanine-Rich Single

Strands and Duplexes

As discussed in the introduction of this thesis, G4, i-motif, and WC duplexes can be
distinguished via nuclear magnetic resonance (NMR) since they possess distinct imino proton
chemical shifts that originate from different base-pairing configurations.’> Hence, the imino
protons of base pairs stabilizing i-motifs (C-C"), duplexes (A-T and C-G), and G-tetrads appear
at 15-16 ppm, 12-14 ppm, 10-12 ppm, respectively. The relative stability of these structures is
readily assessed via UV-melting temperature experiments. Melting of duplex, i-motif, and G4
structures were monitored at 260 nm, 265 nm, and 295 nm, respectively.”>~* Like NMR, circular
dichroism (CD) provides a convenient means to distinguish between these structures since their
spectra exhibit characteristic bands.>® Therefore, NMR, UV-melting, and CD experiments
served as complementary techniques to assess the stability and determine the kinetics of G4/i-
motif-duplex interconversion (Figure 4.3). All the NMR spectra reported in this chapter were
performed in collaboration with Prof. Carlos Gonzélez at the CSIC in Madrid.

V/a\"/,\\

3
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- C-rich
C-rich sequence (In + (1 we
wc duplex G4
duplex G4
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Figure 4.3: Models representing G4/i-motif-duplex interconversion of (I) 22mer human telomeric
repeat forming G4, (II) 22mer human telomeric repeat forming G4 and i-motif secondary structures
due to 2'F-ANA modifications, (III) 35mer human telomeric repeat forming a duplex and G4, and
(IV) 35mer human telomeric repeat forming a duplex, a G4, and an i-motif structure within the
same complex.

4.2.1 Structural Properties of 22mer Cytosine and Guanine-Rich Telomeric Single
Strands
'H-NMR and CD experiments performed on the single-stranded G-rich sequences

confirm the formation of G4 structures. In all cases, buffers contained 20 mM KP; and 70 mM
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KCl at pH 7.0 (unless explicitly noted otherwise). 'H-NMR spectra of 2'F-araG modified strands
show signals in the 10 — 12 ppm range, which are characteristic of G4 formation (Figure 4.4).
These imino signals are still observed at 45 °C indicating the formation of thermally stable G4
conformations. The CD spectrum of 22G0 shows two maxima indicating the presence of two
conformers: an antiparallel conformation with a positive band at 295 nm and a parallel
conformer with a positive band at 260 nm (Figure 4.5A). The incorporation of 2'F-araG and 2'F-
riboG modifications triggers a shift in the spectra leading to a major positive signal at 260 nm

and a negative signal at 240 nm, characteristic of a single parallel G-quadruplex (Figure 4.5A).
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Figure 4.4: 'H-NMR melting temperature experiments for A) 22G0, B) 22G1, and C) 22G3 in 20
mM KP; and 70 mM KCI, pH 7.1.

Among the 2'F-araG modified sequences, the CD spectrum of 22G2 reveals a small
shoulder at 295 nm suggesting the presence of a minor species folded in an antiparallel fashion.
All 2'F-araG modified strands were found to be more stable compared to the control (22G0), as
indicated by the increase in melting temperature, with the highest 7}, observed for 22G3 (AT, =
+14.6 °C) (Table 4.1 and Figure 4.6). 2'F-riboG modified G-rich strands are less stable

compared to the unmodified sequence (Table 4.1).
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sequences recorded at 5 °C in 20 mM KP; and 70 mM KCI1 buffer (pH 7.0). Oligonucleotide strand
concentration is 20 uM in single strands.
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Figure 4.6: Thermal melting temperature experiments for the 22G-rich strands. Oligonucleotide
concentration is 10 uM in single strands. 7T}, spectra were recorded at 295 nm in 20 mM KP; and 70

mM KCl buffer, pH 7.0 at a heating rate of 0.2 °C/min.

UV-Melting experiments performed at different oligonucleotide concentrations (2 uM to
100 uM) had little effect on the 71, thus confirming the formation of monomeric G4 structures in
the case of 22G1 and 22G3 (Table 4.2). The presence of multiple conformations in the case of
22(G2 and the decreased stability of the 2'F-riboG modified G-rich strands led us to exclude these
sequences from further interconversion studies. At neutral conditions, the unmodified single-
stranded C-rich sequence does not form stable i-motif structures even at high concentrations (100
uM, Table 4.2). However, the presence of 2'F-araC modifications provokes significant i-motif

stabilization, in agreement with findings reported in Chapters 2 and 3.>* The most stable
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construction, 22C2 (T, = 30.0 °C), was utilized in the G4/i-motif-duplex interconversion studies.
22C2 adopts an intramolecular folding topology since the 7}, obtained from CD melting
temperature experiments at 2 uM, 40 uM, and 100 uM was approximately 30.0 °C (Table 4.2).

Table 4.2: Melting temperatures (°C) of the telomeric 22G-rich and 22C-rich sequences (pH 7.0) at
different concentrations.”

Code Sequence (5'-3") Tm Twm T T Tm
2uM  10puM  40pM  50puM 100 uM
22C0 CCC TAA CCC TAA C CCC TAA CCCT n.d. - - - n.d.
22C2 ((fC)(fC)(fC) TAA); (fC)(fC)(fC) T 29.6 - 30M! - 300
22G0 A GGG TTA GGG TTA GGG TTA GGG 66.5 65.6 66.5 66.5 66
22G1 A (fG)GG TTA (fG)GG TTA (fG)(fG)G TTA (fG)GG 74.0 74.2 74.5 75.0 76
22G3 A (fG)GG TTA (fG)(fG)G TTA (fG)(fG)G TTA (fG)GG 79.6 80.2 81.1 81.6 810
7901
22G4 A GGG TTA GGG TTA GGG TTA GGG - 53.4 540 - 530

The T,,s of the 22G-rich sequences were recorded at 295 nm and 0.5 °C /min in 20 mM KPi and 70 mM
KCl buffer (pH 7.0). The T,,s of the 22C-rich sequences were recorded at 265 nm and 0.5 °C /min in 20
mM KP; and 70 mM KCI buffer (pH 7.0). (fG): 2'F-araG, G: 2'F-riboG, (fC): 2'F-araC, and n.d. not
detected.

JCD melting temperature experiments in 20 mM KP; and 70 mM KCI buffer (pH 7.0) at a ramp of 0.5 °C
/min. Ty,s were calculated from the plot of ellipticity at 265 nm as a function of temperature.

[l7,s were calculated from the plot of ellipticity at 295 nm as a function of temperature. A clear band was
observed at 265 nm; however, the signal-to-noise ratio did not allow the extraction of a melting
temperature at 265 nm.

4.2.2 Structural Properties of Cytosine and Guanine-Rich Telomeric Duplexes (Annealing
versus Mixing)

UV-melting temperature (monitored at 260 nm) and circular dichroism experiments were
performed at pH 5.8, 6.2, 6.6, 7.0 and 7.4 after annealing equimolar quantities of the 22C- and
22G-rich strands (i.e. a 1:1 mixture of the complementary strands was heated to 90 °C for 10
minutes and then slowly cooled down to room temperature, mix-heat-cool). Most of the melting
curves display more than one transition (Tables 4.3). Looking closely at the melting curves
(Figure 4.7) two hyperchromic and one hypochromic transitions are observed: a major, pH-
independent melting transition corresponding to duplex unfolding and two minor transitions
associated with the unfolding of i-motif (lowest pH-dependent 7., values) and G4 structures

(highest pH-independent T}, values).
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To confirm that the minor transitions correspond to the formation/melting of i-motif and

G4 structures, UV-melting experiments for the constituent isolated 22G- and 22C-rich strands
were performed at different pH values (Table 4.4). The T}, values observed for 22C0 and 22C2

decrease as the pH of the sample increases from 5.8 to 7.4 and were very similar to the values

obtained for the first transition in the duplex melting experiments (Tables 4.3 and 4.4).

Similarly, the T;, values observed for the G-rich sequences were comparable to those obtained

for the hypochromic transition, confirming that this transition corresponds to the melting of G4

structures.
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T values were calculated based on the first derivative method.
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Table 4.3: Melting temperatures (°C) of 22mer human telomeric duplexes at different pHs.

Code Duplex Tn T Tn Tn Tn
pH5.8 pH 6.2 pH 6.6 pH 7.0 pH 7.4

36.0+0.8 275+0.3 18.5 10.8+0.2 11.0
63.3+0.2 64.2+0.2 64.3+0.2 64.7+0.2 65.5+0.3

D1 22G0:22C0

49.5 45.5 35.0+1.0 265+ 1.5 19.5

D2 22G0:22C2
68.5+0.3 68.7+0.3 68.7+0.3 69.2+0.3 69.5+0.1

354+0.8 26.6 17.6 11.1
D3 22G1:22C0  66.2+0.2 66.6 0.2 66.9+0.3 67.0+0.3 67.7+0.2
78.5+0.2 78.5+0.2 78.4+0.3 78.1+0.4 79.1+0.1

52.7 45.2 37.2 29.2
D4 22G1:22C2 71.6+0.5 71.9+0.4 71.9+0.4 72.1+0.4 72.2+0.3
83.5£0.5 83.3+0.3 83.3+0.3 83.5 84.0+£0.5

36.0+0.4 27.6+0.6 17.3+0.8 11.3+0.6
D5 22G3:22C0  64.8+0.1 65.8+0.1 65.8+0.1 66.3+0.1 66.6 0.2
80.1£0.3 80.8+£0.2 80.3+£0.3 80.8£0.1 80.8+£0.2

442+04 349+1.1 264+1.3 21.0
D6 22G3:22C2 71.7+0.2 71.7+0.2 724+0.4 71.9+0.2 72.6+0.1
84.4+0.2 83.9+0.5 84.4+04 83.8+£0.3 84.7+0.1

Duplex concentration is 2 puM. T,,, were recorded at 260 nm in 20 mM KP; and 70 mM KCI. Melting
curves were recorded at a heating rate of 0.5 °C/min.

Table 4.4: Melting temperatures (°C) of the telomeric 22G-rich and 22C-rich single strands at different

pH values.
Code Sequence (5'-3") Tw T T T T
pH 5.8 pH 6.2 pH 6.6 pH 7.0 pH 7.4
22G0 A GGG TTA GGG TTA GGG TTA GGG 71.2+£0.2 71.0£0.6 70.7 £ 0.4 70.8+£0.3 71.0£0.3
22G1 A (fG)GG TTA (fG)GG TTA (fG).G TTA (fG)GG 74.1+0.5 73.6£0.8 73.2+£0.9 74.0+£0.3 72.7+0.9
22G3 A (fG)GG TTA (fG),G TTA (fG),G TTA (fG)GG 79.3+0.9 79.5+£0.7 78.8+£0.9 79.6 £0.5 79.5+0.3
22G4 A GGG TTA GGG TTA GGG TTA GGG 53.8+0.3 53.0£0.1 53.8+0.3 533+0.3 533+0.3
22C0 CCCTAACCCTAACCCTAACCCT 36.0+0.1 28.1+0.1 18.7+0.2 n.d. n.d.
22C2 (fC); TAA (fC); TAA (fC); TAA (fC); T 51.8+£0.2 445402 34.8+0.2 29.6 £0.1 21.4+0.3

Oligonucleotide concentration is 2 pM in 20 mM KP; and 70 mM KCI. Melting curves were recorded at a
heating rate of 0.5 °C/min and at 260 nm. (fG): 2'F-araG, G: 2'F-riboG, (fC): 2'F-araC, and n.d. not
detected.

CD experiments as a function of pH were performed for all the samples containing 2'F-
ANA modified C- and G-rich sequences (Figure 4.8). The samples containing 22C0 hybridized
to 22GO0 or to 2'F-ANA modified G4s, all exhibit a clear positive band at 285 nm at pH 5.8 and
6.2. This band decreases in magnitude as the pH increases to 7.0 and 7.4, reflecting the
progressive unfolding of the i-motif structure with increasing pH. However, in the case of 22C2,
this band was found in the CD spectra up to pH 7.0. Moreover, in all of the studied samples, a

positive band appears between 270-260 nm with a negative band around 240 nm. To
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unequivocally determine which species were forming under these conditions, 1D NMR spectra

were recorded at neutral pH (Figure 4.9). The spectra obtained after mixing and annealing

equimolar quantities of the 22G-rich and 22C-rich strands presented imino signals in the 12-14

ppm region, indicating that the formation of WC duplex structures is favored under slow

annealing conditions and at higher concentrations, which is expected since duplex formation is

concentration-dependent (Figure 4.9). The well-known ability of 2'F-ANA modifications to

stabilize duplex structures can be noticed in the presence of clear imino signals for the modified

duplexes at higher temperatures.”’ This is also consistent with the higher T, values of the main

melting transition in the modified duplexes (Table 4.3 and Figure 4.9).
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minutes at 90 °C and stored at 4 °C before the NMR melting temperature experiments were

performed.
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4.2.3 NMR Kinetic Experiments of 22mer Mixes

The kinetics of duplex formation were monitored by following the signal changes in the
imino region of the NMR spectra (Figures 4.10 and 4.11). The 22G- and 22C-rich single strands
were annealed separately and then mixed in equimolar amounts without further annealing (heat-
cool-mix). Changes in the relative populations of duplex, G4, and i-motif species over time were
followed by observing the change in their relative signal intensities. In the case of the control
22mer sample (D1), the intensity of G4 imino signals decreases within hours at 5 °C and within
minutes at 25 °C. After 20 hours (5 °C, Figure 4.10) and 2 hours (25 °C, Figure 4.11), the G4

imino signals vanish completely, indicating that the two strands are fully hybridized.

Incorporation of 2'F-ANA modifications in any of the strands slows down the
hybridization process dramatically. Indeed, at 5 °C, when only the C-strand is modified (D2,
Figure 4.10B), i-motif signals are present after 5 days. Likewise, when only the G-strand is
modified (D5, Figure 4.10C), G4 imino signals are visible after 35 days at 5 °C. Fluorination in
the G-strand gives rise to G4 structures that are more stable than the duplexes. This is consistent
with the T;, data (Table 4.3) where the G4 transition always occurred at higher temperatures
relative to the duplex. This effect is even more pronounced when the two strands are modified
(D6, Figure 4.10D); G4 and i-motif imino signals are observed after 35 days with only very

minor WC imino signals detectable.

A comparison of the different kinetics of duplex formation at 25 °C indicates that full
duplex formation is achieved after approximately 11 days when the C-strand alone is modified
(D2, Figure 4.11B). When both strands are modified, the speed of duplex formation is inversely
proportional to the number of 2'F-araG residues incorporated (Figure 4.11C vs 4.11D). The G4
signals in D2 at 25 °C are sharp and co-exist with the WC imino signals for 11 days. On the
other hand, the G4 signals of D2 at 5 °C are very broad and disappear after almost 20 hours. This
might be due to aggregation of G4 at lower temperatures leading to broad imino signals of the
unmodified G-rich strand. These broad signals tend to disappear at a faster rate compared to the

G4 signals at 25 °C.
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Figure 4.11: 'H-NMR monitored kinetic experiments for A) D1 (22G0:22C0), B) D2(22G0:22C2),
C) D4 (22G1:22C2), and D) (22G3:22C2) in 1:1 mixture of 22G:22C at pH 7.1 in 20 mM KP; and
70 mM KCl at T =25 °C.
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When the G-strand is unmodified and the C-strand is modified (D2; 22G0:22C2), the
rate-determining step for duplex formation at 5 °C is the unfolding of 2'F-ANA modified i-motif.
When the G-strand is modified and the C-strand is unmodified (D5; 22G3:22C0), the unfolding
of 22G3 is rate-determining. When both strands are modified (D6; 22G3:22C2), the i-motif and
G4 structures persist with no duplex formation observed even after 35 days at 5 °C. Therefore, at
5 °C, G4 and/or i-motif unfolding are the rate-determining steps for duplex formation and the
slowdown effect is exacerbated when modifications are incorporated in the G-strand rather than
in the C-strand. When the temperature is raised to 25 °C, 22C2 is partially unfolded (7, = 30 °C)
and the G4/i-motif to duplex interconversion rate is dominated by G4 unfolding. Other studies
have shown that i-motif unfolding represents a large kinetic barrier to duplex formation;’®

however, this is the first time that this effect has been demonstrated at neutral pH.

