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1 Summary and Overview 

1.1 Summary 

The present thesis Time-Resolved NMR-Spectroscopic Studies of Conformational Dynamics in DNA 

G-Quadruplexes deals with the detailed investigation of important structural dynamics in 

non-canonical secondary structure elements in nucleic acids. 

G-rich DNA sequences in the human genome can form non-canonical secondary structures that 

deviate from the double stranded Watson-Crick helix. In presence of monovalent cations, G-residues 

are able to form tetrads via G-G Hoogsteen base pair interactions that stack to structures known as 

G-quadruplexes (G4, chapter 2.1). G4s are highly dynamic structures able to adopt numerous 

conformations. The pronounced polymorphism and the complex folding energy landscapes of DNA 

G4s lead to the co-existence of different folded conformations (chapter 2.2). The involved folding and 

refolding dynamics, described by their transition kinetics, remain largely enigmatic. The intrinsic 

dynamic and volatile nature of DNA G4s is a crucial feature for their vital roles in cell regulation and 

gene expression (chapter 2.3). Malfunction of the G4 biological functions is strongly linked to rare 

hereditary diseases, epigenetic regulation and oncogenesis. DNA G4s therefore have evolved as 

valuable targets in structure-based drug design. Understanding the conformational dynamics of G4s is 

crucial to enable and aid such therapeutic approaches. The human cMYC oncogene is a key 

proliferation driver in numerous cancer types. A nuclease hypersensitive element (NHE-III1) in the 

cMYC promoter region is able to fold into a polymorphic G4 ensemble that regulates up to 90% of 

cMYC transcription levels (chapter 2.4). The cMYC NHE-III1 G4 ensemble features two different 

kinds of newly discovered non-canonical polymorphism: (i) the sequence has more than four G-rich 

tracts (“spare-tires”) close in sequence that can isomerize by involving different G-tracts into their 

most stable structure; and (ii) in addition, two of the individual G-tracts contain more than three 

consecutive G-residues. Different G-residues within one G-tract can participate in the tetrad formation 

opening the possibility of G-register isomerism. The kinetics and dynamics of G4 formation (folding) 

and transformation (refolding) featuring both kinds of non-canonical polymorphism have remained 

completely elusive. This thesis presents a novel approach to investigate this kinetics with atomic 

resolution using time-resolved NMR methods (chapter 2.5). A general method to prepare and trap 

unfolded (conformational suppression) or isolated folded (conformational selection) states utilizing 

photolabile protecting groups is presented. 

Chapter 4 examines the dynamics of G-register isomers. The kinetics of folding (starting from 

unfolded states) and refolding (starting from isolated folded states) have been investigated. The 

refolding kinetics for two different G4 pairs are presented, each pair is related via G-register isomerism: 

(i) two co-existing all-parallel G4s found in the cMYC promoter; and (ii) two co-existing hybrid and 

parallel G4s found in the hTERT promoter.  
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K+-induced folding into a two-state G-register pair reveals a kinetic partitioning mechanism. Both 

isomers are folded concurrently, with a kinetic overshoot of one isomer. Subsequent to initial folding, 

slow refolding kinetics (~0.9 h-1) have been observed for the relaxation towards conformational 

equilibrium. A careful analysis of the involved kinetics and apparent activation energy barriers supports 

the hypothesis of inherently different refolding mechanisms for the hTERT and cMYC G4s. The time-

resolved NMR data are accompanied by experimental data from a biophysical method that is based on 

analysis of thermal hysteresis for thermal (un)-folding of the respective G4 oligonucleotides. 

Chapter 5 explores the dynamics of spare-tire isomers. The kinetics of all relevant folding and refolding 

trajectories for three cMYC spare-tire G4s (1234, 1245, and 2345) each involving four of the five 

possible strands have been unravelled. The folding kinetics are vastly different, with the fastest 

conformation (2345) folding four times (~400 h-1) faster than the slowest conformation (1234). 

Interestingly, the temperature dependence is markedly different for each of the three isomers. For 

1234, a positive apparent activation energy barrier is observed. Folding of this conformation involves 

the formation of off-pathway intermediates as kinetic traps. The intermediate state was 

spectroscopically scrutinized and a reasonable structural model could be proposed, based on 

experimental findings. 2345 shows optimized fast kinetics proceeding close to funnel-like, without 

observable kinetic trapping. The negative folding activation barrier indicates a mainly entropically 

driven folding process. 1245 features a long internal loop. The folding kinetics of 1245 show an 

unprecedented non-Arrhenius temperature dependence. It was shown that the 1245 conformation is 

a rare interjacent case for the two limiting regimes on the folding energy landscape observed for 1234 

(pronounced kinetic partitioning) and 2345 (funnel-like folding). Refolding kinetics between the 

different spare-tire isomers complete the analysis of the individual pathways along the conformational 

energy landscape of the entire cMYC G4 ensemble. Refolding is slow (0.16 – 0.30 h-1) and results into 

a complete refolding into the 2345 conformation, which allows denoting 1234 and 1245 as long-lived 

meta-stable conformations. 

Chapter 6 presents a comprehensive discussion of all experimental data within this thesis. The 

discussion further evaluates the findings of this thesis in the context of the recent literature. The bias 

in the comparison of crucial experimental conditions (e.g. K+-recruitment or possible pre-folded 

states) highlight the great advantages of the presented methodological approach over previously 

reported studies on G4 structural dynamics. Finally, a kinetic model is proposed that allows the 

disentanglement of key kinetic steps in for all relevant folding and refolding trajectories within the 

cMYC G4 ensemble. This model explains the different observed kinetics based on structural 

considerations for intermediate states and possible transitory ensembles. 
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1.2 Zusammenfassung 

Die vorliegende Arbeit Zeitaufgelöste NMR-spektroskopische Untersuchung konformationeller 

Dynamiken in DNA G-Quadruplexen befasst sich mit der detaillierten biophysikalischen Untersuchung 

wichtiger strukturdynamischer Eigenschaften von nicht-kanonischen Nukleinsäure 

Sekundärstrukturelementen.  

Im Genom aller eukaryotischer Lebewesen, insbesondere dem menschlichen Genom finden sich 

DNA-Sequenzabschnitte, die überdurchschnittlich Guanosin (G)-reich sind. Diese poly-G Abschnitte 

sind nicht zufällig im Genom verteilt, sondern häufen sich vermehrt in Genabschnitten, die besonders 

wichtig für die Regulation der Genexpression sind. G-reiche DNA-Sequenzen können unter 

geeigneten Umständen alternative Sekundärstrukturen ausbilden, die von der doppelsträngigen, 

kanonischen Watson-Crick Konformation abweichen. In Anwesenheit monovalenter Kationen 

können sich G-Nukleotide in einer Tetrade über Hoogsteen Interaktionen anlagern. Diese Tetraden 

können sich stapeln und dadurch sogenannte G-Quadruplexe (G4) ausbilden. 

G-Quadruplexe haben durch ihre ungewöhnliche Struktur Einfluss auf die Transkription und 

Replikation, sowie DNA-Protein Interaktionen und die Genomstabilität insgesamt. G4 

Strukturelemente sind dabei sehr dynamisch im zellulären Umfeld, sie werden ständig gefaltet, 

umgefaltet und entfaltet. Eine Vielzahl molekularer Mechanismen steuert und reguliert die Ausbildung 

von G4 und deren Einfluss auf die gesunde Zell-Homöostase. Eine Fehlregulierung dieser G4 

Mechanismen ist assoziiert mit unter anderem der Pathogenese einiger Erbkrankheiten, 

epigenetischen Einflüssen, sowie der Karzinogenese verschiedener Tumorerkrankungen. Die 

Untersuchung der Dynamiken von Faltung und Umfaltung von G4, die an der Genregulation beteiligt 

sind, ist daher von fundamentaler Bedeutung. 

Das menschliche cMYC Gen wird typischerweise als proto-Onkogen bezeichnet. Es kodiert für einen 

unspezifischen Transkriptionsfaktor, der bei einer Vielzahl von systematischen und soliden 

Tumorerkrankungen stark überexprimiert wird. Die zelluläre Konzentration des Genprodukts kann zu 

90% über ein G4 cis-Element in der Promotorregion reguliert werden; das Protein selbst ist jedoch 

nicht mit herkömmlichen niedermolekularen Wirkstoffen angreifbar. Aufgrund dieser Erkenntnisse 

hat sich das G4 cis-regulierende Element im cMYC Promotor als vielversprechendes Wirkstoffziel für 

strukturbasiertes Wirkstoffdesign etabliert.  