4.3 Telomerase Activity Assays

Telomerase activity assays were performed for the modified G4 structures and 22mer
mixes in collaboration with Aaron Moye in Dr. Tracy Bryan’s lab at the Children’s Medical
Research Institute in Sydney. The 18mer linear control refers to a telomeric oligonucleotide that
has been denatured immediately prior to the telomerase activity assaysand represents the
extension of a linear substrate (lane 1, Figure 4.12). Pre-folded 22G0 exhibited the “stuttering”
pattern revealing the typical poor extension observed for antiparallel G4 structures (lane 3,
Figure 4.12)."°%% However, interestingly, pre-folded 2'F-araG modified G4s formed from
22Gl, 22G2, and 22G3 (lanes 4-6) were extended by telomerase with the normal 6-nt repeat
pattern. Therefore, telomerase is able to extend intramolecular parallel G4s and thus our data
further confirms that telomerase activity is highly dependent on the folding topology of G4
structures. In the case of the dimeric intermolecular parallel G4s, the Bryan group hypothesized
that telomerase partially unwinds the G4 structure prior to extension. Therefore, investigating the
mechanism by which telomerase elongates the highly stable modified G4s is of utmost

importance.
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Figure 4.12: Telomerase activity assay with immunopurified telomerase at pH 7.5 and 37 °C.
Loading control indicates a **P-labelled oligonucleotide used as a control for loading and recovery.
Samples were pre-folded or annealed at pH 7.0 in 20 mM KP; + 20 mM KCIl. Lane 1: denatured
18mer linear control, lane 2: no DNA added, lane 3: pre-folded 22G0, lane 4: pre-folded 22Gl1,
lane 5: pre-folded 22G2, lane 6: pre-folded 22G3, lane 7: pre-folded 22C0, lane 8: pre-folded
22G0, lane 9: mixing pre-folded 22G0 + pre-folded 22CO0, lane 10: pre-folded 22C2, lane 11: pre-
folded 22G3, lane 12: mixing pre-folded 22G3 + pre-folded 22C2.
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For the C-rich strands, no extension of 22C0 (C-rich negative control, lane 7) and 22C2
(2'F-ANA modified C-rich, lane 10) strands was observed, as expected.’® As observed in Figure
4.12, mixing of pre-folded 22G0 + pre-folded 22C0 showed very little activity either due to
duplex formation, which is not expected to be substrate of telomerase, or the single-stranded C-

rich sequence inhibited telomerase activity.’”®

Interestingly, the addition of pre-folded 22C2 to
pre-folded 22G3 inhibited the extension of 22G3 by telomerase (lane 12 versus lane 11, Figure
4.12). A + 10-nt band was observed in lane 12, indicating only partial extension of the stable G4
species. Since the T, of 22C2 at pH 7.0 is 30.0 °C therefore, at 37 °C, temperature at which the

telomerase activity assay was initially performed, the i-motif structure is partially unfolded.

We hypothesize that the C-rich DNA might be directly inhibiting telomerase since, at 37
°C, 22G3 is expected to maintain a quadruplex topology since it exhibits a Ty, of 80.2 °C.
Therefore, a linear single-stranded G-rich sequence will not be available to hybridize to the
unfolded C-rich complementary strand for duplex formation. Further experiments need to be
performed in order to determine whether the single-stranded C-rich portion or the folded i-motif

structure causes telomerase inhibition.

The telomerase activity assays were repeated at 25 °C, to minimize 22C2 unfolding
during the telomerase activity assay (Figure 4.13). Again we observed that the mixture of pre-
folded 22C2 + 22G3 (i.e., G4 + i-motif, lane 8) was also poorly extended by telomerase, similar
to the results obtained at 37 °C. This implies that (22C2 + 22G3) is either forming a duplex,
which is unlikely under these conditions, or the presence of 22C2 folded into an i-motif structure
inhibited telomerase activity. These data are preliminary and the mechanism of inhibition is still
under investigation to conclude whether i-motif formation in 22C2 has an impact on telomerase
activity. Follow-up experiments that will be performed to test this possibility are described in

Chapter 5.
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Figure 4.13: Telomerase activity assay with immunopurified telomerase at pH 7.5 and 25 °C.
Loading control indicates a **P-labelled oligonucleotide used as a control for loading and recovery.
Samples were pre-folded or annealed at pH 7.0 in 20 mM KP; + 20 mM KCIl. Lane 1: denatured
18mer linear control, lane 2: no DNA added, lane 3: pre-folded 22C0, lane 4: pre-folded 22GO0,
lane 5: mixing pre-folded 22G0 + pre-folded 22C0, lane 6: pre-folded 22C2, lane 7: pre-folded
22G3, lane 8: mixing pre-folded 22G3 + pre-folded 22C2.
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4.4 Properties of 35Smer Cytosine and Guanine-Rich Single Strands and

Duplexes

As mentioned in the introduction of the thesis, several recent studies suggest that G4 and
i-motif structures are mutually exclusive.*”*' That is, either a G4 or an i-motif structure can form
at a certain instance in the same region on complementary strands of a duplex. This mutual
exclusivity was hypothesized to be a result of steric hindrance that one tetraplex imposes to
impede the formation of the other tetraplex on the complementary strand. Interestingly, G4 and i-
motifs were formed simultaneously when arranged in a slightly offset fashion along the
complementary stands of a DNA duplex,” confirming that steric hindrance might be the reason
behind the mutual exclusivity in promoter regions. Therefore, in order to study a scenario where
i-motif and G4 structures are in close proximity, longer constructs were prepared. These
constructs consist of the same 22-nt sequences studied above, but linked to a 13-nt stretch of
mixed base composition (Table 4.5, Figure 4.3-111 and 4.3-1V). A TTT spacer between the
G4/i-motif domain and the duplex domain was inserted to allow for some structural flexibility

and to prevent duplex destabilization caused by the proximal G4 and i-motif structures.®'

Table 4.5: Melting temperatures (°C) of the telomeric 35G-rich and 35C-rich sequences.

Cod s (5-3") T ATw T ATw
n -

ode equence pH7.0  pH7.0 pH58  pHS5S8

vsgo  CACAGATGCGTITAGGGTTAGGGTTAGGG o i.0s .  s1ss0l

TTA GGG
C ACA GAT GCG TTT A (fG)GG TTA (fG)(fG)G

35G3 TTA (16)(10)G TTA (16)GG 750401 +190 757402  +182
4500 CCC TAA CCC TAA CCC TAA CCC T TTT CGC ATC .  assiol

TGT G
3scy (OWTAAUIOTAA ML), TAAICL TTTTCGCATE 3153402 - 52201 4167

Oligonucleotide concentration is 4 pM in 20 mM KP; and 70 mM KCI. Melting curves were recorded at a
heating rate of 0.5 °C/min. T, were recorded at 260 nm for C-rich sequences and 295 nm for G-rich
sequences. (fG): 2'F-araG, (fC): 2'F-araC, and n.d. not detected.

Similar to the data obtained for the 22-nt single-stranded sequences, the CD spectra of the
control G-rich strand (35G0) exhibits the characteristic signature of an antiparallel G4 structure,
while the 2'F-araG modified strand (35G3) possesses a positive band at 260 nm and a negative
band at 240 nm, indicating the formation of a parallel G4 (Figure 4.14). As expected, the
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stability of the 35C-rich sequences is pH-dependent (Table 4.5). The CD spectra of the 2'F-araC

modified structures at pH 7.0 indicate the formation of i-motifs.

A) 35G-rich strands B) 35C-rich strands
12 12
10 10
8
8
6
i ——35G0 pH 5.8 5 ——35C0 pH 5.8
E : ——35G3 pH5.8 ‘g z ——35C2pH 5.8
8, 35G0 pH 7.0 S - 35C0 pH 7.0
-4
2 ——35G3 pH 7.0 . ——35C2pH 7.0
4 -8
-6 -10
Wavelength (nm) Wavelength (nm)

Figure 4.14: CD spectra for A) 35G-rich sequences at 25 °C and B) 35C-rich sequences at 5 °C.
Oligonucleotide concentration is 30 pM in 20 mM KP; and 70 mM KCIl.
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Figure 4.15: '"H-NMR melting experiments at pH 7.1 in 20 mM KP; and 70 mM KCIl. G4 imino
signals show at 10 — 12 ppm and i-motif imino signals at 15 — 16 ppm.

To confirm the formation of G4 and i-motif secondary structures in those constructs, 'H-
NMR melting experiments were performed (Figure 4.15) and revealed broad signals for the
protons of 35G0, indicating a dynamic equilibrium between multiple conformers. On the other
hand, 35G3 exhibits sharp and well-dispersed imino signals, in line with the formation of a

single, parallel conformer as indicated by the CD spectra. In the case of 35C2, i-motif imino
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signals are clearly observed up to 25-35 °C and at neutral pH. Therefore, the presence of single-

stranded, 13-nt long overhangs does not prevent the formation of stable i-motif and G4

structures. When 35G- and 35C-rich strands were annealed, they hybridized to form WC

duplexes. The UV melting curves show only one transition corresponding to duplex dissociation

(Figure 4.16). The T, values obtained are comparable with those obtained for the 22-nt duplexes

(Table 4.6). This is likely due to the presence of three T-T mismatches within the duplexes

which can be detected in the '"H-NMR spectra as imino signals in the 10 - 11 ppm range (Figure

4.17).
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Figure 4.16: A) UV-melting curves of 35mer G- and C-rich annealed duplexes recorded at 260 nm
and 0.5 °C/min in 20 mM KP;, 70 mM KCIl, pH 7.0 buffer. Oligonucleotide concentration is 2 pM.

B) CD spectra of the same duplexes recorded at 5 °C in 20 mM KP; and 70 mM KCIl, pH 7.0
buffer. Oligonucleotide concentration is 15 uM.

Table 4.6: Melting temperatures (°C) of 35mer human
telomeric duplexes at different pHs.

Cod Tn ATy Tn ATy,
ode

(pH7.0) (pH7.0) (pHS5.8) (pHS5.8)
DQ1 (35G0:35C0)  66.2 + 0.2 - 65.5+ 0.1 -

DQ2 (35G0:35C2) 69.5+0.1  +33  69.4+02  +3.9
DQ3 (35G3:35C0)  69.14+03  +2.9  67.8£02  +2.3
DQ4 (35G3:35C2) 729402  +6.7  725+0.1  +7.0

Duplex concentration is 2 pM. Melting curves were recorded at 260 nm
in 20 mM KP; and 70 mM KCl and at a heating rate of 0.5 °C/min.
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Figure 4.17: '"H-NMR melting temperature experiments of A) 35G0:35C0 and B) 35G3:35C2
samples. Samples were annealed for 10 minutes at 90 °C and stored at 4 °C before the NMR

melting temperature experiments were performed.

4.4.1 NMR Kinetic Experiments of 35mer Mixes

The kinetics of duplex formation upon mixing the pre-folded 35mer G4 and i-motif
structures were monitored by 'H-NMR spectroscopy (Figure 4.18). Some imino signals from
WC base pairs are observed immediately after mixing, corresponding to hybridization of the
mixed-base complementary ends. However, like the 22mer sequences, NMR experiments show
that full hybridization of the 35 nucleotides takes much longer when 2'F-ANA nucleotides are
included in any of the strands. For example, in the native 35mer duplex (35G0:35C0), full duplex
formation is achieved after two days at T = 5 °C (Figure 4.18A). In DQ3, where the C-rich
strand does not form stable i-motif structures and the G4 structure is very stable (7, of 35G3 =
75.0 °C, Table 4.5), G4 and WC imino signals can still be observed after 26 days (Figure
4.18C). This is in agreement with the results obtained previously by Ren and co-authors on the
same 22G-rich sequence attached to a Dickerson-Drew dodecamer tail, reporting “little or no

cross talk” between the G4 structure and the proximal 12-nt duplex.®*
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Figure 4.18: "H-NMR spectra acquired at different times and at 5 °C for a 1:1 mixture of A) DQI
(35G0:35C0), B) DQ2 (35G0:35C2), C) DQ3 (35G3:35C0), and D) DQ4 (35G3:35C2). Buffer
conditions: 20 mM KP; and 70 mM KCI, pH =7.1.

Therefore, the presence of G4 structures does not prevent duplex formation in the
adjacent overhang. In cases where the C-rich strands form stable i-motif structures (Figure

4.18B and Figure 4.18D), G4 and i-motif imino signals can be detected along with WC imino
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signals arising from overhang hybridization. Very clear i-motif, G4, and WC imino signals can
still be observed one month after mixing the pre-folded 35C-rich and 35G-rich strands.
Therefore, given the long-term kinetic stability observed for the modified G4 and i-motif
structures, 2'F-ANA modifications can be utilized as a convenient means to “trap” these

structures at neutral conditions.

Next we wanted to confirm that the 1D NMR spectra observed in Figure 4.18D
corresponds to a single hybrid complex wherein a DNA duplex, a G4, and an i-motif co-exist in

the same complex at neutral pH (Figure 4.19A) rather than a mixture of complexes in which

either the i-motif (B1, Figure 4.19) or the G4 (B2, Figure 4.19) are unfolded.

A) Scenario A

i-motif

duplex Eii;

G4
B) Scenario B i-motif

1.% 2.%%’)
duplex duplex
G4

C) NMR Data

i-motif duplex G4

T T

‘(SN

0.25 1.00 1.08
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Figure 4.19: Schematic representation of the proposed scenarios: Scenario A) a duplex moiety co-
exists in the same complex with G4 and i-motif. Scenario B) a duplex moiety coexists with a C-
rich ssDNA and a G4 (B1), a G-rich ssDNA and an i-motif (B2). C) Imino region of the 'H-NMR
spectrum of 35G3:35C2 recorded at T = 5 °C after 30 min from mixing the two strands and
showing the values resulting from the integration of i-motif, duplex, and G4 imino signals.

Gel electrophoretic experiments showed that all strands form dimeric complexes, without
substantial presence of monomers or higher order structures (Figure 4.20). The pre-folded-

mixed samples (lanes 10 - 13) show one band with very similar mobility to the annealed
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duplexes. We do not expect full hybridization since under the gel conditions (pH 7.0, T = 10 °C),
35G0 and 35G3 exhibit high melting temperatures (56 °C and 75 °C, respectively) and therefore
should be in the G4 folded state. Next, the 2D NMR data obtained indicate that the complex in

which the three secondary structures occur simultaneously is significantly populated.
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Figure 4.20: Gel electrophoresis experiments: 24 % polyacrylamide in TAE buffer pH 7.0, 10 °C,
4h 30 min, 280 V, and stained using SYBR Gold. Samples annealed in 20 mM KP; + 70 mM KCI,
pH 7.0. Lane 1: DNA ladder, lane 2: pre-folded 35GO0, lane 3: pre-folded 35G3, lane 4: pre-folded
35C0, lane 5: pre-folded 35C2, lane 6: annealed 35G0:35C0, lane 7: annealed 35G0:35C2, lane 8:
annealed 35G3:35C0, lane 9: annealed 35G3:35C2. Samples pre-folded then “mixed” for 18 hours
before running the gel: lane 10: 35G0:35C0, lane 11: 35G0:35C2, lane 12: 35G3:35C0, lane 13:
35G3:35C2.