Der cMYC G4 hat die Möglichkeit verschiedene Konformationen einzunehmen, was auch für viele 

andere G4 gilt. Dieser Polymorphismus zeichnet sich typischerweise durch verschiedene 

Faltungstopologien aus. Im Falle des cMYC G4 kann man zusätzliche, nicht-konventionelle Formen 

der konformationellen Isomerie finden. Zum einen gibt es die Möglichkeit, dass bei einem G4, der aus 

drei Tetraden und vier intramolekularen Strangabschnitten (dreistöckiger G4) besteht, einzelne 

Strangabschnitte mehr als drei konsekutive G-Nukleotide besitzen. Dadurch können sich Faltungs-
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Isomere bilden, die sich durch Verschieben des Strangs relativ zum verbleibenden dreistöckigen 

Tetradengerüst ergeben. Man spricht von G-Register Isomeren. Eine zweite Möglichkeit der 

Strukturisomerie ergibt sich, wenn in einer Nukleotidsequenz mehr als vier G-reiche Strangabschnitte 

aufeinander folgen. Jeweils vier dieser Strangabschnitte können in unterschiedlicher Weise kombiniert 

werden, um ein G4 Isomer auszubilden. In jedem dieser so zustande gekommenen G4 verbleibt ein 

(oder mehrere) G-reicher Strangabschnitt, der im konkreten Isomer nicht zur Faltung verwendet wird. 

Diese zusätzlichen G-Stränge werden daher auch Ersatzräder (engl. spare-tires) genannt; man erhält 

spare-tire Isomere. 

Obwohl diese Formen des Polymorphismus, deren biologischer Kontext und die biophysikalischen 

Konsequenzen in Arbeiten von C. Burrows (2015) und A. Mittermaier (2016) erstmals umfassend 

beschrieben wurden, gab es bis zum Ausgangspunkt dieser Arbeit keine Kenntnisse über deren 

strukturelle Dynamik, den Faltungswegen und den zugrundeliegenden molekularen Mechanismen. 

Die Erkenntnisse, die über die konformationellen Dynamiken des cMYC G4 Elements gewonnen 

wurden und hier vorgestellt werden, sind zum einen grundlegender Natur. Die Faltung von G4 ist 

ebenso wie beispielsweise die Faltung von Proteinen ein komplexer und faszinierender Vorgang, der 

weder in der theoretischen noch in der experimentellen Beschreibung bislang hinreichend verstanden 

ist. Darüber hinaus erweitern die beschriebenen konkurrierenden Faltungskinetiken direkt das 

Verständnis der biologischen Funktionsweise und Aufrechterhaltung der Funktionsfähigkeit des 

cMYC G4 Elements in zellulärer Umgebung. In der Literatur gibt es zahlreiche Hinweise darauf, dass 

die cMYC G4 Sequenz unter zellulären Stressbedingungen leicht durch Oxidation der G-Nukleobasen 

geschädigt oder durch Mutationen verändert werden kann. Zudem wird das cMYC G4 Element von 

zahlreichen Proteinen erkannt und gebunden, wobei die Bindungsaffinitäten Konformations-

spezifisch sehr stark variieren. Der ausgeprägte Polymorphismus ist also Teil der Regulation und 

Funktionalität des cMYC G4 Elements, wodurch die Adaption an eine veränderte zelluläre Umgebung 

gewährleistet wird. 

Zeitaufgelöste Kernspinresonanz (engl. nuclear magnetic resonance, NMR) Spektroskopie ist eine 

bestens geeignete Methode, um die Dynamik von Biomakromolekülen mit atomarer Auflösung zu 

studieren. Die Proben können dabei unter physiologischen Bedingungen und auf einer breiten 

Zeitskala untersucht werden. Typischerweise werden Echtzeit-Messungen solcher Dynamiken als 

Relaxationsprozess eines Nicht-Gleichgewichtszustands zurück in einen Gleichgewichtszustand 

untersucht. Um solche Experimente durchführen zu können, braucht es geeignete 

Herangehensweisen für die Präparation eines Nicht-Gleichgewichtszustands. In dieser Arbeit wird 

eine neu erarbeitete Strategie vorgestellt, die es erlaubt, Einblick in die Faltungs- und 

Umfaltungskinetiken eines dynamischen Konformations-Ensembles nicht-konventioneller 

Strukturisomere der cMYC G4 DNA-Sequenz zu erhalten.  
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Der Volllängensequenzabschnitt (hier: 22-mer) des cMYC G4 Elements umfasst fünf G-reiche 

Strangabschnitte, für diesen Abschnitt wurden drei Konformationen mit paralleler Faltungstopologie 

berichtet (D. Yang 2005, 2011, 2019). Im thermodynamischen Gleichgewicht unter physiologischen 

Bedingungen bildet sich fast ausschließlich diejenige Konformation, die sich aus den vier 3‘-terminalen 

G-Strangabschnitten bildet. Zunächst wurde die Faltung dieser prädominanten cMYC Konformation 

untersucht, wobei eine 18-mer Oligonukleotidsequenz ohne den 5‘-terminalen G-Strangabschnitt 

verwendet wurde. Diese Konformation liegt in einem Gleichgewicht zweier co-existenter Sub-

Konformationen vor, die sich formal durch einfaches Verschieben eines Strangabschnitts ergeben 

(G-Register Isomere). Hierfür wurde ein ungefalteter Zustand erzeugt, indem K+-freie Bedingungen 

präpariert wurden. Durch sehr schnelle Zugabe von K+-Ionen kann die Faltung in situ induziert 

werden. Es zeigte sich, dass die beiden Sub-Konformationen parallel gebildet werden, wobei eines der 

G-Register Isomere zunächst kinetisch begünstigt wird und sich danach durch langsame Umfaltung 

das Gleichgewicht der Isomere einstellt.  

Um tiefergehenden Einblick in die Umfaltung zu erhalten, wurde die Umfaltungskinetik direkt 

untersucht. Hierzu wurden photolabile Schutzgruppen (engl. Photocages) positionsspezifisch an 

bestimmten G-Nukleobasen (O6-(R)-NPE) angebracht. Die Schutzgruppen blockieren die 

Basenpaar-Interaktionen des Nukleotids, wodurch dieses sich nicht mehr an einer Tetradenbildung 

beteiligen kann. Die Photocages wurden jeweils an den Nukleotiden eingeführt, die nur in jeweils 

einem der G-Register Isomere an der Tetradenbildung beteiligt sind. Durch diese gezielte 

Destabilisierung konnten die Isomere getrennt und im gefalteten Zustand isoliert werden. Die so 

erhaltenen Konformationen wurden umfassend spektroskopisch charakterisiert. Es ergaben sich keine 

Änderungen im Vergleich zu den literaturbekannten NMR-Strukturen. Nach in situ Laser-

Lichtanregung werden die Photocages abgespalten, wodurch das native, nicht modifizierte 

Oligonukleotid zurückerhalten wird. Es konnte beobachtet werden, dass sich das natürliche 

Gleichgewicht der Isomere zurückbildet und die Kinetik des Vorgangs konnte dekonvolutiert werden. 

Dieser Ansatz wurde ausgeweitet auf eine weitere G4 DNA-Sequenz, die in zwei unterschiedlichen 

G-Register Isomeren vorliegen kann (hTERT). Da sich hier (hybrid vs. parallel), anders als bei cMYC 

(parallel vs. parallel), die beiden Konformationen durch größere strukturelle Unterschiede 

auszeichnen, sollten Rückschlüsse auf vermutete unterschiedliche Umfaltungsmechanismen gezogen 

werden. Die Ratenkonstanten der Umfaltung beider G4 Systeme weichen jedoch nicht signifikant 

voneinander ab, was zunächst überraschend scheint. Da sich die Aktivierungsenergie aus dem 

geschwindigkeitsbestimmenden Schritt der gesamten Umfaltung ergibt, konnte nicht direkt von der 

apparenten Umfaltungskinetik auf nachgelagerte, schnellere kinetische Schritte geschlossen werden. 

Ein Vergleich der kinetischen Daten der Echtzeit-NMR Experimente mit Experimenten, die auf 

Hystereseeffekten bei thermischer (Ent)-Faltung beruhen, ergab jedoch wesentliche energetische 
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Unterschiede für die jeweiligen Umfaltungsprozesse. Dadurch konnten unterschiedliche 

Übergangszustände skizziert werden, die sich durch einen unterschiedlichen Grad der Entfaltung 

auszeichnen. Während der hTERT G4 fast vollständig entfaltet und anschließend in eine zweite 

Konformation rückfaltet, gleicht die Umfaltung des cMYC G4 vielmehr einem Verrücken des 

einzelnen Stranges, wobei die Gesamtstruktur weitestgehend erhalten bleibt. Die apparente 

Aktivierungsenergie beschreibt dabei das initiale Brechen der Wasserstoffbrückenbindungen für einen 

der G-Strangabschnitte.  

Der Ansatz, das konformationelle Gleichgewicht durch Photocages transient zu stören, wurde 

daraufhin weiterentwickelt. Mehrere Photocages wurden an Nukleobasen in zentraler Position 

einzelner G-Strangabschnitte angebracht. Dadurch konnte eine ausreichende Destabilisierung 

erreicht werden, die die Faltung jedweder G4 Strukturen unterbindet. Somit wurde ein ungefalteter 

Zustand erzeugt, der unter ansonsten frei wählbaren, physiologischen Bedingungen besteht. Durch 

in situ Photolyse der Schutzgruppen konnte so die Licht-induzierte G4 Faltung unter konstanten 

Puffer- und Temperaturbedingungen untersucht werden. Dieser Ansatz wurde auf die Untersuchung 

der Faltungswege, die zu verschiedenen spare-tire Isomeren führen, fokussiert. Hierfür wurde die 

22-mer Volllängensequenz des cMYC G4 Elements mit allen fünf G-reichen Strangabschnitten (von 

5‘-3‘, abgekürzt: 1-2-3-4-5) verwendet. Neben der prädominanten cMYC Konformation (mit den 

G-Strangabschnitten: 2-3-4-5, cMYC-2345) können so zusätzlich zwei weitere Konformationen 

gebildet werden, die im Gleichgewichtszustand unter physiologischen Bedingungen nur geringfügig 

populiert sind (cMYC-1234 und cMYC-1245). 

Es zeigen sich signifikant langsamere Faltungskinetiken für die beiden Alternativ-Konformationen im 

Vergleich zur prädominanten Konformation. Eine temperaturabhängige Untersuchung dieser 

Kinetiken und anschließende Arrhenius-Analyse zeigte, dass den drei möglichen Konformationen drei 

fundamental unterschiedliche Faltungsmechanismen zugrunde liegen. Die prädominante 

Konformation cMYC-2345 zeigt eine negative Aktivierungsenergie für die spontane Faltung. Dieser 

Prozess scheint daher entropisch getrieben zu sein. Die Möglichkeit paralleler Faltungswege, über 

G-Register Sub-Konformationen erhöht die konformationelle Entropie dieses Konformations-

Ensembles zusätzlich. Dadurch wird die Faltungskinetik deutlich beschleunigt; die Energielandschaft 

gleicht einem Faltungstrichter. (Trichter-artige Faltung). Die Bezeichnung „Trichter-artig“ zur 

Beschreibung des Faltungsweges der prädominanten Konformation darf dabei nicht missverstanden 

werden. Denn auch hier konnten parallele, konkurrierende Faltungswege kinetisch differenziert 

werden, die zu weiteren Sub-Konformationen (G-Register Isomeren) führen. Der Kipppunkt für die 

distinkten Faltungswege der Sub-Konformationen liegt jedoch an einem weit fortgeschrittenen 

Zeitpunkt der Faltung. cMYC-1234 hingegen verzweigt sich bereits zu einem frühen Zeitpunkt in 

separate Faltungswege und bildet ein langlebiges Intermediat, das sowohl NMR-, als auch CD-

spektroskopisch nachgewiesen werden konnte. Die CD-Signatur des Intermediats zeigt, dass die 
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Konformation in einer relativ zueinander anti-parallelen Anordnung (5‘-3‘-Richtung) der 

G-Strangabschnitte faltet. Da die stabile Konformation aller untersuchten cMYC G4 spare-tire Isomere 

jedoch in jedem Fall eine parallele Anordnung aller beteiligten G-Strangabschnitte relativ zueinander 

aufweist, muss dieses Intermediat folglich wieder aufgebrochen werden. Die apparente 

Aktivierungsenergie ist daher positiv und repräsentiert die Umfaltungsbarriere, die aus dieser 

kinetischen Falle überwunden werden muss. Der Faltungsmechanismus kennzeichnet sich durch ein 

komplex verzweigtes Netzwerk verschiedener Makrozustände entlang der Faltungswege; die Faltung 

ist enthalpisch getrieben mit ausgeprägter kinetischer Beteiligung (engl. kinetic partitioning) aller 

Faltungswege. cMYC-1245 zeigt ein unvorhergesehenes non-Arrhenius Verhalten. Diese 

Konformation hat eine ungewöhnliche Schleifenanordnung (1:6:1), mit einer besonders langen 

internen Schleife. Das führt dazu, dass der Faltungsmechanismus bei höheren Temperaturen mehr 

dem Trichter-artigen Mechanismus der prädominanten Konformation gleicht; bei niedrigeren 

Temperaturen bilden sich zunehmend kinetische Fallen aus, die unter Energieaufwendung 

aufgebrochen werden müssen. Die Faltung der cMYC-1245 Konformation ist daher ein seltener 

Grenzfall zwischen den beiden Regimen (rein entropisch, Trichter-artig vs. kinetic partitioning). Dieses 

non-Arrhenius Verhalten deutet auf eine Faltungsabfolge hin, die der von DNA/RNA-

Haarnadelstrukturen ähnelt. Die Ergebnisse verdeutlichen daher die komplexen und multiplen 

Faltungsmechanismen für G4. Die flachen konformationellen Energieoberflächen bzw. 

Energielandschaften führen dazu, dass unterschiedliche Faltungswege genutzt werden können und, 

dass sich eine Vielzahl unterschiedlicher Konformationen abseits eines globalen thermodynamischen 

Minimums ausbilden kann.  

Um die Dynamiken zwischen den lokalen Minima der alternativen Konformationen (cMYC-1234 und 

cMYC-1245) und der thermodynamisch begünstigten Hauptkonformation cMYC-2345 zu 

untersuchen, wurde die bereits für G-Register Isomere genutzte Photocage-Strategie angewandt. 

Durch positionsspezifische Anbringung nur einzelner Photocages, konnten einzelne 

G-Strangabschnitte blockiert werden. Der Ansatz war erfolgreich, um die einzelnen, vollständig 

gefalteten Konformationen cMYC-1234 und cMYC-1245 in einer meta-stabilen Weise zu isolieren. 

Direkt nach der Photolyse-Reaktion ergibt sich dadurch ein Zustand, in dem ein vollkommen 

unmodifiziertes DNA-Oligonukleotid mit der natürlichen Sequenz des cMYC G4 in einer gefalteten 

Nicht-Gleichgewichtssituation vorliegt. Die exklusive Population dieser Faltungszustände unter 

nativen, physiologischen Bedingungen konnte so auf einzigartige Weise demonstriert werden. Beide 

Konformationen falten sich über mehrere Stunden hinweg zur Hauptkonformation um. Die 

Umfaltungskinetiken der beiden Konformationen weichen dabei stark voneinander ab, bei 

vergleichbarer Aktivierungsenergie für diesen Umfaltungsprozess. Die vergleichbaren 

Aktivierungsenergien weisen erneut darauf hin, dass der gleiche geschwindigkeitsbestimmende 

Schritt, nämlich die Brechung der Wasserstoffbrückenbindungen einer der G-Strangabschnitte, 
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zugrunde liegt. Die unterschiedlichen Umfaltungskinetiken, sowie der Vergleich zur Umfaltung der 

cMYC und hTERT G-Register Isomere, erlauben eine Skizzierung des Übergangszustands. 

cMYC-1234 gleicht dem Umfaltungsmechanismus der G-Register Verschiebung; es wird nur einer der 

G-Strangabschnitte aufgebrochen und ausgetauscht. cMYC-1245 hingegen gleicht einem 

Umfaltungsmechanismus, bei dem ein deutlich höherer Entfaltungsgrad notwendig ist. Die 

langsamere Umfaltungskinetik lässt sich dadurch erklären, dass sich ein teilentfalteter Zustand neu 

orientieren muss, um in die Hauptkonformation übergehen zu können. Da die Rückfaltung des 

Ausgangzustands jedoch vermutlich hinreichend schnell verläuft, ist diese Konformation primär 

kinetisch gefangen. 