Considering the number of imino protons in the i-motif moiety (6 C-C" base pairs), the
duplex (10 WC base pairs) and the G4 (3 tetrads x 4 iminos = 12), the G-rich strand is mainly
folded (Figure 4.19C), since the ratio of signal intensities between Watson-Crick and G4 imino
signals is very close to the one expected for scenario A (1:1.08 versus 1:1.2). The situation for
the C-strand is less clear since the overall intensity of i-motif imino signals is lower than the
expected ratio (0.6:1, corresponding to 6 C-C" base pairs). These imino protons may be affected
by exchange with water to a greater extent than WC and G4 imino protons. It can be observed
from the 2D NMR of 35C2 that most cytosine H5 protons exhibit cross-peaks with amino
protons in the 8.5 to 9.5 ppm region and with imino protons around 15.5 ppm, indicating that
they are involved in C-C" base pairs (Figure 4.21A). Additionally, the number and intensities of
cytosine H5-H6 cross-peaks did not change upon complex formation; such a change would be

expected if a significant population of unfolded C-rich strand was present (Figure 4.21B).

170



A)

ppm | 9 @0
5.5-]
6.04 99)
[}
6.5
7.0
7.5 0 1
8.0+
X}
8.5 g
9.0+ 0’}?
9.5
T T T T
16 ppm 9.0 8.5 8.0 7.5 ppm
B)
ppm ppm
35C2 35G3:35C2
5.4 F5.4
O O
5.6 5.6
5.8 o O 5.8
o4 )
(= L Q &
6.0 6.0
6.2 T T T T T T 6.2
7.8 7.6 7.4 ppm 7.8 7.6 7.4 ppm

Figure 4.21: A) Two regions of the NOESY spectra of 35C2 (mixing time = 100 ms). Cross-peaks
involving imino protons of C-C" base pairs are shown in the top left panel. Intraresidual cytosine
amino/amino and amino/H5 cross-peaks are indicated in the top right panel. The overlaid TOCSY
spectrum is shown in red. As expected for such a long and repetitive sequence, the poor signal
dispersion complicates the sequential assignment. However, it can be observed that most cytosine
HS5 protons exhibit cross-peaks with amino protons in the 8.5 to 9.5 ppm region and with imino
protons around 15.5 ppm, indicating that they are involved in C-C" base pairs. B) Enlarged H5-H6
region of the TOCSY spectra of 35C2 (left) and the 1:1 complex 35G3:35C2 (right). In the 1:1
complex, 35C2 and 35G3 were separately annealed and then mixed for two days before running the
NMR. Buffer conditions: 20 mM KP; and 70 mM KCl at T =5 °C, pH 7.0.

Although studies on promoter regions suggest that G4s and i-motifs are mutually
exclusive when the G4 and i-motif are on opposite strands at the same location of a duplex,**
the scenario here mirrors the telomeric region where the two structures are located at the duplex
termini and where steric constraints are more relaxed.®*® Our studies now provide an

opportunity to test whether G4s and i-motifs can co-exist next to each other in structures where
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the G4/i-motif are flanked by two duplex overhangs, such as in DNA promoter regions. Given
the thermodynamic stabilization and slower unfolding kinetics provided by the 2'F-ANA
modification, it will be possible to study these putative intermediates without resorting to, for
example, chemical footprinting and laser-tweezer-based single-molecule approaches. Most
importantly, we can perform these experiments in a physiologically relevant buffer without the
need to lower the pH. For instance, some reports investigating the mutually exclusive
phenomenon stabilize i-motif and G4 structures at pH 5.5, 100 mM K'; G4 separately at pH 7.4,
100 mM K; and i-motif alone at pH 5.5, 100 mM Li".

4.5 Conclusions

In conclusion, 2'F-ANA modifications slow down G4 and i-motif unfolding, thus
providing an excellent tool to study G4/i-motif-duplex interconversion processes at neutral pH.
When 2'F-ANA modified i-motif and G4 structures are pre-folded, their unfolding presents a
significant barrier to duplex formation. This effect is more pronounced in the presence of G4/i-
motif-duplex junctions, leading to very long-lasting intermediates in which i-motifs, G4s, and
duplex structures may co-exist. While the presence of i-motif and G4 folds may be mutually
exclusive under certain conditions, our results suggest that they may co-exist transiently as
intermediates in telomeric sequences. Hybrid structures such as the ones studied here represent
attractive tools for the discovery of selective ligands that can specifically stabilize i-motif
structures, or target the G4/i-motif-duplex interface, which can in turn interfere with telomerase

62,63

activity. In this context, 2'F-ANA modification may become a useful method for building

stable supramolecular DNA nanostructures based on the coexistence of i-motif and G4

6296 Interestingly,

complexes,”* and for modulating the response of i-motif based nanodevices.
2'F-araG parallel intramolecular G4 structures were found to be substrates of telomerase;
however, the G-quadruplex structure in pre-folded G4 + i-motif (22G3 + 22C2) was not a
substrate of telomerase. Therefore, the presence of the C-rich strand with the tendency to form a
stable i-motif structure led to inhibition of telomerase. The mechanism of inhibition is currently
under investigation. We believe these findings are significant as they may provide a step towards

determining the role of the C-rich strand in telomere biology.
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4.6 Experimental Data

4.6.1 Oligonucleotides Synthesis and Purification

Oligonucleotide synthesis was performed on an ABI 3400 DNA synthesizer (Applied
Biosystems) at 1 pmol scale on Unylinker (Chemgenes) CPG solid support. Thymidine (dT),
deoxycytidine (N-acetyl) (dC), and deoxyadenosine (N-Bz) (dA) phosphoramidites were used at
0.1 M concentration in acetonitrile and coupled for 110 s and deoxyguanosine (N-ibu) (dG) was
coupled for 300 s. 0.15 M concentration was used for 2'F-araC which was coupled for 600 s. 2'F-
araG and 2'F-riboG were used at 0.15 M concentration and coupled for 900 s. After completion
of synthesis, the CPG was transferred to a 1.5 mL screw-cap eppendorf. Cleavage of the
oligonucleotide from the CPG and removal of the nucleobase protecting groups were achieved
by adding 1000 pL aqueous ammonium hydroxide for 16 h at 55 °C. The deprotection solution
was centrifuged and decanted from the CPG. Samples were vented for 30 min, chilled in dry ice
and evaporated to dryness. Crude oligonucleotides were purified by anion exchange HPLC on an
Agilent 1200 Series instrument using a Protein-Pak DEAE 5PW column (7.5 x 75 mm) at a flow
rate of 1 mL/min using a gradient of 0-24 % lithium perchlorate buffer (1.0 M) over 30 minutes
at 60 °C. Under these conditions, the desired peaks eluted between 22 and 24 min. Samples were
desalted on NAP-25 desalting columns according to manufacturer protocol. The extinction
coefficients of 2'F-araC, 2'F-araG and 2'F-riboG were assumed to match those of the unmodified

deoxynucleosides. Masses were verified by high resolution LC-MS.
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Table 4.7: MS characterization of the studied sequences.

Calculated 3, found (g/mole)

Code Sequence (5'-3") mass

(e/mole) (-ve mode)
22G0 A GGG TTA GGG TTA GGG TTA GGG 6963.1806 6963.2500
22G1 A (fG)GG TTA (fG)GG TTA (fG)(fG)G TTA (fG)GG 7053.1336 7053.1563
22G2 A (fG)GG TTA (fG)(fG)G TTA (fG)GG TTA (fG)GG 7053.1336 7052.9688
22G3 A (fG)GG TTA (fG),G TTA (fG),G TTA (fG)GG 7071.1242 7071.1641
22G4 A GGG TTA GGG TTA GGG TTA GGG 6999.1626 6998.5938
22G6 A GGG TTA GGG TTA GGG TTA GGG 7017.1536 7016.9688
22G7 A GGG TTA GGG TTA GGG TTA GGG 7035.1446 7035.0078
22C0 CCCTAACCCTAACCCTAACCCT 6501.1306 6501.1563
22C2 (fC); TAA (fC); TAA (fC); TAA (fC); T 6717.0166 6717.0625
35G0 C ACA GAT GCG TTT A GGG TTA GGG TTA GGG TTA GGG 10978.0467 10978.0137
35G3 C ACA GATGCGTTT A EEIG&G(?G"{éé (fG)(fG)G TTA (fG)(fG)G 11085.9897 11085.0513
35C0 CCC TAA CCCTAACCCTAACCCTTTT CGCATCTGT G 10497.7575 10496.9282
35C2 (fC); TAA (fC); TAA (fC); TAA(fC); T TTT CGC ATC TGT G 10713.6435 10712.8464

4.6.2 Thermal Melting Experiments

UV thermal denaturation data were obtained on a Varian CARY 100 UV-visible
spectrophotometer equipped with a Peltier temperature controller. The concentration of
oligonucleotides used was 10 uM for the G-rich single strands, 4 uM for the C-rich sequences.
The total concentration for the duplexes was 2 uM. Samples were dissolved in appropriate buffer
as indicated in the text. Concentrations were determined after quantitating the samples by UV
absorbance at A = 260 nm. Samples were heated to 90 °C for 10 minutes, then cooled slowly to
room temperature, and stored at 5 °C for at least 18 h before the measurements were performed.
Denaturation curves were acquired at 295 nm and 0.2 °C/min for G4s, 265 nm for i-motifs, and
at 260 nm for the duplexes at a rate of 0.5 °C/min. In order to avoid water condensation on the
cuvettes at low temperatures, samples were kept under a stream of dry nitrogen at temperatures
below 12 °C. The dissociation temperatures were calculated as the midpoint of the transition (71,)

values using the first derivatives of the experimental data.
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4.6.3 Circular Dichroism

Circular Dichroism (CD) studies were performed on a JASCO J-810 spectropolarimeter
using a | mm path length cuvette. Temperature was maintained using the Peltier unit within the
instrument. Spectra were recorded from 350-230 nm at a scan rate of 100 nm min"' and a
response time of 2.0 s with three acquisitions recorded for each spectrum. The spectra were
normalized by subtraction of the background scan with buffer. Data were smoothed using the
means-movement function within the JASCO graphing software. Oligonucleotide solutions for
CD measurements were prepared with 20 mM KP; + 70 mM KCI buffer (pH 5.8, 6.2, 6.6, 7.0
and 7.4) in a similar manner to that used for UV melting. The concentration of oligonucleotides
used was 10 uM for the G-rich sequences at 25 °C, 20 uM for the C-rich sequences at 5 °C, and
15 uM for the duplexes at 5 °C. CD melting temperature experiments were performed on an
Applied Photophysics CD spectrophotometer using a 1 mm path length cuvette. Spectra were
recorded from 350-230 nm at a heating rate of 0.5 °C/min. Oligonucleotide solutions for CD
melting experiments were either 40 uM or 100 pM in 20 mM KP; and 70 mM KCI buffer pH
7.0.

4.6.4 NMR Kinetic Experiments

Samples for NMR experiments were dissolved in 9:1 H,O/D,0O in 20 mM KP; and 70
mM KCI buffer, pH 7.0. The sample concentration for 1D NMR kinetic experiments was 0.1
mM. The samples were annealed before running the NMR experiments as indicated in the main
text. Spectra were acquired on Bruker Avance spectrometers operating at 600 MHz equipped
with a cryoprobe. Two-dimensional spectra were recorded at 0.5 mM strand concentration in the
same buffer. NOESY spectra were acquired with mixing times of 50 and 100 ms. TOCSY
spectra were recorded with the standard MLEV-17 spin-lock sequence and a mixing time of 80
ms. Water suppression was achieved by including a WATERGATE module in the pulse

sequence prior to acquisition.

4.6.5 Gel Electrophoresis Experiments

Native gel electrophoresis was performed utilizing 24 % polyacrylamide and TAE (Tris,
Acetic acid, EDTA) buffer, pH 7.0. Running buffer was 1 x TAE. The gels were run at 280 V
and 10 °C for 4 hours and 30 minutes. Annealed samples were heated to 90 °C for 10 minutes

and then slowly cooled down to room temperature. For the pre-folded-mixed samples, 22G- and
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22C-rich single strands were annealed separately and then mixed in equimolar amounts without
further annealing. Gels were stained using SYBR Gold and visualized using Bio-Rad Gel Doc

XR and controlled with the Image Lab software package.

4.6.6 Telomerase Activity Assays

Step 1: Sample preparation: 300 uL. of 10 uM DNA solutions (22GO0, 22C0, 22G3, and
22C2) were prepared in 20 mM KP; and 70 mM KCI, pH 7.0. 22G-rich and 22C-rich samples
were heated separately for 10 min at 90 °C. The metal block was then removed from the heater
and the samples left to equilibrate to room temperature. Then samples were stored at 4°C
overnight. The pre-folded 22G- and 22C-rich samples were mixed immediately before running

the telomerase activity assays.
Step 2: Telomerase direct activity assay

The following reaction mixture was prepared to obtain 20 uL per sample: 2 uM of
specified oligonucleotide sequences, 50 mM Tris-HCI pH 7.5, I mM MgCl,, 5 mM DTT, 1 mM
spermidine-HCI, 0.5 mM dATP, 0.5 mM dTTP, 5 uM dGTP, 0.33 uM [a-"*P] dGTP, 150 mM
KCl, 2 fmol immunopurified telomerase and milliQ water. DNA was added into separate Protein
LoBind Eppendorf tubes = 2 ul or 4 ul for extension with G and C rich DNA. Telomerase was
pre-bound to DNA by incubating at 37 or 25 °C for 30 min. The reaction was initiated by adding
5 uL dNTP to the mix and then incubated at 37 °C for 1 h. The reaction was quenched with 80
ul 0.1 M EDTA with 2000 (cpm) 12-nt loading control. Samples were placed on ice for 5 mins
then 33 uL. 10 M ammonium acetate, 5 uL. glycoblue (Ambion), and 330 uL ice-cold 100%
ethanol were added to each tube. The samples were vortexed and incubated at -20 °C overnight.
Samples were then centrifuged 13,000 g, 0-4 °C for at least 20 min. All ethanol was removed,
and the pellet air-dried for 10 min. The pellet was resuspended in 10 ul formamide loading dye
(90 % deionized formamide, 0.1 % Bromophenol Blue, 0.1 % Xylene Cyanol, and 10% 10x
TBE).

Samples were heated for 10 min at 90 °C, placed on ice for at least 5 min, centrifuged at
13,000 g for 2 min and 3-5 ul of each sample loaded on a 12 % polyacrylamide sequencing gel.

The gel was transferred onto a piece of Whatmann filter paper, covered with cling wrap and
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dried for at least 20 min using a gel dryer with vacuum suction. The gel was exposed to a

Phosphorlmager screen and visualized the next day using a Typhoon scanner.
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Chapter 5

Contributions to Knowledge and Future Work

“You measure the size of the accomplishment by the
obstacles you had to overcome to reach your goals”.
—Booker T. Washington
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S.1 Summary and Contributions to Knowledge
5.1.1 Stabilization of i-Motif Structures by 2'-B-Fluorination of DNA (Chapter 2)

Our work demonstrated that incorporating 2'F-araC modifications in i-motif structures
leads to significant stabilization over a wide pH range, an exciting result given that very few
chemical modifications are tolerated in the i-motif structure. Furthermore, the 2'F-araC
modification stabilized intermolecular centromeric and intramolecular telomeric sequences in a
position-independent manner. Despite the fact that 2'F-araC exhibits a lower pK, compared to
deoxycytidine (3.9 versus 4.4, respectively), the change in pH of mid transition (pH;;) in the
modified i-motif structures was remarkable (+0.7 for centromeric sequences and +0.8 for
telomeric sequences), allowing for the observation of these structures at neutral pH. NMR
structural determination revealed that the 2'F-araC residues adopt a C2'-endo sugar pucker,
instead of the C3'-endo conformation that is usually found in unmodified structures, with the
fluorine atom oriented in the major groove. Therefore, 2'F-araC modifications do not perturb the
hydrogen-bonding network that holds the structure together, but instead lead to additional
sequential and inter-strand electrostatic interactions that are absent in the unmodified structure.
The above results allow the utilization of i-motif structures in several applications, most

importantly in biological assays that require physiological temperature and pH conditions.