Zusammenfassend kann festgestellt werden, dass es insgesamt erstmalig gelungen ist, die Kinetiken 

der wesentlichen Faltungs- und Umfaltungswege entlang der konformationellen Energielandschaft 

des cMYC G4 Elements zu untersuchen. Das komplexe, dynamische Zusammenspiel aller relevanten, 

nicht-konventionellen isomeren G4 Strukturen konnte entworren und umfassend experimentell 

beschrieben werden. Der dafür weiterentwickelte Ansatz über konformationelle Selektion mit Hilfe 

photolabiler Schutzgruppen hat dabei experimentelle Einblicke erlaubt, die bislang nicht zugänglich 

waren. Die Strukturen und Faltungszustämde, die mit den chemisch modifizierten Oligonukleotiden 

erhalten und isoliert wurden, sind umfassend spektroskopisch untersucht worden und konnten 

anhand der in der Literatur bekannten Strukturen verifiziert werden. Die Anwendung verschiedener 

spektroskopischer Ansätze und deren Kombination mit weiteren biophysikalischen Methoden hat 

eine Methoden-unabhängige Validierung der erhaltenen kinetischen und thermodynamischen Daten 

ermöglicht.  
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2 General Introduction 

2.1 Structure and Dynamics of DNA G-Quadruplexes  

 

“DNA neither cares nor knows. DNA just is.  

And we dance to its music.” 

Richard Dawkins, River out of Eden3  

 

2.1.1 Molecular Structure and Conformations of DNA 

Deoxyribonucleic acid (DNA) is now long known as the carrier of genetic information in all living 

organisms.4–6 The legendary discovery of its molecular structure by Franklin, Wilkins, Watson and 

Crick has been one of the major breakthroughs in modern science and laid the foundation for 

molecular biology in the way we understand it today.7–9 Though the architecture of DNA molecules 

up to the macroscopic level is of vast complexity, it can be disassembled to only four distinguishable 

primary building blocks. Figure 1 shows the DNA nucleotides/nucleobases adenosine/adenine (A), 

cytidine/cytosine (C), guanosine/guanine (G) and thymidine/thymine (T) and their respective 

atom-wise numbering. All nucleobases are attached to a deoxyribose ring via an N-glycosidic bond. 

These nucleosides are linked via phosphodiester bonds and constitute the primary structure of a DNA 

oligo-/polymer.  

Each of the nucleotides shows a specific hydrogen-donor/acceptor pattern, that allows interactions 

between nucleobases. In their structural model, Watson and Crick proposed the most stable 

interactions to be formed by purine-pyrimidine base pairs A-T and G-C (Figure 1). This arrangement 

leads to the formation of anti-parallel, helical double-strands with distinct structural parameters. The 

native, right-handed conformation of the DNA is known as B-form, since Rosalind Franklin found a 

dehydrated conformation, which she referred to as A-form.10 The DNA conformational alphabet was 

further extended with the discovery of a rare C-form11 (Li+-DNA) and the left-handed Z-form12,13 as 

deviating helical conformations. 

In a first approximation, this seems to be the end of the story – in terms of molecular structure; the 

complexity of structures for genomic DNA is less diverse compared to the cognate ribonucleic acid 

(RNA). Basically, genomic DNA is in situ synthesized as a double strand and thus born in its 

thermodynamic most stable conformation. Other than that, most of the RNA molecules usually appear 

as single stranded oligomers, which allows entering plenty of folding pathways along the energy 

landscape. In this regard, RNA is by nature much more prone to form different secondary structures 

such as stem-loops and hairpins and complex tertiary structures.14–18 
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Figure 1: Nucleotides as basic building blocks of DNA: 2’-deoxyribose with 3’-phospate and 5’-OH group that allow 
polymerization via phosphodiester bonds (left). Purine (adenine, guanine) and pyrimidine nucleobases (cytosine, 
thymine) (middle) are attached via 1’-N1/9-gylcosidic bonds. Donor (blue)/acceptor (orange) patterns at the Watson-
Crick interface are indicated. Watson-Crick base pairs between purine-pyrimidine nucleobases (A-T and G-C, right) 

For single stranded DNA oligomers, the game changes and many secondary structures become 

possible, similar to those known for RNA. Many DNA oligomer sequences have been 

designed/selected (mostly with Systematic Evolution of Ligands by EXponential Enrichment, 

SELEX)19–21 especially to obtain certain structures of all kind or structure-related functions such as 

DNA hairpins22, DNAzymes23–26 or DNA-Aptamers27–29. However, some non-B-form DNA 

conformations (Figure 7) are also found naturally e.g. three-way junctions30–33, Holliday 

junctions34,3536, cruciform DNA37–40, hairpin DNA41,42 or looped DNA (D-, R-, T-loops)16,43. 

 

Figure 2: Nomenclature and definition of the torsion angles for N-glycosidic bond (χ) rotation (left, Newman projection), 
endocyclic pseudorotation/(sugar pucker (middle) and backbone rotation (upper right). Figures adapted according to 
cited refernces.44,45 Abbreviations for Klyne-Prelog notation: sp=synperiplanar, sc=synclinal, ac=anticlinal, 
ap=antiperiplanar. P is defined as pseudorotational angle (lower right). 

Figure 2 shows an overview for the parameters that determine the DNA conformation depending on 

the rotation or pseudorotation about given torsion angles between the ribose and the nucleobase, 

within the ribose ring and along the DNA backbone. The thermodynamic most favourable 

conformations for the N-glycosidic bond angle (syn/anti) and the sugar pucker (2’-endo/3’-endo) are 

shown in Figure 3.  
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Figure 3: Preferred N-glycosidic conformations: syn (0<χ<±90°) and anti (±90°<χ<180°), (left); and preferred sugar 
pucker 3’-endo (N) or 2’-endo (S), (right). B-DNA adopts the C2’-endo/(S) conformation, while A-DNA adopts the 
C3’-endo/(N) conformation. In duplex DNA N-glycosidic torsion angles are all anti. The sugar pucker affects the 
orientation of the nucleobase relative to the phosphate backbone. 

 

2.1.1 Non-Canonical DNA Structures 

Certain alignments of these parameters and the phosphate backbone make other interaction sites at 

the nucleobases accessible and alternative, non-canonical base pairing patterns become possible.46,47 

Hoogsteen hydrogen bonding48 is of special importance and creates an own set of possible base pairs 

(Figure 4) that can also form in canonical duplex DNA.49 In regions with homo-purine (Pu) and homo-

pyrimidine (Py) strands, the formation of different non-canonical paranemic DNA structures have 

been discussed.50,51 In mirrored tandem repeats one Py-strand can fold back (3’-Py: H-y3 or 5’-Py: 

H-y5)52 and form an intramolecular triplex via Hoogsteen interactions, known as H-DNA 

(Figure 7).39,52–57  

 

Figure 4: Hoogsteen base pairs between purine-pyrimidine (A-T and G-C+), pyrimidine-pyrimidine (C-C+) and purine-
purine (G-G) nucleobases. The formation of hemiprotonated base pairs that involve C+ is pH-dependent (pKa(N3)=4.58, 
isolated cytosine).58 

Already back in 1962 Gellert et al.59 could show that GMP in presence of monovalent cations forms 

planar G-tetrads via Hoogsteen interactions. In G-rich DNA sequences the planarity of the G-tetrads 

helps to stack upon each other stabilized by π-π-interactions to form structures known as 

G-quadruplexes (G4), first reported by Sen and Gilbert in the late ‘80s.60,61 The recruitment of 

monovalent cations is a pre-requisite for the stability of this G4 structure, due to electrostatical reasons 

(Figure 5, Figure 7).62–65 Evidence that these DNA G4-structures really do form in vivo under cellular 

conditions is undisputed.66–68 The strong evidence for in vivo RNA G4 formation69–71 however is still 

controversially discussed.72 
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Figure 5: Three G-tetrads form a G-quadruplex (G4) structure via π- π stacking and stabilization with monovalent cations 
(mainly Na+ or K+), (left). Schematic representations of four-stranded DNA structures (right) nucleotides are represented 
as coloured spheres with planar nucleobases; hydrogen-bond connectivities are indicated. 

Most comparable to G4s, Cytidines can form four-stranded structures, known as i-motif.73–82 The 

overall structure83 is build up by stepwise alternating diagonal hemi-protonated C+-C base pairs. The 

base pairs are stacked with offset, so that from a top view each 2+2 crossing base pairs define a jagged 

tetrad (Figure 5, Figure 7). DNA i-motif structures have also been detected in human cells.84 

Canonical B-form DNA is by far the most important non-regulatory conformation, since it is the 

conformation of chromosomal DNA that is adopted to guarantee stability for the genes. For gene 

regulation and additional functionality in gene expression G-quadruplexes have now emerged as most 

important non-B-form DNA conformation. This is highlighted by (December 2020) more than 8731 

publications in the Web of Science (Clarivate Analytics; Figure 6, left), increasing relative share of 

publications in the nucleic acid field of research (Figure 6, right) and more than 421 structures in the 

Protein Data Bank (RCSB PDB, “G-quadruplex”).  