5.1.2 Probing Synergistic Effects of DNA Methylation and 2'-B-Fluorination on i-Motif

Stability (Chapter 3)

As a follow-up on the results reported in Chapter 2, our aim in Chapter 3 was to search
for a modification or combination of modifications that would lead to even higher thermal
stability at physiological pH along with higher pH;», values compared to the 2'F-araC
modification. For this purpose, we synthesized a novel cytidine analogue, 2'-deoxy-2'-fluoro-5-
methyl-arabinocytidine (5-Me-2'F-araC), that combines the two most stabilizing i-motif
modifications, 5-methylcytosine nucleobase and 2-fluoroarabinose sugar in the same nucleotide.
This modification was found to exhibit a similar stabilization effect to the 2'F-araC modification.
Next, we investigated a combination of different cytidine nucleotides and their impact on i-motif
structures. The results of this work highlighted the significance of the base-pairing nature on i-
motif stability. For instance, a structure stabilized by 2'F-araC/5-Me-dC base pairs (HJ-2)

exhibits a pH;, value of 7.17 compared to 6.53 for a structure containing 2'F-araC/2'F-araC and
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5-Me-dC/5-Me-dC base pairs (HJ-1). This suggests that it is possible to tune the pH and thermal
melting response of i-motif structures by carefully selecting the position and type of

modifications.

5.1.3 2'-Fluoroarabinonucleic Acid Modification Traps G-Quadruplex and i-Motif

Structures in Human Telomeric DNA (Chapter 4)

Taking advantage of the high stabilization observed with 2'F-araC modifications, the
influence of 2'F-araG and 2'F-araC modifications on G4/i-motif-duplex interconversion kinetics
was investigated at neutral conditions. For this purpose, we first stabilized telomeric G4
structures and determined that 2'F-araG modifications stabilize the desired parallel
intramolecular G4 structure exclusively over competing conformers. These modified G4
structures were found to be substrates of telomerase and were elongated in the typical +6nt
pattern. This result confirmed that the parallel topology is a requirement for recognition of G4

structures by telomerase.

Our ability to stabilize the telomeric G4 and i-motif structures at opposite strands of a
duplex made it possible to study the kinetics of duplex formation. When 2'F-araC modified i-
motif and 2'F-araG modified G4 structures were pre-folded, their unfolding poses a significant
barrier to duplex formation. This leads to very long-lasting intermediates in which i-motifs, G4s,
and duplex structures co-exist at neutral conditions. These results have important implications in
telomere biology since “trapping” both G4 and i-motif structures make it possible to examine
how i-motifs affect telomerase activity under neutral conditions. Indeed, preliminary telomerase
activity assays showed that in the presence of an unfolded C-rich strand or an i-motif structure,
telomerase does not efficiently elongate parallel G4 structures. The mechanisms of G4
elongation and the inhibition of telomerase by C-rich sequences are currently under investigation

in our laboratory.

5.1.4 Synthesis, Structure, and Conformational Analysis of Nucleoside Analogues
Comprising Six-Membered 1,3-Oxathiane Sugar Rings (Appendix I)
Given the scarce examples of six-membered ring nucleosides, we describe in Appendix I
the synthesis of novel nucleoside analogues comprising 1,3-oxathiane sugar rings. The

pyrimidine and purine analogues were synthesized from readily available starting materials via a
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ring-closing pathway in good yields. From the X-ray structure obtained for the N'-p-OMe-purine
analogue, we were able to unambiguously determine that the six-membered sugar adopts a
perfect chair conformation with the substituents placed in equatorial positions. Despite some
structural similarity with their five-membered counterpart (3TC), no significant anti-HIV activity

was detected for the 1,3-oxathiane nucleosides.

5.2  Suggestions for Future Work

The results reported in this thesis bring i-motif structures into focus in several areas of
research. For that purpose, several follow-up experiments can be performed in efforts to clarify
the structural and functional properties of the modified i-motifs. In Chapter 3, we determined that
HJ-2 (CC™C™ TAA CfCfC TAA CfCfC TAA CC™C™) exhibits the highest thermal stability at
pH 7.4 (32.2 °C). This stability, based on NMR analysis, was hypothesized to be a result of 2'F-
araC/5-Me-dC base-pairing leading to several favorable electrostatic interactions. The next steps
would be to carry out 2D NMR analysis on HJ-3 (CfC™fC™ TAA CfCfC TAA CfCfC TAA
CfC™C™, T1,= 29.5 °C) since it exhibits a pHy., of 7.34. Likewise, comparison of HJ-3 to HJ-1
(CfCC™ TAA CC™C TAA CfCC™ TAA CC™fC, pH,,= 6.53) would help us understand why
these i-motifs exhibit very different pH,,» values. Comparison of HJ-1 (pH;,»= 6.53) with HJ-2
(pHi2 = 7.17) which have the same modifications would provide further information on how

positional effects affect i-motif stability.

Studies from the Bryan group (Children’s Medical Research Institute, Sydney) have
demonstrated that telomerase is able to elongate both ciliate and human telomeric sequences
when they are pre-folded into intermolecular parallel G-quadruplex structures, but the same is
not true for the antiparallel G4s. In Chapter 4, we demonstrated the ability of telomerase to
extend parallel intramolecular 2'F-araG modified G4 structures. From these results, we deduce
that telomerase interacts differently with diverse G4 folding topologies, with the parallel
conformation appearing to be a requirement for telomerase recognition and elongation. Since it
has been suggested that, prior to elongation, telomerase partially unwinds the dimeric G4
structures, it is of utmost importance to determine the mechanism of intramolecular G4
elongation, especially given the slow unfolding kinetics and high thermal stability of our
modified G4 structures (7, = 80.2 °C). Preliminary experiments carried out in our laboratory in

collaboration with the Gonzalez group (CSIC, Madrid) have shown that the '’F-NMR signals in
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folded G4 structures are not visible, whereas they become visible upon melting. Hence, the
unfolding of our pre-folded fluorinated G4s, upon addition of telomerase, could in principle be

monitored via "’F-NMR spectroscopy.

. AlexaFluor555 (donor)

. AlexaFluor647 (acceptor)

Biotin-Streptavidin interaction

Figure 5.1: Proposed single molecule FRET experiments.

Another method to monitor telomerase activity is through single molecule FRET
experiments. This work is in progress in our lab in collaboration with the Bryan group and the
van Oijen group (University of Wollongong, Australia). As shown in Figure 5.1, a G4 structure
with a duplex tail has been synthesized in order to position the dyes at a distance optimal for
FRET analysis. AlexaFluor555 can be utilized as the donor and AlexaFluor647 as the acceptor.
We anticipate that when telomerase is added to the system, partial reduction in FRET signal (due
to partial unfolding) will be observed. When telomerase and nucleotides are added, we expect a
rapid/complete unfolding of the G4 structures. These experiments will help determine the
unfolding of the G4s on a single molecule basis. Together, the results of '’F-NMR and single
molecule FRET will provide significant knowledge on the mechanism of telomere elongation,
which is of considerable interest given the role of telomerase activity in cellular aging and

cancer.
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Furthermore, several direct telomerase activity assays should be performed to determine

whether telomerase is able to unwind telomeric G4 structures in the presence of an i-motif.

Table 5.1: Sequences to be utilized in telomerase activity assays.

Code Sequence (5'-3")

22G0 A GGG TTA GGG TTA GGG TTA GGG

22G3 A (fG)GG TTA (fG)(fG)G TTA (fG)(fG)G TTA (fG)GG
22C0 CCCTAA CCCTAACCCTAACCCT

22C2 ((fOY(fC)(fC) TAA); (fO)(C)(C) T

35G0 C ACA GAT GCG TTT A GGG TTA GGG TTA GGG TTA GGG

35G3 C ACA GAT GCG TTT A (fG)GG TTA (fG),G TTA (fG), G TTA (fG)GG

35C0 CCCTAA CCCTAA CCCTAACCCTTIT CGCATCTGT G

35C2 (fC); TAA (fC); TAA (fC); TAA (fC); T TTT CGC ATC TGT G

Telomerase activity assays can be performed for the following combinations of G- and C-

rich strands both as annealed duplexes and as pre-folded mixtures:

22G3 + 22C2 (intramolecular parallel G4 + i-motif)

22G3 + 22C0 (intramolecular parallel G4 + single-stranded C-rich)

22G0 + 22C0 (G4 as a mixture of parallel and antiparallel + single-stranded C-rich)
22G0 + 22C2 (G4 as a mixture of parallel and antiparallel + i-motif)

35G3 + 35C2 (parallel G4 + i-motif)

35G3 + 35C0 (parallel G4 + single-stranded C-rich)

35G0 + 35C0 (G4 as a mixture of parallel and antiparallel + single-stranded C-rich)
35G0 + 35C2 (G4 as a mixture of parallel and antiparallel + i-motif)

vV V V V V V V V V

A DNA duplex with a G4 overhang, formed by mixing stoichiometric amounts of

35G3 and its partially complementary sequence 5'-AAA CGC ATC TGT G-3'.

Based on the results reported in Chapter 4, in which G4 and i-motif structures co-exist in

the same telomeric complex, it will be interesting to incorporate our modifications in duplexes
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mimicking gene promoter regions, where the G4 and i-motif structures are flanked by two DNA

duplexes (Figure 5.2A). This will allow us to probe whether steric hindrance is the underlying

cause of ‘mutual exclusivity’, as has been previously proposed. Importantly, we are now able to

perform these experiments under physiological conditions. Moreover, since the telomeric G-rich

3'-overhangs contain multiple G-tracts, several consecutive G4 structures could form. Therefore,

it will be interesting to perform telomerase activity assays on these more biologically-relevant

scenarios in which multiple G4 structures on the G-rich strand exist in combination with an i-

motif structure on the complementary strand (Figure 5.2B and 5.2C).

A)

B) q)
i-motif i-motif i-motif

G4 G4 G4 G4 G4 G4

Figure 5.2: Proposed designs: A) G4 and i-motif structures flanked between two DNA duplexes in
gene promoter regions. B and C) Telomeric G-rich strands possessing multiple G4 structures with
an i-motif structure on the complementary strand.
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Appendix I

Synthesis, Structure, and Conformational Analysis of Nucleoside

Analogues Comprising Six-Membered 1,3-Oxathiane Sugar Rings
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The majority of this chapter is reproduced from: “Synthesis, Structure, and Conformational
Analysis of Nucleoside Analogues Comprising Six-Membered 1,3-Oxathiane Sugar
Rings”, Hala Abou Assi, Saul Martinez-Montero, Dilip Dixit, Zhijie Chua, D. Scott Bohle and
Masad J. Damha, European Journal of Organic Chemistry, 2015, 1945-1953.

"Develop success from failures. Discouragement
and failure are two of the surest stepping stones to
success."

—Dale Carnegie
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Al.1 Introduction

The successful journey of nucleoside analogues as potent anticancer' and antiviral®
therapeutics began several decades ago. The discovery of 3'-azido-2',3'-dideoxythymidine
(AZT)’ as a nucleoside reverse transcriptase inhibitor (NRTI) that prevents HIV replication
initiated the search for novel 2',3'-dideoxynucleosides (ddNs) with enhanced activity and
minimal toxicity such as Zalcitabine (ddC)," Didanosine (ddI),* Stavudine (d4T),” and the
carbocyclic analogue Abacavir (ABC)® (Figure ALIl). These nucleoside derivatives are
considered chain terminators since the absence of the 3'-OH prevents chain elongation and slows
down viral replication once the corresponding triphosphate nucleosides are incorporated into the

viral DNA by HIV reverse transcriptase.
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Figure AIL1: Clinically approved nucleoside reverse transcriptase inhibitors.

Five-membered 2',3'-dideoxy heteronucleosides wherein one or more heteroatom is
introduced in the furanose ring have also received much attention due to their antiviral activity.’
One of the early examples that shed light on the therapeutic potential of heterocyclic nucleosides
was (-)-2',3"-dideoxy-3'-thiacytidine (3TC),* which was approved by the FDA in 1995 for
combating HIV infection. Its 5-fluorocytosine derivative, Emtricitabine [(-)FTC], was also
approved as an anti-HIV drug in 2003.° Despite the success associated with antiretroviral

combination therapy,” the development of resistance resulting from the extensive use of existing

191



10,11

clinically approved compounds remains a major problem. Therefore, the search for new

potent anti-HIV agents is a very active area of research.

Few examples of ring-expanded nucleoside/nucleotide analogues have been reported in
the literature.'>"? Cis-substituted cyclohexenyl and cyclohexanyl nucleoside analogues have been
synthesized and shown to have moderate activity against coxsackie and HSV-1 viruses (Figure
AIL2A)." Nucleoside analogues with 1,4-heteroatom six-membered ring systems (e.g., 1,4-
dioxane, 1,4-oxathiolane and 1,4-oxazine) replacing the furanose moiety have also been reported
(Figure AL2B)."”" Six-membered 1,3-dioxane nucleoside derivatives having the nucleobase at

position 5 (Figure AI.2C) have been reported to exhibit moderate anti-HIV activity.*’
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Figure AL2: A, B and C show previously reported six-membered nucleoside analogues. D shows the
general structure of the six-membered 1,3-oxathiane nucleoside analogues synthesized in this work.

Given the scarce examples of ring-expanded nucleosides, and as part of our program on
the synthesis and conformational analysis of heteronucleosides and nucleoside analogues with

21-24

expanded ring sugars, this appendix describes the synthesis of nucleoside analogues

comprising six-membered 1,3-oxathiane sugar rings. The hypothesis we aimed to test was
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whether the 1,3-configuration of the heteroatoms, with the base at the 4'-position, although more
challenging to access than the previously reported 1,4-derivatives, may share some of the

properties of the 1,3-furanoside nucleosides (e.g., 3TC).

AlL2 Synthesis of 1,3-Oxathiane Nucleoside Analogues

The synthesis of 1,3-oxathiane nucleosides with various pyrimidine heterocyclic bases is
outlined in Scheme Al.1. Benzoyloxyacetaldehyde (4) was prepared according to the procedure
reported by Du and Watanabe® via treatment of commercially available 2-chloro-1,1-
diethoxyethane (1) with potassium benzoate (2) in DMF in the presence of catalytic potassium
iodide, followed by hydrolysis of the resulting acetal with aqueous formic acid. The key step of
the synthesis was the condensation of benzoyloxyacetaldehyde with 3-mercapto-1-propanol in
order to obtain the 1,3-oxathiane six-membered sugar moiety. We investigated several Lewis
acid catalysts including TiCls,” ZrCly,”” and LiBF4;*® however, the best result was obtained with
BF;.Et;0 in dichloromethane under anhydrous conditions leading to a moderate yield of
compound 6. Oxidation of the ring sulfur to the corresponding sulfoxide was performed using
two equivalents of sodium periodate. In order to transform the sulfoxide into a glycosylation
precursor, a 4-acetoxy leaving group was introduced in the 1,3-oxathiane six-membered ring via
Pummerer rearrangement of the sulfoxide 7 in refluxing acetic anhydride/tetrabutylammonium

acetate® to afford 8 in good yield (69%).

Glycosylation of 8 under Vorbriiggen’s conditions>® with various pyrimidine heterocyclic
bases produced o/ anomeric mixtures 9a-c that were not separable by column chromatography.
We next focused on finding procedures to resolve these diastereomeric mixtures. Towards this
goal we found analytical reverse-phase HPLC (RP-HPLC) conditions to separate the anomers of
the cytosine analogue 10a (Figure Al.3). However, the resolution was lost when higher amounts
were injected in order to collect enough material for biological testing and characterization

(Figure AL3).
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Scheme Al.1: Synthesis of pyrimidine 1,3-oxathiane nucleosides.