 

Figure 6: Number of G-quadruplex related publications from 1991-2019 (“G-quadruplex”). Left: total numbers, right: in 
relation to the total number of nucleic acid publications (“nucleic acids, or DNA, or RNA”, normalized share). 
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Figure 7: Overview of non-canonical (non-B-form) DNA structures. Representative PDB-structures are shown for three-
way junctions (PDB: 1EKW)30, four-way junctions (Holliday junction, PDB: 6GDH)36, triplex DNA (H-DNA, PDB: 
1B4Y)52 and tetraplex DNA (i-motif, PDB: 1YBL75; G-quadruplex, PDB: 2M2785). 
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2.1.2 Canonical Structural Polymorphism 

“Folding” of nucleic acids in general, describes the process of formation of secondary and tertiary 

interactions that define the structure of the macromolecule. A folded state can thus be defined as a state 

that represents a thermodynamic minimum on the energy landscape. This state can still be highly 

dynamic and is not necessarily the most stable state, but in principle, it can be described with defined 

coordinates. In the context of G-quadruplexes, folding usually refers to the topology of a specific 

conformation. In this way, the directionality of the DNA-backbone and the relative orientation of the 

four strands to each other defines the G-quadruplex fold. G-quadruplexes can be formed both inter- 

and intramolecular which results in tetra-, bi- or unimolecular G-quadruplexes. Irrespective of their 

molecularity, herein, a G-quadruplex is defined as a four-stranded structure, referring to the four 

G-tracts that constitute the G-quadruplex core structure. These strands can be oriented in an 

all-parallel, (3+1) or hybrid 2+2) anti-parallel conformation, which force different nucleobase 

conformations and tetrad polarities (Figure 8); in the case of uni-/intramolecular G-quadruplexes, the 

linking loop sequences are forced in distinct arrangements.86 The structural key features depicted in 

Figure 8 divide the conformational landscape in fundamentally separated subsets of conformations. 

These canonical G4 structures are in part predictable from sequence.87 

 

Figure 8: Canonical structural features that determine a G4 structure: strand orientation/directionality (relative 
orientation shown in orange/blue), tetrad polarity and N-glycosidic conformation (all-parallel G4s are in all-anti 
conformation) and loop orientation. The three constituting loops are numbered in 5’-3’ direction. 
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The depicted (n=3)-layered motifs are the most common G4-motif. In general however G4s with 

n≥288 layers can form stable structures, depending on the nucleotide sequence (n=289–92, n=493,94).  

 

2.1.3 Non-Canonical Structural Polymorphism 

Besides the canonical structural features that define the G-quadruplex structure in terms of folding 

topology, sugar conformation and loop orientation, additional non-canonical features add layers of 

complexity to the structural polymorphism.95–98 Especially along G-rich sequences that do not fit the 

consensus G-quadruplex sequence (2.3.1) additional structural isomerism can occur (Figure 9), which 

has broadened the definition of G4 structural parameters.  

G-tracts with more than n (n+x, with n = number of tetrads in the folded G4) subsequent G-residues 

can be shifted relative to the tetrads to incorporate different G-residues into the G4-core (G-register 

shift). This kind of isomerism is possible for many reported G4 sequences (e.g. cMYC99–101, VEGF85,101 

and hTERT102,103). Poly-G stretches of up to 30 nucleotides found e.g. in C. elegans104,105 have been 

shown to adopt distinct parallel G4 structures.106 Stable G4 structures with n-1 G-tracts have been 

reported recently. Here, the G4-core lacks a single position in a tetrad, but the remaining triad is stable 

enough to maintain a stable G4 structure.107,108 This G-vacancy sites can be filled up with guanine 

metabolites which mimics an ideal binding pocket with specific molecular recognition.109,110  

If more than four G-stretches are nearby in a DNA sequence, also different G-tracts can be 

incorporated into the G4 structure. This feature is known as spare-tire isomerism and also has been 

reported for many G4 sequences (cMYC111–113, VEGF113). If the number of G-tracts increases in longer 

G-rich sequences, multiple, stacked114 G-quadruplexes can be formed or potentially switch between 

hairpin-G-quadruplex arrangements. This has been examined especially for the hTERT core 

promoter.102,103,115–117 Further increasing the number of G-tract repeats can result in the formation of 

multimers,118 called G-wires.119,120 These nanostructures have been visualised with atomic force 

microscopy (AFM) in Tetrahymena telomeres with G4T2G4 repeats.121 The concatenation of stacked 

G-quadruplexes can be achieved in different ways and results in highly polymorphic types of polymer 

structures. 

Finally, peculiar loop and strand arrangements yield non-canonical structural features like bulges122–125, 

hairpin loops117,126, hairpin loops within a bulge127 or snap-back motifs91,128–131. All of the diverse 

canonical and non-canonical G-quadruplex structures share a high similarity in the overall G4-core 

constitution. However, the schematic representation neglects the fact that G4s are indeed helical 

structures. Typically they are right-handed, but more recently structures of left-handed G4s have been 

reported (Z-G4).132–135  
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The group of J. Plavec has reported on a series of novel tetrahelical structures from tandem repeats of 

alternating GGG and GCG tracts with non-canonical G-A and G-G base pairs as well as from 

AGCGA-rich DNA with GAGA- and GCGC-quartets.136–139 They also characterized a G-quadruplex 

structure from G4C2 repeats that features different stacked C-C base pairs.94 The formation of G4s in 

expanded G4C2 hexanucleotide repeats in the C9orf72 gene is strongly linked to neurodegenerative 

diseases as amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD).140,141 

 

Figure 9: Non-canonical structural features that broaden the regular conformational space of G4 structures. Upper part: 
G-stretches that have (n+x) G-nucleotides can form (x+1) n-layered isomers by formally shifting the G-registers; 
(n-1)-G-stretches can form G4s with G-vacancy sites in the respective G-tetrad. Middle: rare structural elements that can 
be found in G4 motifs. Lower part: Loop isomerism in G4 forming sequences with 4+x G-stretches. 
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2.1.4 Conformational Dynamics 

The pronounced structural polymorphism is linked to inherent conformational dynamics 

(Figure 10).142 Refolding and topology exchange has been investigated for the human telomeric 

G4143,144 as well as for the human telomerase promoter G4 (hTERT)102,145.146 After initial folding in two 

different hybrid conformations (see also chapter 2.2.3), the telomeric G4s refold via an ensemble of 

partially unfolded states into the conformational equilibrium.144 The partially unfolded states remain 

as long-lived intermediates for several hours. The hTERT G4 co-exists in two conformations, a hybrid 

and a parallel. The parallel conformation is populated nearly exclusively at higher temperatures, while 

at ambient temperatures the hybrid conformation is slightly more populated (60%). 

Nußbaumer et al.145 inserted 8-13C-guanosines into conformation-specific positions and monitored the 

relaxation back to the conformational equilibrium after a temperature-jump with BEST-TROSY 
1H-13C-HSQC. They found a slow refolding rate for the interconversion of the two conformations 

(0.72 h-1, 90 mM K+, 298 K). 

 
Figure 10: Different types of conformational transitions in folded G4s: topology exchange that involves complete 
refolding between two different conformations, base swapping dynamics of G-residues in a G-tetrad and dimerization 
dynamics between a stacked dimer and the folded monomer. 

Phan et al.91 have studied the conformational dynamics of a stacked dimeric G4 from the human CEB1 

minisatellite.91 Using NOESY and ROESY experiments they found conformational exchange at the 

5’-end in the millisecond timescale (~600 ms). They propose a model for base swapping dynamics of 

two G-nucleotides that exchange in tetrad formation. Such guanine-flipping dynamics are involved in 

the unwinding mechanism of G4s by RecQ helicases.147 In another study, the group of A.T. Phan 

investigated the dynamics of a parallel conformation that dimerizes via tetrad stacking on the 5’-5’ 

interface.114,148 The KD for the dimer formation is concentration dependent ([DNA] and [K+]) and 

sequence specific, but overall in the low mM-regime (approximately in the range of milliseconds). 
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Loop dynamics of a CEB25 G4 structural ensemble have been analyzed in the sub-µs regime with MD 

simulations using NMR RDC-restraints.149 Conformational dynamics that are associated to G-register 

exchange and spare-tire exchange have been described as a consequence of thermodynamic and 

biological considerations.101,113 However, interconversion dynamics for these non-canonical structural 

features remain largely elusive and will be investigated and discussed in detail as a result of this thesis. 

The main thermodynamic parameters that have been reported so far on dynamics of G-register 

isomers are summarized in the following section. The observation of thermal hysteresis in the melting 

and annealing curves for an ensemble of G-register isomers in the cMYC G4 forming sequence (see 

chapter 2.4) allowed an indirect approximation of their exchange rates.100,101 Figure 11 shows an 

overview of the main parameters (ΔG25, Kex and ΔH reported at 5 mM [K+], Ea at 2 mM [K+]). 