Glycosylation of 8 with silylated 6-chloropurine under Vorbriiggen’s conditions resulted
in N°/N” isomeric mixtures. Four compounds were present in the reaction mixture since a and p
anomers result from each glycosylated regioisomer. N’ and N’ isomers were easily separable by

silica gel column chromatography, with the kinetic N’ regioisomer obtained as the major product
g graphy g JOr p

(Scheme AL2).
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Figure AI.3: RP-HPLC separation of anomeric mixtures of nucleoside 10a. Conditions: PRP-1
Hamilton column (10 um, 10 x 250 mm), 8% ACN/H,O over 25 minutes, 4 ml/min, 25 °C.
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Scheme Al.2: Synthesis of 1,3-oxathiane purine nucleosides.

Treatment of N’-a/B-6-Cl-purine (11) and N’-a/p-6-Cl-purine (12) with saturated
ammonia in methanol at 100 °C in a sealed tube furnished the corresponding adenine derivatives
13 and 14 as a mixture of anomers in good yields. Compound 12 was also treated with a solution
of sodium methoxide in methanol to afford N'-a-OMe-purine (15) and N’-B-OMe-purine (16).
Anomers 15 and 16 had significantly different polarity and were separated by silica gel column

chromatography and resulted approximately in a 2 to 1 ratio.
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The relative configuration of the benzoyloxy substituent and the nucleobase was
established by NOESY NMR experiments showing the o-anomer as the major product. The
NOESY spectra of the alpha anomers show a correlation between H2' of the sugar and H8 of
purine nucleobase, and between H2' and H6 in pyrimidine nucleosides (Figure Al.4).
Correlations between H2' and H4' of the sugar ring were observed for the befa anomers as
expected (Figure ALS). Treatment of the protected 1,3-oxathiane pyrimidine nucleoside
analogues 9a-c¢ with saturated ammonia in methanol furnished the free nucleoside derivatives

10a-c in high yields.

To determine whether the attachment of 6-chloropurine occurs via N’ or N’ to the 1,3-
oxathiane ring moiety, 2D HMBC NMR and UV experiments were performed.’’ In the case of
nucleoside 13, H2 and HS8 of the adenine along with H4' of the sugar moiety showed correlation
(Jcn) with C4 of the nucleobase (Figure AL6). This correlation can only be expected for the N’
regioisomer. In the case of compound 16, only H2 and H8 of the nucleobase showed correlation
(Jcn) with C4 (Figure AL7). Moreover, H4' of the sugar shows a correlation with C5 suggesting

attachment via N'.
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Figure AL.4: NOESY NMR spectrum of 9-(2-hydroxymethyl-1,3-oxathian-4-yl)-adenine (13).
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Figure AL.6: HMBC NMR spectrum of 9-(2-hydroxymethyl-1,3-oxathian-4-yl)-adenine (13).
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Figure AL 7: HMBC NMR spectrum of -7-(2-hydroxymethyl-

1,3-oxathian-4-yl)-6-methoxypurine (16).

The UV spectra of nucleosides follow different patterns depending on the position of

attachment of the nucleobase to the sugar moiety. The UV maxima of 13 (261 nm) and 14 (271

nm) were compared with the UV of riboadenosine (260 nm) (Figure AL8), suggesting that

nucleoside 13 is attached through N’ to the sugar moiety, in agreement with HMBC NMR data.
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Figure AL8: UV spectra of nucleosides 13 and 14 in comparison with riboadenosine.
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AL3 Crystal Structure and Conformational Analysis of 1,3-Oxathiane
Nucleoside Analogues

The identity, relative stereochemistry, and conformation of N’-B-OMe-purine (16) was
unambiguously assigned by X-ray crystallography performed by Dr. Zhijie Chua in the
laboratory of Prof. D. Scott Bohle in the Chemistry Department at McGill University. Figure
AL9 shows the structure of the (S,S) enantiomer of nucleoside 16. The 1,3-oxathiane moiety
crystalizes in a chair conformation where the hydroxymethyl and nucleobase substituents exist in
equatorial positions to avoid 1,3-diaxial interactions. In order to study the conformation of N'-a-
OMe-purine (15) and N'-p-OMe-purine (16) in solution, we extracted the *Jyy from 'H-NMR
spectra for both anomers. The Karplus equation predicts *Juy in the range 8-12 Hz for protons in
a trans-diaxial orientation, while ranges of 2-6 Hz and 0-4 Hz are expected for axial-equatorial

and equatorial-equatorial orientations, respectively.

N(Q)

02
0(1,%\\ L~ ~ N7)
‘I N(3)
0(3>{ A

Figure AIL9: Crystal structure of 7-[(2S, 4S)-2-hydroxymethyl-1,3-oxathian-4-yl]-6-
methoxypurine (16). Only one of the two independent molecules in the asymmetric unit is shown.
Figures with the two independent molecules and crystal packing are available in the experimental
section.

To study the preferred conformation of the novel 6-OMe-purine analogues, we examined
the coupling constants of the H4' anomeric proton (Figure AI.10). The 'H-NMR spectra of 16
shows the H4' resonance as a doublet of doublets with different coupling constants (*Juyus- = 12
Hz, 3 Jaams = 3.0 Hz) indicating that in solution the conformational equilibrium is shifted towards
the conformer observed in the crystal structure (16A). On the other hand, in N’-a-OMe-purine
(15), the nucleobase and the hydroxymethyl substituents are disposed in a trans relative

orientation, and therefore one should adopt an axial position while the other adopts an equatorial
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orientation. The anomeric effect should introduce bias towards the 15B conformation. In the 'H-
NMR spectra of N’-0-OMe-purine (15), H4' appears as triplet (a doublet of doublets with similar
J values, *Jun = 3.7 Hz). The absence of a large coupling constant as in the beta anomer suggests

that the major conformer is indeed 15B.

;LBase

16A 16B
H5" H2' H6"
Base
o HO /@
Hz.jj&(Base _ \gL : ' Hy"
4
HO H/
15A 15B

Figure AL.10: The two possible conformations of 1,3-oxathiane nucleosides 15 and 16 in solution.

Table AL1: 'H-'H Coupling Constant Values for Nucleoside (15)
and Nucleoside (16) at 25 °C in MeOH-d, (500 MHz).

J(Hz) £0.2) J(Hz) (£0.2)

Nucleoside 16 Nucleoside 15
(MeOH-d,) (MeOH-d,)
H4'-H5' 3.0 3.7 H4'-HS'
H4'-H5" 12 3.7 H4'-H5"
HS5'-HS" 12.5 15 HS5'-HS"
H5"-H6' 12 3 H5"-H6"
H5"-H6" 4 3.5 H5"-H6'
HS5'-H6' 2 13 H6'-H6"
HS5'-H6" 2.3 4 H6'-H5'

The synthesized compounds were tested for their potency against HIV-1 in an in vitro
assay in Prof. Mark Wainberg’s lab in the Department of Microbiology and Immunology at
McGill University. Despite their structural similarity with 3TC, no significant antiviral activity
was detected. Interestingly, at the same time as the publication of our work, Brasili and co-
workers reported a diastereoselective synthesis of highly related (1,3-dioxan-4-yl)pyrimidine and

purine nucleoside analogues. No antiviral activity was observed for these analogues either.’> The
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lack of activity of these six-membered ring nucleosides could be due to inefficient 5'-
phosphorylation by kinases and/or their inefficient incorporation by HIV transcriptase. To
distinguish between these two scenarios, future work on this class of ring expanded analogues
should be centered on the synthesis of 5'-phosphorylated prodrugs to overcome the potentially

limiting first phosphorylation step.>>°

Al.4 Conclusions

In summary, we developed an efficient route for the synthesis of a set of novel 1,3-
oxathiane six-membered nucleoside analogues from readily available starting materials via a ring
closing pathway. 1,3-oxathiane nucleosides were obtained as an o/pf-anomeric mixture with the
alpha anomers as major products. Glycosylation of the 1,3-oxathiane moiety with 6-chloropurine
gave rise to N'/N’ glycosylation products. The position of attachment of the nucleobase to the
sugar ring was determined by HMBC NMR and UV experiments. The X-ray structure of the N'-
B-OMe-purine derivative (16) shows that the 1,3-oxathiane moiety adopts a chair conformation
with the hydroxymethyl and nucleobase substituents located in equatorial positions. Despite their
structural similarity with the nucleoside analogue 3TC, no significant anti-HIV activity was

detected for these compounds.

ALS Experimental Section

General Consideration: The reagents used throughout the synthesis were of the highest
commercial purity and were used without any further purification. Non-aqueous reactions were
performed under anhydrous conditions. All reactions were monitored by TLC and visualized by
UV light and/or stained using cerium ammonium molybdate (CAM). Analytical thin-plate
chromatography was performed on pre-coated 200 wm layer thick silica gel TLA-R10011B-323
plates (Silicycle). Purifications by column chromatography were performed on silica gel (40-63
um, 230-400 mesh). High-resolution mass spectra (HRMS) were obtained on a mass

spectrometer under electron spray ionization (ESI) conditions.
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ALS.1 2-benzoyloxymethyl-1,3-oxathiane (6):

Starting materials 4 and 5 were dried by co-evaporation three times with benzene. To a
cooled solution of 3-mercapto-1-propanol (5) (0.5 g, 5.43 mmol) and 4 (0.98 g, 5.97 mmol) in
dry CH,Cl, (17 ml), BF3.Et,O (0.77 g, 5.43 mmol) was added dropwise. The reaction was stirred
for 16 hours at room temperature, then quenched with saturated aqueous NaHCO3. The solution
was then filtered over celite, washed with brine and extracted with CH,Cl,. The resulting residue
was purified by flash chromatography (5% EtOAc/hexane) to afford compound 6 in 65%. R
(25% EtOAc/hexane): 0.5. "HNMR (CDCls, 500 MHz): & (ppm) 1.74 (m, 1H, H-5), 2.01 (m, 1H,
H-5"), 2.85 (dtd, Jun 1.5 Hz, Jun 4.0 Hz, Jun 13.5 Hz, 1H, H-4), 3.09 (td, Jun 3.0 Hz, Jun 13.0
Hz, 1H, H-4"), 3.67 (td, Jun 2.0 Hz, Jun 12.5 Hz, 1H, H-6), 4.23 (m, 1H, H-6"), 4.44 (dd, Jun 4.0
Hz, Jun 11.5 Hz, 1H, H-7), 4.53 (dd, Jun 6.5 Hz, Jun 12.0 Hz, 1H, H-7"), 5.18 (dd, Jun 4.0 Hz,
Jun 6.5 Hz , 1H, H-2), 7.46 (t, Jun 8.0 Hz, 2H, Bz), 7.58 (tt, Jun 1.0 Hz, Jun 7.5 Hz, 1H, Bz),
8.09 (m, 2H, Bz). °C NMR (CDCls, 125 MHz): § 25.7 (C-5), 27.6 (C-4), 66.2 (C-7), 69.9 (C-6),
80.7 (C-2), 128.4 (Bz), 129.8 (Bz), 133.1 (Bz), 166.2 (C=0). HRMS (ESI") calculated for
C12H403SNa [M+Na]" 261.0561, found 261.05619.

ALS.2 2-benzoyloxymethyl-1,3-oxathian-3-one (7):

A mixture of compound 6 (0.9 g, 3.38 mmol) and NalO4 (1.44 g, 6.76 mmol) was
dissolved in 10 ml of water and 20 ml of p-dioxane. The reaction was allowed to stir at room
temperature for 8 hours. The reaction was filtered over celite to remove solid residues, after
which the organic layer was washed with brine and extracted with EtOAc. The product was
purified with column chromatography (100% EtOAc) to afford compound 7 in 70% yield as a
white solid. R¢ (2.4% MeOH /EtOAc): 0.31. major isomer: 'HNMR (CDCls, 500 MHz) & (ppm)
2.11 (m, 2H, H-5, H-5"), 2.84 (td, Jun 4.0 Hz, Jun 12.0 Hz, 1H, H-4), 3.68 (m, 2H, H-4, H-6),
4.13 (m, 1H, H-6"), 4.39 (dd, Jun 2.0 Hz, Jun 4.5 Hz, 1H, H-2), 4.81 (dd, Jun 5.0 Hz, Jun 12.5
Hz, 1H, H-7), 4.93 (dd, Jun 2.0 Hz, Juyn 12.5 Hz, 1H, H-7), 7.47 (t, Jun 8.0 Hz, 2H, Bz), 7.60 (m,
1H, Bz), 8.08 (m, 2H, Bz). °C NMR (CDCl;, 125 MHz) & 24.3 (C-5), 50.7 (C-4), 61.5 (C-7),
69.5 (C-6), 96.0 (C-2), 128.4 (Bz), 129.9 (Bz), 133.3 (Bz), 166.0 (C=0). minor isomer: 'HNMR
(CDCls, 500 MHz) & 1.61 (m, 1H, H-5), 2.73 (m, 2H, H-4, H-5"), 3.28 (m, 1H, H-4"), 3.80 (m,
1H, H-6), 4.26 (m, 1H, H-6"), 4.60 (m, 2H, H-2, H-7), 4.69 (m, 1H, H-7"), 7.47 (t, Jun 8.0 Hz,
2H, Bz), 7.60 (m, 1H, Bz), 8.08 (m, 2H, Bz)."”’C NMR (CDCl;, 125 MHz) & 14.2 (C-5), 44.3 (C-
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4), 61.6 (C-7), 69.3 (C-6), 88.2 (C-2), 128.5 (Bz), 129.5 (Bz), 133.5 (Bz), 166.0 (C=0). HRMS
(ESI") calculated for C,H;404SNa [M+Na]" 277.0510, found 277.0507.

AlLS.3 2-benzoyloxymethyl-4-acetoxy-1,3-oxathiane (8):

To a suspension of 7 (0.21 g, 0.84 mmol) in 15 ml Ac,0, (0.51 g, 1.68 mmol) of
(nBu)sNOAc was added. The reaction was refluxed for 9 hours at 125-130 °C. Ac,O was
evaporated and then the compound was neutralized with NaHCO;. Following an aqueous
workup, purification with column chromatography (10% EtOAc/hexane) afforded compound 8
in 67% as a pale-yellow gummy liquid. R; (25% EtOAc/hexane): 0.27. '"HNMR (CDCls, 500
MHz): major isomer o (ppm) 2.03 (m, 1H, H-5), 2.16 (s, 3H, CHj3), 2.22 (m, 1H, H-5"), 3.76
(ddd, Jun 3.0 Hz, Jun 8.5 Hz, Jun 12.0 Hz, 1H, H-6), 4.35 (ddd, Jun 3.5 Hz, Jun 6.5 Hz, Ju 12.0
Hz, 1H, H-6"), 4.47 (dd, Jun 4.0 Hz, Jun 12.0 Hz, 1H, H-7), 4.86 (dd, Jun 7.5 Hz, Jun 12.0 Hz,
1H, H-7"), 5.21 (dd, Juu 4.0 Hz, Jun 7.5 Hz 1H, H-2), 6.09 (dd, Juu 3.5 Hz, Jun 8.0 Hz, 1H, H-4),
7.47 (t, Jun 8.0 Hz, 2H, Bz), 7.60 (t, Jun 8.0 Hz, 1H, Bz), 8.09 (d, Jun 8.0 Hz, 2H, Bz). Minor
isomer & 1.85 (m, 1H, H-5), 2.18 (s, 3H, CH3,) 2.22 (m, 1H, H-5"), 4.13 (m, 2H, H-6, H-6"), 4.45
(dd, Jun 4.0 Hz, Juy 12.0 Hz, 1H, H-7), 4.52 (dd, Jun 6.5 Hz, Jun 11.5 Hz, 1H, H-7"), 5.55 (dd,
Jun 4.0 Hz, Jun 6.5 Hz, 1H, H-2), 6.12 (t, Jun 5.0 Hz, 1H, H-4), 7.47 (t, Jun 8.0 Hz, 2H, Bz),
7.60 (t, Juu 8.0 Hz, 1H, Bz), 8.09 (d, Jun 8.0 Hz, 2H, Bz)."’C NMR (CDCls, 125 MHz): & 21.2
(CHs), 31.5 (C-5), 63.4 (C-6), 64.9 (C-7), 71.3 (C-4), 78.2 (C-2), 128.4 (Bz), 129.8 (Bz), 133.2
(Bz), 166.0 (C=0), 169.3 (C=0). HRMS (ESI") calculated for C;4H;s05SNa [M+Na]" 319.0616,
found 319.06188.