Chapter 4 of this thesis presents experimental results for G-register exchange dynamics in the context 

of promoter G4 sequences (in particular cMYC). 

 
Figure 11: Left: schematic representation of possible G-register isomers in the cMYC G4 (adapted from Harkness and 
Mittermaier101). The numbering shows both the G-register nomenclature by Harkness and Mittermaier used throughout 
this thesis and their equivalent by Hatzakis et al.100. Right: Summary of the main experimental findings for ΔG25, Kex, ΔH 
(5 mM [K+]) and Ea (2 mM [K+]). 

Immediately prior to the submission of this thesis, Mittermaier et al. published a paper that outlines 

the consequences of an increasing length of telomeric repeat (TTAGGG)n sequences with increasing 

number of adjacent G-tract.150 They describe a thermodynamic and kinetic folding frustration that 

arises from a competitive incorporation of G-tracts into contiguous G4s with negative cooperativity. 

The simulated folding frustration for a 32-repeat sequence (n = 32) is based on global analysis of rapid 

thermal melting experiments with thermal hysteresis (as also discussed above). The frustrated folding 

energy landscape results in partially unfolded and potentially misfolded parts of the DNA chain. This 

observation has implications for possible related conformational dynamics that would be required to 

straighten up the entangled G4 chain. It is conceivable that this process involves a step-by-step spare-

tire exchange refolding that evolves through the DNA chain. Chapter 5 of this thesis presents 

experimental results for spare-tire exchange dynamics in the context of promoter G4 sequences.
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2.2 Folding Dynamics of DNA G-Quadruplexes 

 

“Thus, a pathway of folding means  

that there exist a well-defined sequence of events 

which follow one another […]” 

Cyrus Levinthal, How to fold graciously151,152 

 

2.2.1 Folding Energy Landscapes and Folding Pathways 

The observation that protein folding is faster than hypothesized from theoretical considerations 

(Levinthal’s paradoxon) led to the proposal of a folding funnel.1,151,152 In the funnel-like folding energy 

landscapes of proteins, a deep well represents the native state of a folded protein (Figure 12). The fast 

and apparently barrier-free folding of proteins seems contradictory, given the complex nature of 

protein structures.153,154  

However, it is exactly this structural complexity and the residue diversity (20 amino acids in proteins) 

that is now commonly assumed to guide an optimized folding. Thus, the native structure of proteins is 

likely to be pre-defined by its primary sequence (Anfinsen’s dogma).155,156 Following this, folding 

energy landscapes of non-canonical DNA structures must certainly be more complex, because only 

four residues (in G-quadruplexes only one) determine the specificity of local contacts. G-quadruplex 

forming oligonucleotides are built from G-rich sequences; hence, the poor nucleotide dispersion is 

self-defining.157  

Indeed, folding of nucleic acids is fundamentally different and folding of DNA G-quadruplexes in 

general is a slower process compared to proteins. The folding energy landscapes of nucleic acid 

oligonucleotides are not funnel-like but rough with flatter wells (Figure 12). In particular, the folding 

energy landscapes of DNA G-quadruplexes are complex, with numerous competing basins of 

attraction. This results in a pronounced structural polymorphism, the coexistence of different folded 

states and different competing folding pathways. Thus, in many cases it is not appropriate to speak 

about “native states”, since many nucleic acid sequences are prone to adopt several competing native 

folds.157  

The coexistence of different folded states is a clear sign of a kinetic partitioning folding mechanism for 

G-quadruplexes. However, even in the absence of concurrent conformations multiple folding 

pathways must be assumed. This follows from the consideration that no restraints do apply for the 

conformational space during folding that would limit the complexity of possible sub-states. Some 

intermediate states are long-lived and give clear implications for kinetic traps during folding; others are 

short lived and have not been detected directly in experimental studies.157 
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Figure 12: Representation of folding energy landscapes. Left: Folding-funnel as it is commonly proposed for protein 
folding. Right: Folding energy landscape with flat wells and competing basins of attraction, proposed for G-quadruplex 
folding. It is commonly assumed that proteins and nucleic acids follow folding pathways along their energy landscapes. 
Folding dynamics are typically described as funnel-like (left, proteins) or with kinetic partitioning (right, 
oligonucleotides). 

Here, it must be noted that the definition of unfolded, partially folded, folded and misfolded states is 

an arbitrary definition, since any given oligonucleotide orientation is just a Boltzmann distributed 

ensemble over the available conformational space under given conditions at thermodynamic 

equilibrium. One has to be aware that any folding or refolding process is affected by external conditions 

and the physical nature of its starting point. This holds especially true for ensembles of unfolded states 

that can be prepared in different ways and lack a clear definition.157–160 From an energetic perspective, 

thermal denaturation marks a complex ensemble of high-entropy states, while e.g. force unfolding 

yields low-entropy states. The complexity of unfolded states can also be visualized easily with the syn- 

and anti-patterns of G4 forming oligonucleotides. In an unfolded oligonucleotide, every G-residue can 

adopt either of the two glycosidic conformations, which sums to 212 = 4096 combinations in a 3-layered 

G4. If a certain combination is productive or not, meaning if it is on- or off- the folding pathway, 

depends on the thermodynamic stability of the finally folded conformation. Hence, a description of 

the entire folding process is a seemingly impossible task for computational methods, as the starting 

point in these simulations is hard to define. Nevertheless, both experimental and theoretical studies 

have proposed numerous folding intermediates.161–163 Again, it depends on the underlying definition, 

if those are off- or on-pathway. 

Recent progress in computational studies and MD simulations has helped to describe and outline the 

conformational energy landscapes and trajectories of DNA G4 with major contributions from the 

group of J. Šponer.157,161–166 Experimental studies to investigate G4 folding have been published using 

mass spectrometry167,168, CD-spectroscopy169–171, NMR-spectroscopy144,172, smFRET microscopy173,174 

and force spectroscopy with magnetic tweezers175,176. 
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2.2.2 Experimental Approaches to Measure Folding Kinetics  

Many experimental approaches to investigate folding kinetics of G-quadruplexes rely on rapid mixing 

with monovalent cations to induce isothermal folding.177 Otherwise, thermal denaturation allows 

investigating folding processes under otherwise physiological conditions. Kinetic information on (un)-

folding events of G-quadruplexes can be obtained from thermal hysteresis, when samples are rapidly 

heated or cooled.100,178,179 Isothermal unfolding kinetics as a transition from G4 to duplex DNA can be 

investigated by addition of the complementary strand (complement trapping).170,180–182 A method that 

allows investigating (un-)folding kinetics both isothermally and in the presence of monovalent cations 

is mechanical unwinding. This has been demonstrated with force microscopy on oligonucleotides that 

are attached to magnetic tweezers.176 

However, results from different folding experiments have a limited comparability (see Table 1 for 

overview). The reason for this is the lack of a clear definition for an unfolded state. Obviously, the 

nature of an unfolded state can be drastically different: (i) Thermal denaturation or high-pressure 

unfolding represent the population of thermodynamically excited states.183,184 (ii) Chemically unfolded 

states in the absence of monovalent cations or due to pH changes can alter the conformational energy 

landscape itself.159,160 (iii) Unfolding with external mechanical tension restricts the flexibility of 

oligonucleotides and constrains predefined orientations.175,176,185 

While mechanical unfolding ensures complete unfolding in a linearly stretched strand, chemically 

altered conformational energy landscapes can cause the population of alternative folds like hairpins or 

pre-folded states.158–160,186,187 In all cases, the experimental conditions determine different starting 

points for folding pathways that result in different folded conformations. Furthermore, 

oligonucleotides have significantly greater flexibility at their termini than DNA sequences in a genomic 

context. A study on G-triplex formation has investigated the influence of proximal DNA and found 

increased complexity for the dynamics of tethered oligonucleotides.188 The DNA flanking regions also 

have an impact on the kinetics of anti-parallel vs. parallel topologies.188 This might be especially 

important for the evaluation of smFRET-derived kinetics, where often the dyes are attached at double 

stranded overhangs.189 The influence of different metal cations on the folding kinetics has also been 

studied in detail.190,191 

Table 1: Comparison of different methods to induce folding of G4s. All methods modulate the folding energy landscape 
and thermodynamic aspects during folding in a different way. 

 constant [K+] isothermal flexibility/tumbling 

mixing/chemical - + + 
hysteresis/thermal + - + 
force/mechanical + + - 
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2.2.3 Folding Kinetics of DNA G-Quadruplexes 

The timescale of folding kinetics for DNA G-quadruplexes ranges from milliseconds to minutes.171,177 

The folding behaviour is highly sequence dependent and is sensitive to ion-concentration and buffer 

conditions.191,192 For many G4 forming sequences, multi-pathway folding173 has been reported and 

parallel folding into different conformations has been observed.174 In general, folding of G4s is 

multiphasic and is supposed to involve intermediates like anti-parallel hairpins165,170,171, triplexes193–195 

and (n-1)-tetrad conformations.167,196–198 

Folding of the human telomeric sequence (TTAGGG)n and its sequence variants have been studied 

most extensively, both experimentally144,159,167,169,171,173–175,188,199–201 and theoretically202–204. The telomeric 

G4 adopts at least two different hybrid conformations under physiological conditions.205–210 

K+-induced folding revealed a kinetic partitioning mechanism, where one hybrid conformation is 

kinetically favoured. The conformational equilibrium is reached only after days and partially unfolded 

states have been observed as long-lived intermediates.144 This highlights the importance of kinetic 

studies, since non-equilibrium G4 conformation can have lifetimes that exceed the biological relevant 

timescales (~20 ms/nt for DNA replication and ~200 ms/nt for transcription).171,211 This means that 

from a chemists point of view, there are kinetic and thermodynamic products of G4 folding.201 

The kinetics of G-quadruplex folding are very sensitive to ionic conditions ([K+] in the following). In 

principle, studies at physiological conditions should be most reliable to evaluate kinetic aspects, which 

is however difficult for experimental reasons (2.2.2). Dimerization during folding is a critical aspect 

that can bias the folding kinetics at higher [K+].212 Kinetics of tetramolecular G-quadruplex assembly 

have been studied.213–215 In these intermolecular studies a stepwise mechanism was proposed with a 

fast monomer-dimer equilibrium followed by an intermediate triplex formation that seems to be 

stabilized especially at higher K+ concentration.214 Folding pathways inspired by such stepwise strand 

recruitments are often transferred to explain G4 folding kinetics, but this has to be treated with caution, 

since the kinetics and thermodynamics of intermolecular assemblies are inherently different from 

intramolecular folding. At very low K+ concentrations (<1 mM or substoichiometric) a drastic effect 

on the kinetics is observed, since the recruitment of K+-ions gets rate-limiting and determines the 

overall folding pathways.167 These effects on folding acceleration saturate however at approx. 2-3 mM 

concentrations of K+,177 whereas the thermal stability of G4s still increases at much higher [K+].196 

The geometry of the loops is a critical parameter for the thermal stability of G4s and determines the 

folding topologies that are preferentially adopted (2.1.2).216,217 The loops also have a considerable 

impact on the folding kinetics100,216 and can shift the folding process towards different pathways via pre-

folded arrangements.159,160,218 An effect on accelerated folding has been observed especially for hairpin-

forming loops.127,158,192,219  
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2.2.4 Comparison to RNA G-Quadruplexes 

RNA G4s generally show reduced structural polymorphism.220,221 They tend to adopt all-parallel 

conformations, where all sugars are in anti-configuration.222,223 Chemical modifications like 

8-bromoguanosine can be used to flip the glycosidic conformation and force RNA G4s into 

anti-parallel conformations.224,225 In line with that, folding kinetics of RNA G-quadruplexes are 

markedly different and are considered to be much faster compared to their corresponding DNA 

sequences.171,172 The human telomeric-repeat containing RNA (short: TERRA)226–231 sequence is one 

of a few examples that has been investigated in aspect of RNA folding and compared with its 

homologous DNA sequence.171,172 The drastically faster RNA-G4 folding has been explained with a 

reduced conformational space that results from pre-oriented sugar configurations. The more complex 

(and stable) syn-anti patterns in DNA G4s lead to an increased number of unproductive microstates 

and potentially misfolded conformations. 

 

2.2.5 Mutual Exclusive Formation of DNA i-motifs and G-Quadruplexes 

The folding of i-motifs and G-quadruplexes is a comparably complex process. The rapid pH-induced 

folding of i-motifs has been investigated with time-resolved NMR and revealed a kinetic partitioning 

mechanism.76–78,80 Within this study76 it was shown that two coexisting i-motif conformations fold in 

parallel with a kinetically favoured conformation (~0.9 min-1 vs. 2.0 min-1). The subsequent refolding 

process to reach conformational equilibrium is slower by about two orders of magnitude. 

Under ex vivo conditions, it was found that in many cases the formation of i-motifs and G-quadruplexes 

is mutually exclusive.232–234 A steric hindrance and differences in their different requirements for 

stability at physiological conditions impedes a simultaneous formation.235 However, the i-motif 

structure itself is highly dynamic. It can switch between hairpin and i-motif conformations in the C-rich 

strand, which affects the formation of G-quadruplexes in the complementary strand and the 

recognition by protein binding partners (such as hnRNP-LL).81,236–239 The influence of chemical and 

mechanical factors on i-motif and G4 formation has been studied in detail for the G4 forming sequence 

in the cMYC promoter (NHE-III1, 2.4.2),240 and the general requirements for a simultaneous formation 

and the possibility for a co-existence have been reviewed recently.235 Unsurprisingly, the population of 

either of the structures is dependent on ion-concentrations and pH, but interestingly also on factors 

like superhelicity and molecular crowding.234,239,241 Most important to note is that the equilibrium 

between G4, i-motif and duplex DNA is highly competitive and dynamic. Under in vivo conditions, the 

effects of e.g. negative superhelical-stress (2.4.3), protein binding (2.3.2) and oxidative stress (2.3.3) 

greatly affect the interplay of non-canonical structures in the complementary G-/C-rich strands. 
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2.3 Function and Targetability of DNA G-Quadruplexes 

 

“If G-quadruplexes form so readily in vitro, 

Nature will have found a way of using them in vivo” 

Sir Aaron Klug, more than three decades ago242 

 

2.3.1 Occurence of G-Quadruplex Forming Sequences in the Human Genome 

G-rich sequences that are able to form G-quadruplexes are spread throughout the entire human 

genome,243–247 particularly in certain regulatory regions or functional domains, especially gene 

promoters of proto-oncogenes,243,248,249 immunoglobulin switch regions,250,251 telomeric210,228,252 and 

subtelomeric tandem repeats (minisatellites)91,253 and 5’-untranslated regions (5’-UTR)98,254. 

Furthermore, their formation is linked to CpG islands255 and chromatin modifications in the human 

genome.256–259 The consensus definition for G4 motifs: 

G3-5N1-7G3-5N1-7G3-5N1-7G3-5 

yields ~376.000 potential G4 motifs in the human genome. However, every bioinformatic algorithms 

has a trade-off for prediction to balance between false-positives and false-negatives. The above 

consensus definition does not account for non-canonical features of G4 polymorphism (2.1.3). A 

refined, sophisticated prediction tool called G4hunter260,261 found ~700.000 G4 motifs, which is in line 

with 716.310 distinct G4 structures that have been identified with a high-throughput sequencing 

method that is able to detect G4s in human genomic DNA.262 Out of this, 451.646 G4s have not been 

predicted by the consensus definition,249,263 which emphasizes both the overall significance of G4s in 

the human genome as well as the outstanding importance on non-canonical G4 structures. 

Following this enlarged G4 definition, human subtelomeric tandem repeats (minisatellites) and their 

variations in Saccharomyces cerevisiae have come into focus for G4 function.91,96,253,264–267 The single 

stranded overhang in human telomeres consists of tandem repeats of the sequence: 

(TTAGGG)n 

The formation, dynamics, structure and function of G4s in human telomeres, their impact on genome 

stability and their interaction with telomerase have been extensively studied252,268–273 and strategies to 

target telomeric-G4-structures205–210 have been discussed controversially in this context.274–289 The 

interested reader will find an astonishing plethora of papers and discussions in the literature, of which 

even a short summary would go beyond the scope of this discussion. For an updated overview, these 

most recent reviews on this topic are recommended.290–293  
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Besides bioinformatic prediction, G4 structures in the human genome have been mapped and detected 

with various approaches246 using high-resolution sequencing (G4-seq)262, chromatin 

immunoprecipitation coupled to G4-specific single-chain antibody detection and high-throughput 

sequencing (G4-ChIP-seq294, qG4-ChIP-seq295). 