ALS5.4 General Procedure for the Glycosylation of Compound 8 with Pyrimidine Bases
Followed by Deprotection to Afford Compounds 10a-c:

To a stirred solution of 8 (0.3 g, 1.01 mmol) and the different bases (4.04 mmol) in dry
MeCN was added BSA (1.5 ml, 6.07 mmol). The reaction mixture was stirred at room
temperature for 30 minutes. This solution was cooled to 0 °C and TMSOTf (0.37 ml, 2.02 mmol)
was added drop wise. The solution was stirred overnight at room temperature. The resulting
residue was purified by column chromatography (0.5-6% MeOH/CH,Cl,) to afford the protected
nucleosides 9a-c. The protected nucleosides where deprotected with saturated ammonia in

methanol for 16-24 hours at room temperature. Solvent was evaporated and the product was
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purified with column chromatography (5-10% MeOH/CH,Cl,) to afford the pure 1,3-oxathiane

nucleosides 10a-c as white solids.

AlLS5.4.1 1-(2-benzoyloxymethyl-1,3-oxathian-4-yl)-cytosine (9a):

Yield = 54%. R{9% MeOH/CH,Cl,): 0.33. "HNMR (MeOH-d;, 500 MHz): 64% a-
isomer o (ppm) 2.22 (m, 2H, H-5', H-5"), 3.88 (m, 1H, H-6"), 4.13 (dt, Jun 5.0 Hz, Juy 12.5 Hz,
1H, H-6"), 4.50 (m, 1H, H-7"), 4.77 (dd, Juy 7.5 Hz, Jug 12.0 Hz, 1H, H-7"), 5.56 (dd, Juu 4.0
Hz, Jun 7.5 Hz, 1H, H-2"), 6.01 (m, 2H, H-4', H-5), 7.50 (m, 2H, Bz), 7.64 (m, 1H, Bz), 8.07 (td,
Jun 1.0 Hz, Juy 7.5 Hz, 2H, Bz), 8.12 (d, Jun 7.5 Hz, 1H, H-6). "CNMR (MeOH-d,, 125 MHz):
§29.3 (C-5"), 53.8 (C-4"), 62.9 (C-6"), 64.7 (C-7"), 76.7 (C-2"), 94.0 (C-5), 128.2 (Bz), 129.3 (Bz),
129.5 (Bz), 133.1 (Bz), 142.7 (C-6), 156.3 (C-2), 165.9 (C-4), 166.0 (C=0, Bz). 36% P-isomer
(MeOH-d,, 500 MHz): § 1.99 (dq, Jun 2.0 Hz, Jun 13.0 Hz, 1H, H-5"), 2.22 (m, 1H, H-5"), 3.88
(m, 1H, H-6"), 4.37 (ddd, Juy 2.5 Hz, Jun 4.0 Hz, Jyy 12.5 Hz, 1H, H-6"), 4.50 (m, 1H, H-7"),
4.58 (dd, Jun 5.5 Hz, Jun 11.5 Hz, 1H, H-7"), 5.43 (dd, Jun 4.5 Hz, Juu 6.0 Hz, 1H, H-2"), 6.01
(m, 1H, H-5), 6.17 (dd, Juy 2.5 Hz, Juy 11.5 Hz, 1H, H-4"), 7.50 (m, 2H, Bz), 7.64 (m, 1H, Bz),
7.72 (d, Jun 7.5 Hz, 1H, H-6), 8.07 (td, Juu 1.0 Hz, Juu 7.5 Hz, 2H, Bz). "CNMR (MeOH-d,,
125 MHz): § 31.8 (C-5"), 54.8 (C-4"), 65.2 (C-7"), 68.7 (C-6"), 81.5 (C-2'), 95.5 (C-5), 128.2 (Bz),
129.3 (Bz), 129.5 (Bz), 133.1 (Bz), 141.8 (C-6), 156.0 (C-2), 165.7 (C-4), 166.0 (C=0). HRMS
(EST") calculated for C;sH;7N304SNa [M+Na]" 370.0837, found 370.0831.

AlL5.4.2 1-(2-hydroxymethyl-1,3-oxathian-4-yl)-cytosine (10a):

Yield = 86%. Ri(16% MeOH/CH,Cl,): 0.27. '"HNMR (MeOH-d,, 500 MHz): 63% a-
isomer o (ppm) 2.22 (m, 2H, H-5', H-5"), 3.69 (m, 1H, H-7"), 3.80 (m, 1H, H-6"), 3.86 (dd, Jun
6.0 Hz, Jun 12.0 Hz, 1H, H-7"), 4.06 (dt, Jun 5.0 Hz, Jun 12.5 Hz, 1H, H-6"), 5.21 (dd, Jun 4.5
Hz, Jun 6.0 Hz, 1H, H-2'), 5.88 (t, Jun 5.0 Hz, 1H, H-4"), 6.06 (d, Jun 8.0 Hz, 1H, H-5), 8.31 (d,
Jun 7.5 Hz, 1H, H-6). "CNMR (MeOH-d4, 125 MHz): § 28.7 (C-5"), 54.9 (C-4'), 62.9 (C-6"),
63.6 (C-7"), 79.8 (C-2"), 94.1 (C-5), 144.4 (C-6), 153.4 (C-2), 163.8 (C-4).

37% B-isomer (MeOH-d4, 500 MHz): & (ppm) 1.99 (dq, Juu 2.5 Hz, Jun 13.0 Hz, 1H, H-
5", 2.22 (m, 1H, H-5"), 3.47 (m, 1H, H-7"), 3.69 (m, 1H, H-7"), 3.80 (m, 1H, H-6"), 4.35 (ddd,
Jun 2.5 Hz, Jun 4.0 Hz, Juy 12.0 Hz, 1H, H-6"), 5.09 (dd, Jun 4.0 Hz, Jun 5.5 Hz, 1H, H-2"), 6.03
(d, Jun 7.5 Hz, 1H, H-5), 6.10 (dd, Jun 3.0 Hz, Juy 11.5 Hz, 1H, H-4"), 7.81 (d, Jun 7.5 Hz, 1H,
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H-6). "CNMR (MeOH-d,, 125 MHz): & 31.8 (C-5"), 54.7 (C-4"), 63.6 (C-7"), 63.7 (C-6"), 84.7
(C-2"), 95.4 (C-5", 142.9 (C-6), 153.9 (C-2), 164.1 (C-4). HRMS (ESI") calculated for
CoH,3N303SNa [M+Na]" 266.0575, found 266.0569.

AlLS5.4.3 1-(2-benzoyloxymethyl-1,3-oxathian-4-yl)-thymine (9b):

Yield = 68%. Ri(9% MeOH/CH,CL): 0.64. '"HNMR (CDCls;, 500 MHz): 66 % o-isomer &
(ppm) 2.00 (d, Jun 1.0 Hz, 3H, CH3), 2.21 (m, 2H, H-5', H-5"), 3.93 (ddd, Jun 3.5 Hz, Jun 7.0
Hz, Juyn 12.5 Hz, 1H, H-6"), 4.16 (ddd, Jun 3.5 Hz, Jun 7.0 Hz, Juy 12.5 Hz, 1H, H-6",), 4.52 (m,
1H, H-7"), 4.86 (dd, Jun 8.0 Hz, Jun 12.0 Hz, 1H, H-7"), 5.46 (dd, Jun 4.5 Hz, Jun 8.0 Hz, 1H, H-
2"), 6.00 (dd, Juu 4.5 Hz, Jun 7.5 Hz, 1H, H-4"), 7.48 (m, 2H, Bz), 7.55 (d, Jun 1.0 Hz, 1H, H-6),
7.61 (m, 1H, Bz), 8.09 (m, 2H, Bz), 8.35 (br s, 1H, NH). "CNMR (CDCl;, 125 MHz): § 12.8
(CH3), 30.2 (C-5"), 52.6 (C-4"), 62.9 (C-6"), 64.5 (C-7"), 111.4 (C-5), 128.5 (Bz), 129.4 (Bz),
129.8 (Bz), 133.4 (Bz), 136.4 (C-6), 150.0 (C-2), 163.0 (C-4), 166.0 (C=0). 34% -isomer
'HNMR (CDCl;, 500 MHz): & 1.97 (d, Jun 1.0 Hz, 3H, CH3), 2.04 (q, Jun 2.0 Hz, 1H, H-5'),
2.21 (m, 1H, H-5"), 3.79 (td, Jun 2.0 Hz, Jun 12.0 Hz, 1H, H-6"), 4.41 (ddd, Jun 2.5 Hz, Jun 4.0
Hz, Jun 12.5 Hz, 1H, H-6"), 4.52 (m, 1H, H-7"), 4.63 (m, 1H, H-7"), 5.33 (dd, Jun 4.5 Hz, Jun
6.0 Hz, 1H, H-2"), 6.08 (dd, Juu 3.0 Hz, Jun 12.0 Hz, 1H, H-4"), 7.24 (d, Jun 1.0 Hz, 1H, H-6),
7.48 (m, 2H, Bz), 7.61 (m, 1H, Bz), 8.09 (m, 2H, Bz), 8.35 (br s, 1H, NH). "CNMR (CDCl;, 125
MHz): & 12.6 (CH3), 32.1 (C-5"), 53.7 (C-4"), 65.2 (C-7"), 68.9 (C-6"), 112.3 (C-5), 128.4 (Bz),
129.4 (Bz), 129.9 (Bz), 133.3 (Bz), 135.6 (C-6), 149.9 (C-2), 162.8 (C-4), 165.9 (C=0). HRMS
(EST") calculated for C;7H;sN,OsSNa [M+Na]" 385.0834, found 385.0831.

AlLS5.4.4 1-(2-hydroxymethyl-1,3-oxathian-4-yl)-thymine (10b):

Yield = 89%. Ri(9% MeOH/CH,Cl,): 0.17. '"HNMR (DMSO-ds, 500 MHz): 65 % a-
isomer 0 (ppm) 1.84 (d, Jun 1.0 Hz, 3H, CH3), 2.07 (m, 1H, H-5"), 2.20 (m, 1H, H-5"), 3.49 (m,
1H, H-7"), 3.62 (m, 1H, H-7"), 3.86 (m, 1H, H-6"), 3.98 (m, 1H, H-6"), 5.17 (m, 1H, OH), 5.21
(dd, Jun 5.0 Hz, Jun 6.5 Hz, 1H, H-2"), 5.82 (dd, Jun 5.0 Hz, Jun 7.5 Hz, 1H, H-4"), 7.81 (d, Jun
1.5 Hz, 1H, H-6), 11.39 (br s, 1H, NH). >CNMR (DMSO-ds, 125 MHz): § 12.6 (CHs), 29.4 (C-
5", 52.3 (C-4'), 63.1 (C-6"), 63.8 (C-7"), 80.1 (C-2"), 110.0 (C-5), 137.9 (C-6), 150.8 (C-2), 164.1
(C-4). 35% B-isomer (DMSO-dgs, 500 MHz):5 1.79 (d, Jun 1.0 Hz, 3H, CH3), 2.07 (m, 1H, H-5"),
2.20 (m, 1H, H-5"), 3.49 (m, 1H, H-7"), 3.78 (m, 2H, H-6', H-7"), 4.21 (ddd, Jun 2.0 Hz, Jun 3.5
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Hz, Juy 11.5 Hz, 1H, H-6"), 5.06 (dd, Jug 5.0 Hz, Jyn 6.0 Hz, 1H, H-2'), 5.17 (m, 1H, OH), 5.93
(dd, Jux 3.0 Hz, Jun 12.0 Hz, 1H, H-4"), 7.61 (d, Jux 1.0 Hz, 1H, H-6), 11.39 (br s, 1H, NH).
BCNMR (DMSO-ds, 125 MHz): & 12.4 (CH3), 31.5 (C-3"), 53.7 (C-4"), 63.9 (C-7'), 68.4 (C-6"),
85.2 (C-2"), 110.8 (C-5), 137.2 (C-6), 150.5 (C-2), 163.9 (C-4). HRMS (ESI") calculated for
C1oH14N204SNa [M+Na]" 281.0572, found 281.0572.

ALS5.4.5 1-(2-benzoyloxymethyl-1,3-oxathian-4-yl)-5-fluorocytosine (9¢):

Yield = 72%. R{9% MeOH/CH,CL): 0.31. 67 % a anomer 'HNMR (MeOH-d,, 500
MHz): & (ppm) 2.25 (m, 2H, H-5', H-5"), 3.92 (ddd, Juu 4.0 Hz, Juy 7.5 Hz, Juy 12.0 Hz, 1H, H-
6"), 4.13 (ddd, Jun 4.0 Hz, Jun 6.0 Hz, Jun 12.5 Hz, 1H, H-6"), 4.51 (m, 1H, H-7"), 4.78 (dd, Jun
7.5 Hz, Jun 12.0 Hz, 1H, H-7"), 5.59 (dd, Jun 4.0 Hz, Jun 7.0 Hz, 1H, H-2"), 5.97 (td, Jun 1.5 Hz,
Jun 6.5 Hz, 1H, H-4"), 7.51 (m, 2H, Bz), 7.65 (m, 1H, Bz), 8.07 (m, 2H, Bz), 8.24 (d, Jur 6.5 Hz,
1H, H-6). °C NMR (MeOH-d,, 125 MHz): § 29.0 (C-5'), 54.3 (C-4"), 62.9 (C-6"), 64.7 (C-7",
76.5 (C-2"), 126.9 (C-6, Jcr 32.5 Hz), 128.2 (Bz), 129.3 (Bz), 133.1 (Bz), 138.0 (C-5), 155.0 (C-
2), 158.1 (C-4, Jcr 17.1 Hz), 166.0 (C=0). 33% P anomer 'HNMR (MeOH-d,, 500 MHz): § 2.01
(dq, Jun 2.5 Hz, Jun 13.5 Hz, 1H, H-5"), 2.25 (m, 1H, H-5"), 3.87 (td, Jun 2.0 Hz, Jun 12.0 Hz,
1H, H-6"), 4.37 (ddd, Jun 2.5 Hz, Jun 4.0 Hz, Jun 12.5 Hz 1H, H-6"), 4.51 (m, 1H, H-7'), 4.58
(dd, Jun 5.5 Hz, Jun 11.5 Hz, 1H, H-7"), 5.43 (dd, Jun 4.0 Hz, Jun 6.0 Hz, 1H, H-2"), 6.14 (ddd,
Jun 2.0 Hz, Jyn 3.0 Hz, Jun 12.0 Hz, 1H, H-4"), 7.51 (m, 2H, Bz), 7.65 (m, 1H, Bz), 7.92 (d, Jur
7.0 Hz, 1H, H-6), 8.07 (m, 2H, Bz). °C NMR (MeOH-d,, 125 MHz): & 31.6 (C-5"), 55.3 (C-4"),
65.2 (C-7"), 68.6 (C-6"), 81.5 (C-2"), 125.9 (C-6, Jcr 29.1 Hz), 128.2 (Bz), 129.3 (Bz), 133.1 (Bz),
138.0 (C-5), 154.7 (C-2), 158.1 (C-4, Jcr 17.1 Hz), 165.9 (C=0). HRMS (ESI") calculated for
C16H16FN304SNa [M+Na]" 388.0743, found 388.0729.

AlLS5.4.6 1-(2-hydroxymethyl-1,3-oxathian-4-yl)-5-fluorocytosine (10c):

Yield = 89%. R{9% MeOH/CH,CL): 0.23. 64 % o anomer 'HNMR (MeOH-d,, 500
MHz): § (ppm) 2.24 (m, 2H, H-5', H-5"), 3.76 (m, 2H, H-6', H-7"), 3.89 (dd, Jun 6.5 Hz, Jun 12.0
Hz, 1H, H-7"), 4.05 (dt, Jun 4.5 Hz, Jun 12.5 Hz, 1H, H-6"), 5.22 (dd, Jun 4.5 Hz, Juy 6.5 Hz,
1H, H-2"), 5.84 (td, Jun 1.0 Hz, Juu 5.0 Hz, 1H, H-4"), 8.27 (d, Jur 6.5 Hz, 1H, H-6). °C NMR
(MeOH-d,, 125 MHz): & 28.9 (C-5"), 54.6 (C-4"), 62.9 (C-6"), 63.6 (C-7"), 79.7 (C-2"), 127.1 (d,
Jcr 32.7 Hz, C-6), 136.7 (d, Jcr 243.4 Hz, C-5), 155.0 (C-2), 158.1 (d, Jcr 13.8 Hz, C-4). 36% B
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anomer 'HNMR (MeOH-ds4, 500 MHz): 6 1.98 (dq, Jun 2.0 Hz, Jun 13.0 Hz, 1H, H-5"), 2.15 (qd,
Jun 4.5 Hz, Juu 12.0 Hz, 1H, H-5"), 3.76 (m, 3H, H-6', H-7', H-7"), 4.34 (ddd, Juu 2.5 Hz, Juy
4.0 Hz, Jun 12.0 Hz, 1H, H-6"), 5.08 (dd, Juu 4.0 Hz, Juu 5.5 Hz, 1H, H-2"), 6.07 (dt, Jun 2.5 Hz,
Jun 11.5 Hz, 1H, H-4"), 7.89 (d, Jur 6.5 Hz, 1H, H-6). °C NMR (MeOH-d,, 125 MHz): & 31.8
(C-5"), 55.2 (C-4"), 63.8 (C-7"), 68.5 (C-6"), 84.6 (C-2'), 126.0 (d, Jcr 32.5 Hz, C-6), 137.1 (d, Jcr
2447 Hz, C-5), 154.7 (C-2), 157.9 (d, Jer 13.8 Hz, C-4). HRMS (ESI") calculated for
CoH,5FN303S [M+H]" 262.0662, found 262.0663.

ALS.5 General procedure for the synthesis of purine 1,3-oxathiane nucleosides:

Similar Vorbriiggen glycosylation conditions as described for the synthesis of
nucleosides 9a-c. After glycosylation and aqueous workup, the residue was purified by column
chromatography (0.5-2% MeOH/CH,Cl,) to afford 20% of the N’ regioisomer 11 as a mixture of
anomers and 42% of the N regioisomer 12. 1,3-oxathiane nucleosides 11 and 12 (75 mg, 0.19
mmol) were treated with a saturated solution of ammonia in MeOH (6 ml) and stirred for 4-7 h at
100 °C in a sealed tube. The reaction was cooled to room temperature, MeOH was evaporated
and the residue was purified by column chromatography (5-10% MeOH/CH,Cl,) to afford
nucleoside 13 (66%) and 14 (70%) as mixtures of anomers as white solids. Nucleoside 12 (40
mg, 0.10 mmol) was treated with sodium methoxide in methanol (3ml) to afford pure a and

nucleosides, 15 (67%) and 16 (31%) respectively, as white solids.

ALS.5.1 9-(2-benzoyloxymethyl-1,3-oxathian-4-yl)-6-chloropurine (11):

Yield = 20%. R{2% MeOH/CH,CL): 0.48. 81% a-isomer' HNMR (MeOH-ds, 400
MHz): 6 (ppm) 2.57 (m, 1H, H-5"), 2.75 (m, 1H, H-5"), 3.98 (td, Juu 2.0 Hz, Juyu 12.8 Hz, 1H, H-
6'), 4.14 (dt, Jun 4.0 Hz, Jun 12.8 Hz, 1H, H-6"), 4.52 (m, 1H, H-7'), 4.65 (dd, Jun 6.0 Hz, Jun
11.6 Hz, 1H, H-7"), 5.82 (dd, Jun 4.0 Hz, Juyu 6.0 Hz, 1H, H-2"), 6.16 (t, Jun 4.4 Hz, 1H, H-4"),
7.49 (m, 2H, Bz), 7.62 (tt, Jun 1.6 Hz, Jun 8.8 Hz, 1H, Bz), 8.05 (m, 2H, Bz), 8.76 (s, 1H, H-2),
9.02 (s, IH, H-8). 19% B-isomer 6 2.57 (m, 1H, H-5"), 2.75 (m, 1H, H-5"), 3.98 (td, Juu 2.0 Hz,
Jun 12.8 Hz, 1H, H-6'), 4.45 (m, 1H, H-6"), 4.52 (m, 1H, H-7"), 4.60 (dd, Jun 5.6 Hz, Jun 12.0
Hz,1H, H-7"), 5.55 (dd, Jun 4.0 Hz, Jun 5.6 Hz, 1H, H-2'), 6.31 (dd, Jun 3.2 Hz, Jun 12.0 Hz,
1H, H-4"), 7.49 (m, 2H, Bz), 7.62 (tt, Jun 1.6 Hz, Jun 8.8 Hz, 1H, Bz), 8.05 (m, 2H, Bz), 8.78 (s,
1H, H-2), 8.80 (s, 1H, H-8).
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3C NMR (MeOH-d,, 125 MHz): § 28.6 (C-5'), 53.9 (C-4"), 63.8 (C-6"), 65.2 (C-7"), 77.5
(C-2"), 128.2 (Bz), 129.3 (Bz), 129.5 (Bz), 133.2 (Bz), 146.2 (C-5), 150.1 (C-8), 151.4 (C-6),
151.6 (C-4), 151.8 (C-2), 166.0 (C=0). HRMS (ESI") calculated for C17H;sCIN;O;SNa [M+Na]’
413.0451, found 413.0458.

AlLS.5.2 7-(2-benzoyloxymethyl-1,3-oxathian-4-yl)-6-chloropurine (12):

Yield = 42%. Ry{2% MeOH/CH,CL): 0.30. 75% a-isomer HNMR (MeOH-ds, 400
MHz): & (ppm) 2.47 (m, 1H, H-5"), 2.70 (m, 1H, H-5"), 3.99 (qd, Juu 2.4 Hz, Jux 13.2 Hz, 1H,
H-6"), 4.19 (dt, Jun 4.0 Hz, Jun 13.2 Hz, 1H, H-6"), 4.52 (dd, Jun 3.6 Hz, Jux 12.0 Hz, 1H, H-7"),
4.65 (dd, Jun 6.0 Hz, Juy 12.0 Hz, 1H, H-7"), 5.67 (dd, Jun 3.6 Hz, Jux 6.0 Hz, 1H, H-2'), 6.50
(t, Jun 3.6 Hz, 1H, H-4"), 7.48 (m, 2H, Bz), 7.62 (m, 1H, Bz), 8.04 (m, 2H, Bz), 8.81 (s, 1H, H-
2), 9.24 (s, 1H, H-8). °C NMR (MeOH-d,, 125 MHz): § 29.8 (C-5"), 54.9 (C-4"), 63.5 (C-6"),
65.0 (C-7"), 77.4 (C-2'), 122.2 (C-8), 128.2 (Bz), 129.3 (Bz), 129.4 (Bz), 133.2 (Bz), 143.6 (C-6),
148.7 (C-4), 151.9 (C-2), 161.7 (C-5), 166.0 (C=0). B-isomer 'HNMR (MeOH-d, 400 MHz): &
2.47 (m, 1H, H-5", 2.70 (m, 1H, H-5"), 3.99 (qd, Jun 2.4 Hz, Jux 13.2 Hz, 1H, H-6"), 4.47 (ddd,
Jun 2.4 Hz, Jug 4.0 Hz, Jun 12.4 Hz, 1H, H-6"), 4.54 (m, 1H, H-7"), 4.60 (dd, Juu 5.6 Hz, Juu
12.0 Hz, 1H, H-7"), 5.57 (dd, Juu 4.4 Hz, Jux 5.6 Hz, 1H, H-2"), 6.52 (d, Juu 2.8 Hz, 1H, H-4"),
7.48 (m, 2H, Bz), 7.62 (m, 1H, Bz), 8.04 (m, 2H, Bz), 8.82 (s, 1H, H-2), 9.01 (s, 1H, H-8). °C
NMR (MeOH-d4, 125 MHz): § 32.5 (C-5'), 56.3 (C-4"), 65.0 (C-7'), 68.5 (C-6"), 81.7 (C-2",
121.6 (C-8), 128.2 (Bz), 129.3 (Bz), 129.4 (Bz), 133.2 (Bz), 143.4 (C-6), 148.1 (C-4), 152.1 (C-
2), 161.1 (C-5), 165.9 (C=0). HRMS (ESI") calculated for C;;H;sCIN;O3;SNa [M+Na]"
413.0451, found 413.0454.

ALS.5.3 9-(2-hydroxymethyl-1,3-oxathian-4-yl)-adenine (13):

Yield = 66%. R(9% MeOH/CH,Cl,): 0.14. UV Amay (H,0) 261 nm (8529 M™' cm™). 80
% a-isomer 'HNMR (DMSO-ds, 500 MHz): & (ppm) 2.35 (m, 1H, H-5'), 2.47 (m, 1H, H-5"),
3.49 (m, 1H, H-7"), 3.70 (m, 1H, H-7"), 3.91 (m, 1H, H-6"), 4.02 (dt, Juy 4.0 Hz, Juy 12.5 Hz,
1H, H-6"), 5.15 (m, 1H, OH), 5.35 (t, Jun 5.5 Hz, 1H, H-2"), 5.95 (t, Juu 4.5 Hz, 1H, H-4"), 7.31
(br s, 2H, NH,), 8.16 (s, 1H, H-2), 8.53 (s, 1H, H-8). °C NMR (DMSO-d,, 125 MHz): & 29.5
(C-5"), 51.8 (C-4"), 63.9 (C-7'), 64.0 (C-6'), 80.9 (C-2'), 119.5 (C-5), 140.2 (C-8), 149.6 (C-4),
152. 9 (C-2), 156.6 (C-6). 20% P-isomer & 2.14 (m, 1H, H-5"), 2.63 (m, 1H, H-5"), 3.49 (m, 1H,
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H-7'), 3.64 (m, 1H, H-7"), 3.86 (m, 1H, H-6"), 4.29 (ddd, Juu 2.0 Hz, Jun 3.5 Hz, Juyu 12.0 Hz,
1H, H-6"), 5.15 (m, 1H, OH), 5.20 (t, Jux 6.0 Hz, 1H, H-2"), 6.04 (dd, Juu 2.5 Hz, Jux 12.0 Hz,
1H, H-4"), 7.31 (br s, 2H, NH,), 8.17 (s, 1H, H-2), 8.35 (s, 1H, H-8). °C NMR (DMSO-ds, 125
MHz): § 32.7 (C-5"), 52.7 (C-4"), 63.8 (C-7'), 68.6 (C-6"), 118.9 (C-5), 139.5 (C-8), 149.6 (C-4),
153.1 (C-2), 156.6 (C-6). HRMS (ESI") calculated for CioH;3N50,SNa [M+Na]" 290.0682,
found 290.06836.

AlLS.5.4 7-(2-hydroxymethyl-1,3-oxathian-4-yl)-adenine (14):

Yield = 70%. R{(16% MeOH/CH,CL): 0.14.UV Amax (H20) 271 nm (4847 M cm™).80%
o anomer 'HNMR (MeOH-d4, 500 MHz): & (ppm) 2.33 (m, 1H, H-5'), 2.57 (m, 1H, H-5"), 3.78
(m, 2H, H-6', H-7"), 3.89 (m, 1H, H-7"), 4.13 (dt, Jun 4.0 Hz, Juy 13.0 Hz, 1H, H-6"), 5.28 (dd,
Jin 4.0 Hz, Juy 5.5 Hz, 1H, H-2'), 6.26 (t, Jun 4.5 Hz, 1H, H-4"), 8.29 (s, 1H, H-2), 8.79 (s, 1H,
H-8). °C NMR (MeOH-dy, 125 MHz): & 30.7 (C-5"), 54.6 (C-4'), 62.9 (C-6'), 63.9 (C-7"), 80.4
(C-2"), 111.0 (C-5), 144.6 (C-8), 152.0 (C-6), 152.5 (C-2), 159.7 (C-4). 20% P anomer 'HNMR
(MeOH-d,, 500 MHz): & 2.33 (m, 1H, H-5"), 2.57 (m, 1H, H-5"), 3.78 (m, 2H, H-6', H-7'), 3.89
(m, 1H, H-7"), 4.45 (ddd, Juy 2.5 Hz, Juy 4.5 Hz, Juu 12.5 Hz, 1H, H-6"), 5.27 (m, 1H, H-2"),
6.18 (dd, Jun 3.5 Hz, Jun 12.0 Hz, 1H, H-4"), 8.31 (s, 1H, H-2), 8.51 (s, 1H, H-8). °C NMR
(MeOH-d,, 125 MHz): § 32.8 (C-5"), 56.3 (C-4"), 63.5 (C-7'), 68.3 (C-6'), 84.8 (C-2"), 111.0 (C-
5), 144.6 (C-8), 151.7 (C-6), 152.6 (C-2), 159.5 (C-4). HRMS (ESI") calculated for
C10H3N50,SNa [M+Na]" 290.0682, found 290.06762.

ALS.5.5 a-7-(2-hydroxymethyl-1,3-oxathian-4-yl)-6-methoxypurine (15):

Yield = 67%. R(9% MeOH/CH,Cl,): 0.27. '"HNMR (MeOH-d,, 500 MHz): & (ppm) 2.41
(dq, Jun 3.0 Hz, Juu 15.0 Hz, 1H, H-5"), 2.61 (m, 1H, H-5"), 3.70 (dd, Jun 4.5 Hz, Jun 12.0 Hz,
1H, H-7'), 3.83 (m, 2H, H-6', H-7"), 4.11 (dt, Jun 4.0 Hz, Juu 13.0 Hz, 1H, H-6"), 4.22 (s, 3H,
OCHs), 5.32 (dd, Jun 4.5 Hz, Jun 5.0 Hz, 1H, H-2'), 6.19 (t, Jun 4.0 Hz, 1H, H-4"), 8.59 (s, 1H,
H-2), 8.95 (s, 1H, H-8). C NMR (MeOH-d,, 75 MHz): & 30.0 (C-5"), 53.7 (C-OMe), 55.5 (C-
4, 63.4 (C-6"), 63.8 (C-7"), 80.3 (C-2"), 112.7 (C-5), 145.2 (C-8), 152.0 (C-2), 157.5 (C-4), 161.0
(C-6). HRMS (ESI") calculated for C;;H4N4O3SNa [M+Na]" 305.0684, found 305.06725.
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ALS.5.6 B-7-(2-hydroxymethyl-1,3-oxathian-4-yl)-6-methoxypurine (16):

Yield = 31%. R(9% MeOH/CH,Cl,): 0.33. "HNMR (MeOH-d4, 500 MHz): § (ppm) 2.36
(dq, Junu 2.0 Hz, Juu 13.0 Hz, 1H, H-5"), 2.59 (qd, Juu 4.0 Hz, Juu 12.0 Hz, 1H, H-5"), 3.72 (dd,
Jun 4.0 Hz, Jun 12.0 Hz, 1H, H-7"), 3.80 (dd, Jun 6.0 Hz, Jun 12.0 Hz, 1H, H-7"), 3.91 (td, Jun
2.0 Hz, Jun 12.0 Hz, 1H, H-6"), 4.25 (s, 3H, OCHs), 4.43 (ddd, Juu 2.5 Hz, Jun 4.0 Hz, Juu 12.0
Hz, 1H, H-6"), 5.18 (dd, Jun 4.0 Hz, Jun 5.5 Hz, 1H, H-2"), 6.26 (dd, Juu 3.0 Hz, Jun 12.0 Hz,
1H, H-4'), 8.59 (s, 1H, H-2), 8.68 (s, 1H, H-8). °C NMR (MeOH-d,, 125 MHz): § 33.2 (C-5"),
53.7 (C-OMe), 56.7 (C-4"), 63.6 (C-7"), 68.4 (C-6"), 84.8 (C-2"), 112.1 (C-5), 144.7 (C-8), 152.0
(C-2), 157.4 (C-6), 160.1 (C-4). HRMS (ESI") calculated for C;;H;sN4O3SNa [M+Na]’
305.0684, found 305.06703.9

ALS.6 X-ray Crystallography:

Crystals are mounted with Mitegen mounts using Paratone-N from Hampton Research
and single-crystal X-ray diffraction experiments are carried out with a BRUKER APEX-II CCD
diffractometer by using graphite-monochromated Mok, radiation (1 = 0.71073 A) and
KRYOFLEX for low temperature experiments. SAINT®’ is used for integration of the intensity
reflections and scaling and SADABS> for absorption correction. Patterson maps are used to
generate the initial solutions. Non-hydrogen atoms are located by difference Fourier maps and
final solution refinements are solved by full-matrix least-squares method on F* of all data, by
using SHELXTL software.’” The hydrogen atoms are placed in calculated positions. The crystal
structure is solved in the polar non-centrosymmetric space group Pna2; and contains unequal
fractions of the two enantiomers of 16 due to racemic twinning. TWIN’ and BASF®’ parameters
are included for further refinement and indicates the (S, S) enantiomer to be the major fraction
(75%) with the (R, R) enantiomer as the minor fraction (25%). The Flack parameter,”’40 taken
from BASF coefficient in this case, is 0.25(11). Crystals of nucleoside 16 are obtained from slow
evaporation of CD3;0OD at room temperature. The cif for the X-ray diffraction data is available at

CCDC with the CCDC code number (1039733).
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Figure AIL11: Crystal structure of the two independent molecules of 7-[(2S, 4S)-2-
hydroxymethyl-1,3-oxathian-4-yl]-6-methoxypurine (nucleoside 16) in asymmetric unit.

Figure AIL.12: Crystal packing of nucleoside 16.
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Appendix II: Supplementary Information for Chapter 2

Stabilization of i-Motif Structures by 2'-p-Fluorination of DNA

AllL1 Differential Scanning Calorimetry Fitting Procedure

Each dataset was fit with linear folded and quadratic unfolded C, baselines,' resulting in
temperature dependent AC,, values over the experimental temperature range. The experimental
data were buffer and baseline subtracted to give the excess heat capacities. For fitting excess heat
capacities of intermolecular melting processes, it was necessary to compute the concentration of
the monomeric state at all temperatures. An i-motif undergoing a two-state folding equilibrium

involving tetrameric and monomeric states has total concentration of strands ([M]r) equal to:
[M], =[M](T)+4T](T) (1)

[M](T) is the concentration of free monomeric strands as a function of temperature, and [T](T)
is the concentration of tetramer as a function of temperature. The coefficient of four accounts for
the 4:1 stoichiometry of forming the tetramer from monomer strands. The temperature-dependent

equilibrium constant for this process is:

[T)(T)
K(T)=—"—"= )
([MY(D))

which is related to the free energy of association according to:

~AG(T)

K(T)=e ® 3)

where R is the ideal gas constant, and the change in free energy is:
AG(T)=AH(T)-TAS(T) 4)

where AG(T), AH(T), and AS(T) are the changes in Gibbs free energy, enthalpy, and entropy of

folding at each experimental temperature. For thermodynamic processes with non-zero AC,;:

AH(T)=AH0+ACP(T—TO) (5)
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And

AS(T)=AS, +AC, 1nTT (0)

o

Where AH, and AS) are the enthalpy and entropy of folding at the reference temperature, Tp.

Substitution of eq. 2 into eq. 1 gives a fourth order polynomial:
4
[M1(T)+4K(T)([M)(T)) -[M], =0 Q)

Which can be solved numerically by substituting in the known value of [M]r and the test value

of K(T) and taking the real, positive root as [M](T). The partition function is calculated as:

[M],

P 4k (MY 8
o (T)([M1(T)) (8)

Z(T) =
The fractional population of tetramers is then:

PT) = K(T)(IM(T)) 3 ©)
1+ K(T)([M)(T))

and the fractional population of monomers is:

1
1+ K(T)(IMY(T))

£y (T) = (10)

For i-motif melting equilibria comprising exchange between n folded states, the excess heat

capacity at each experimental temperature is given by:
n d n
CP(T)=2AHi(T)xﬁPi+2]3(T)><ACPJ.(T) (11)
Where AC, (T)is the difference in heat capacity between the ith folded state and the unfolded

1

d . . - :
state at each temperature, and d_TP is the temperature derivative of the population of the ith

state. This was calculated numerically according to:

d F(T(m+1))- B(T(m))
P =a

dar T(m+1)=T(m)

(12)
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Where @ is the molecularity coefficient (0.25 for tetramer, 0.5 for dimer) and T(m) is the mth
experimental temperature. The i-motif structures studied here required non-two state partition

functions. H-1 to H-5 were analyzed using:
Z(T) =1+4K,(T)(IMI(T)) +4K,(T)((M1(D)) (13)

where the second and third terms correspond to two different tetrameric structures with folding
equilibrium constants K;(T) and K,(T). H-6 was fit with a partition function assuming a dimer

unfolding intermediate:
Z(T) =1+ 2K,(T) ([M](T)) +4K,(T)([M](T)) (14)

The data were fit by generating C,, profiles with initial baseline and thermodynamic parameters

using eqs. 3-13 and minimizing residual sum of squares (RSS):
N X )
RSS(E) Y (C; ()=C,5(E. /) (15)
Jj=1

Where N is the number of points in the experimental and fitted datasets and &= [AH;, AS;, ay, by,
cu, My, br] where AH;, AS; are the folding enthalpy and entropy of the ith state, a,, by, c, are the

quadratic unfolded baseline parameters, and mg, by are the linear folded baseline parameters.
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AIlL2 T1/2 Data

Table AIL1: Ty, (°C) values for the (un)modified sequences at pH 5.0 and 0.2 °C/min."

Code Sequence (5'-3") T AT
H-1 dTccccc 49.0 -
H-2 dTCC(fC)CC 9.2,51.4 +2.4
H-3 dTC(fC)(fC)CC 23.6,57.6 +8.6
H-4 dTCC(fC)(fO)C 21.7,55.7 +6.7

H-5" dTC(fC)(fC)(fC)C 33.9 -

H-6" dTH(CCCCO) 33.8 -

HC-0 dTCCTTTTCCA 15.8 -

HC-1 dT(fC)CTTTTCCA 20.4 +4.6

HC-2 dT(fC)(fC)TTTTCCA 27.6 +11.8

HC-3 dT(fC)CTTTT(fC)CA 30.2 +14.4

HC-4 dT(fC)(fO)TTTT(fC)(fC)A 33.4 +17.6
HT-0 d(CCCTAA);C; 57.2 -
HT-1 d(C(fC)CTAA);C(fO)C 65.0 +7.8
HT-2 d(C(fC)(fC)TAA)C(fC)(fC) 74.0 +16.8
HT-3 d((fC)(fC)CTAA)5(fC)(fC)C 70.4 +13.2
HT-4  d((fO)(fO)(fC)TAA));(fO)(fC)(fC) 75.8 +18.6

[0ligonucleotide concentration was 4.6 uM in single strands for hexamers and 4.0 pM for HC and
HT. T, data were calculated from UV-Visible spectroscopy thermal denaturation profiles where
T/, corresponded to the non-reversible melting temperature obtained at 0.2 °C/min. AT}, values
were calculated for the main melting transitions relative to the respective unmodified strands. (-)

indicates sequences for which no melting transition was detected, or an absence of AT};.

®Sequences H-5 and H-6 exhibit lower T}, values compared to the control (H-1). This was due to
the melting of a dimeric structure rather than an i-motif structure. As a result, AT}, cannot be

calculated since the comparison would H-1 will be invalid.
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AIL3 CD Spectra

H-15'-TCCCCC-3' H-2 5'-TCC(fC)CC-3'
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Figure AIL1: CD spectra of hexamer sequences at pH 5.0-7.5. The strand concentration was 30 uM
and the buffer was 10 mM sodium phosphate. Spectra were recorded at 5 °C.
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AIL4 '"H-NMR Spectra for Hexamer Sequences
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Figure AIL2-a: 'H-NMR melting experiments for H-2
peaks were observed at 5 °C.

5'-TCC(fC)CC-3' (2.0 mM). At pH 7.0 no imino
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Figure AIL.2-b: 'H-NMR melting experiments for H-3 5'-TC(fC)(fC)CC-3' (2.6 mM).
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Figure AIL2-c: '"H-NMR melting experiments for H-4 5'-TCC(fC)(fC)C-3' (2.53 mM).
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Figure AIL2-d: "H-NMR melting experiments for H-5 5'-TC(fC)(fC)(fC)C-3' (2.08 mM).
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Figure AIL2-e: "H-NMR melting experiments for H-6 5'-Tf(CCCCC)-3' (2.1 mM).

AIL5 "F-NMR Spectra for Hexamer Sequences
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Figure AIL3-a: ’F-NMR melting experiments for H-2 5'-TCC(fC)CC-3', pH 5.0.
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Figure AIL3-b: "F-NMR melting experiments for H-3 5'-TC(fC)(fC)CC-3', pH 5.0.
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Figure AIL3-c: "F-NMR melting experiments for H-4 5'-TCC(fC)(fC)C-3', pH 5.0.
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AlIlL.6 DSC Data
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Figure AlIl.4: Raw DSC power data for unmodified and modified tetrameric i-motif structures.
A) unmodified H-1, B) H-2, C) H-3, D) H-4, E) H-5, and F) H-6. The forward and reverse scans
showed minimal hysteresis at 150 uM concentrations, in contrast to the UV-Vis melts at 4.6 M.
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AlIL.7 NMR Data

Figure AILS: Tetrameric structure of H-4 5'-TCC(fC)(fC)C-3' at acidic pH. A) Stereoview of the
ensemble of the 10 calculated structures. B) Stereoview of the average structure. C) Detail of the
stacking interaction between C-C" base pairs. Note that fluorine atoms are exposed to the solvent,
pointing towards the major groove. Color code: dC and 2'F-araC are shown in cyan and blue,
respectively; thymines are shown in magenta; fluorine atoms are shown in green. PDB code: 2N89
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Figure AIL.6: NMR assignment of the major species of H-4 at neural pH. A) Amino-H2'/2"
region of the NOESY spectra (mixing time = 100 ms, T = 5 °C). Cross-peaks labelled in black
correspond to the major species at acidic pH; cross-peaks labelled in red correspond to the major
species at neutral pH. These NOEs together with those observed in the imino-amino region
(Figure 2.20) clearly show that the major species at neutral pH is an i-motif. B) and C) Model
structures of the major species of H-4 at neutral pH. Although a complete assignment of the
neutral species could not be carried out, this model was consistent with the NOE connectivities
observed. B) Stereoview of 10 structures calculated by molecular dynamics methods. C)
Stereoview of a representative structure. Color code: dC and 2'F-araC are shown in cyan and
blue, respectively; thymines are shown in magenta; fluorine atoms are shown in green.
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Table AIL2: Assignment list of H-4 at pH 5.0/6.0, T = 5 °C, [H-4] = 2.5 mM.

d/ppm

-116 -117 -118 -119 ~-12
TR TR P T P
i o H3 *oH
5 . )
] e H2 |
5 e H2 - :
6] : -6
] » HT ¢ H1 i
7 =7
& 2°F fC4 2°F fC5 8
-116 -117 -118 -119 -12
— d/ppm

Figure AIL7: PF-'H HOESY spectrum of (H-4) 5'-
TCC(fC)(fC)C-3', pH 5.0, T =25 °C (mixing time 200 ms).

H3 | H42 | H41 | H6 | H5/Me | HT' H2' H2" | H3' H4' HS' | H5"
T1 | 11.46 - - 7.63 1.75 | 6.34 2.17 2.66 | 4.83 n.a. n.a.
C2 | 1588 | 9.34 | 832 |795| 590 | 6.58 2.06 242 | 4.82 n.a. n.a.
C3 | 15.65 | 9.25| 847 | 7.73 5.88 | 6.40 2.18 2.66 | 4.89 n.a. n.a.
fC4 | 15.54 | 9.26 | 8.52 | 7.61 595 633 -117.13 537 | 4.75 n.a. n.a.
fC5 | 15.73 | 937 | 8.62 | 7.70 | 5.83 6.35 | -119.52 5.16 | 4.57 n.a. n.a.
C6 | no. | 922|826 |7.74| 591 6.16 2.21 247 | 4.30 n.a. n.a.

n.o: not observed

n.a: not assigned

Note: Fluorine signals were assigned from the '’F-'"H HOESY spectra of H-4, pH 5.0, T = 25 °C (mixing
time 200 ms) (Figure AIL.7).
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Table AIL3: Experimental constraints and calculation statistics of H-4.

Experimental distance constraints

Total number 284
intra-residue 100
sequential 16
range > 1 168
Intra-subunit 116
Inter-subunit 168
RMSD (A)
bases 0.5+0.1 A
backbone 0.8+0.3 A
all heavy atoms 0.9+0.2 A
Residual violations Average Range
Sum of violation (A) 2.5 1.8-33
Max. violation (A) 0.3 0.2-0.5
NOE energy” (kcal/mol) 5.1 45-17.1
Total energy (kcal/mol) -2583 -2441 - -2694

" Knok = 20 keal/(mol .A%)

Table AIL.4: Average dihedral angles and order parameters of H-4.

Pseudo-
seudo a B Y 5 P ¢
rotation
5 8 8 8 8 8 8
s 1o |2 0g |2 a |2 a8 |a|2|s|2|s|2
o (0]
£ 2 2} 8, 2} a, S 2, 2} a, S a, 2 2, 2 2,
g < % <l < |z |2 |5 |< |5 |<|58|< |5
o S S S S S S
T1 33 34 - - - - 67 0.8 84 1 171 | 0.6 - - -114 1
C2 27 36 -55 1 0.6 | 180 1 91 0.7 85 1 -167 1 -84 | 0.5 |-120 1
C3 23 33 | -105] 0.5 179 1 109 | 0.7 90 1 -135( 0.8 | -87 | 0.9 |-123 1
fC4 | 134 | 33 |-101| 0.8 | 113 | 0.6 | 164 | 0.7 | 124 1 -167 | 0.6 | -72 | 0.9 |-122 1
fC5 | 118 | 39 |-133| 0.5 150 | 0.8 |-169 1 110 1 -174 | 0.6 | -64 | 0.5 | -118 1
Cé6 581 43 [-119] 0.8 | 170 1 -169 1 80 1 - - =71 0.5 |-115 1
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