The first in vivo detection (nuclear staining) of telomeric G4 structures has been reported in ciliates 

(Stylonychia lemnae) with single chain variable fragments of an in vitro selected antibody.246,296,297 

Detection in fixed human cells has been reported with G4-specific antibodies BG466, 1H6298 and D1299 

using immunofluorescence microscopy.246  

In-cell NMR has been used to investigate G-quadruplexes in living cells (in particular Xenopus laevis 

oocytes).300–306 Degradation of G4 forming oligonucleotides by endogenous nucleases is retarded, 

which elongates the obtainable time frame for NMR experiments. In-cell conditions allow the 

evaluation of the structural integrity (or structural changes) of G4 conformations under physiological 

relevant conditions with molecular crowding. The problems arising from broad signal linewidths and 

poor spectral resolution that are typically encountered for in-cell NMR spectra, can be evaded by using 

e.g. 19F NMR307–309 (or 31P)304,310 on chemically modified oligonucleotides. 

More recently, small-molecule optical probes311 have been used to visualize G4 structures in live cells 

(IMT,67BMVC,312 template-assembled synthetic G-quartets: N-TASQ313) even at the single molecule 

level.68 A fluorescent probe (DAOTA-M2) was used in combination with Fluorescence Lifetime 

Imaging Microscopy (FLIM) to visualize G4 structural dynamics in live cells.314 

The advancements and efforts in the past decade246 towards mapping, detection, imaging and 

visualization of G4s in cellulo and in live cells now gives an astonishingly convincing view about the 

importance of G4 formation in the human genome. Today, there is no doubt anymore about the 

existence of G4s in human chromosomal DNA. Approaches like qG4-ChIP-seq (using G4-specific 

antibodies) and FLIM (using G4-specific fluorescent probes) now enable the investigation of G4 

occurrence in relation to e.g. epigenetics, pathogenesis and carcinogenesis.259,315  

Besides the potential role of DNA G-quadruplexes in the telomeric repeats, their function is discussed 

in basically all contexts that are related to genomic DNA.247,251,259,315 This includes in particular 

replication316–319, epigenetic processes such as CpG methylation255,320–323 or alterations to the chromatin 

structure257,258,294, genomic instability96,253 and transcription324,325. Within the following chapters, the 

focus will be on DNA G4s as transcription regulatory elements. The group of S. Balasubramanian has 

recently published a comprehensive review259 (mini review in Trends in Chemistry)315 that covers the 

functions of both DNA and RNA G-quadruplexes.259,315 
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2.3.2 Transcriptional Regulation of G-Quadruplexes and Binding-Interactions 

In a common, yet oversimplified picture of the regulatory function of G4s in gene promoters, 

transcription suppression (transcriptional off-switch) is proposed due to sterical hindrance and stalling 

of the RNA polymerase II (RNAP-II). However, even if further protein interactions are left 

unconsidered, the basic principles of how G4 can affect transcription efficiency are certainly more 

complex. In the context of transcription regulation, different modes of protein interactions have been 

discussed and similar effects are expected for small-molecules interactions. The concept of 

transcription regulation (on/off-switch) via small-molecule ligand targeting to G-quadruplexes did 

drive the field in the recent decades (see chapters 2.3.4 and 2.4.4). Unfortunately, regulation of 

genomic G-quadruplexes is not as straightforward as chemists like to imagine it. One aspect of a simple 

“actio-reactio” picture is, however, very well true: DNA G-quadruplexes can be represented as the 

starting point of the entire downstream cascades in cellular regulation – with all consequences to the 

complex cellular circuits. This chapter will therefore focus on the basic principles of G4 recognition. 

Two general types of interactions with G-quadruplex motifs will be differentiated: stabilizing/folding 

inducing and destabilizing/unfolding facilitating. Figure 13 shows an overview of the different 

modes of G4-regulated, altered transcription. The role of the complementary strand that can 

potentially form an i-motif is not discussed herein. To avoid a suggestive depiction, the strand is 

completely ignored in the Figure. Chapters 2.1.1 and 2.2.5 give implications for this issue. Here, it is 

important to note that the distribution of G4 forming sequences downstream of the transcription start 

site (TSS) is highly asymmetric in the sense and anti-sense strand (coding and non-coding strand).326 

The location on either of the strands plays a crucial role for RNAP-II blocking, and can not only 

suppress but also activate transcription. The same holds true for the processing of G4s via helicases.  

G4-binding proteins 

Protein binding to G4 forming sequences has ambiguous effects on transcription levels: Some proteins 

have been reported to stabilize the G4 fold, while others inhibit G4 formation by binding to the single 

stranded DNA. G4-binding proteins can either inhibit the interaction with other proteins or recruit 

further proteins to form complexes. A prime example of a G-quadruplex binding and stabilizing protein 

is the nucleolar phosphoprotein nucleolin.327–333 Nucleolin was first found to bind G-G paired DNA334 

and then reported to bind the cMYC promoter G4335 and later also other promoter G4s 

(LTR promoter336,337). Binding is mediated via the C-terminus that contains RGG-repeats.338 There is 

growing evidence that nucleolin can differentiate between different conformations and preferentially 

binds long-looped G4 conformations.339,340 This has strong implications for the recognition of different 

folded isomers (e.g. spare-tire isomers) as has been outlined for the cMYC promoter G4 (see chapters 

2.4.2 and 2.4.3).341,342 Recently, the interactions with RNA G4s have been used to target nucleolin.343-345 
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Figure 13: Different mechanisms of transcription regulation with G4-interacting proteins. Processing proteins: Classical 
model that shows stalling of RNA polymerase (RNAPII) during transcription due to sterical reasons (inverse effects for 
G4s in the coding/non-coding strand).324 The G4-fold cannot be resolved by the RNAPII itself, but helicases346 like WRN, 
BLM, FANC-J, RHAU or DDX5347 are effective G4 unwinders. Binding proteins: Proteins that bind and stabilize G4s can 
downregulate the transcription, while proteins that bind the unfolded single strand (and/or facilitate the unfolding) can 
have an activating effect. Complex formation: Some G4 binding proteins recruit additional proteins to form complexes, 
which can act by either silencing or activating.  
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A manifold of G4-binding proteins have been reported (e.g. Zuo1348, IFI16349, Lia3350, LARK351, 

SLIRP352, CNBP353,354) and reviewed recently.355,356 The analysis of shared motifs357 and the general 

interaction with RGG-domains358–360 have been analyzed and a powerful tool to explore G4-interacting 

proteins called G4IPDB (a web-based database with more than 200 entries) is now available.361 

 
Figure 14: Details of the PDB-structures of the RHAU-peptide (binding motif) from NMR spectroscopy (PDB: 2N21)362 
and the whole RHAU helicase from X-ray crystallography (PDB: 5VHE, detail of binding domain, entire protein complex 
at the bottom-right)363. The comparison of the structures shows different orientation of the binding domain at the top-
tetrad (nearly perpendicular arrangement). 

G4-unwinding proteins and helicases 

Some interacting proteins have been shown to facilitate G4 unfolding or directly bind to the unfolded 

single-strand and thereby disturb G4 formation (MAZ364,365, NM32-H2366–368). Recent studies suggest 

that CNBP-binding acts in a comparable manner.354 Information on the detailed binding modes of 

these proteins remains ambiguous369,370 and NM32-H2 has also been discussed in a different context 

as mediator for epigenetic suppression of the hTERT promoter (recruiting a REST-LSD1 complex).371 

Different helicases have been reported (DEAH-helicases: DHX36/RHAU362,363, SF2 helicase: 

FANC-J298,372–374, SF1b helicase (S. cerevisiae): Pif1253,264–266,375,376, RecQ-helicases147,377–379: BLM380–384, 

WRN385,386, RecQ5387, RecQL4388–390) that are able to process and unwind G-quadruplexes.346,391 G4 

unwinding ability is vastly different for the members of the RecQ helicase family, with BLM and WRN 

showing the highest efficiency. For some helicases a topology-specific unwinding activity has been 
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shown.380,392 Interestingly, some are strictly unable to unwind G4s (RecQ1)393, which has implications 

for the recognition of distinct templates. Helicase-deficiencies in general are linked to severe hereditary 

diseases such as Bloom-syndrome (age-unrelated cancer predisposition, BLM-deficient)394, Werner-

syndrome (pre-mature aging phenomena, WRN-deficient)395 or Rothmund-Thomson syndrome 

(accelerated aging, RecQL4-deficient)396. The main cause of this is a chromosome instability that is 

also associated to the inability to resolve G-quadruplexes in the genome. How the helicases recognize 

specifically the G4-fold still remains largely elusive. Figure 14 shows the binding of RHAU helicase to 

different parallel G4 conformations. Interestingly, the peptide binding domain of RHAU is arranged 

differently in a NMR-structure (PDB: 2N21, peptide only)362 compared to the X-ray-structure 

(PDB: 5VHE, whole protein)363. More recently, the DEAD-box helicase DDX5 has been linked 

directly to transcriptional activation of cMYC.347 DDX5 is overexpressed in cancer cells and might have 

an important function as G4-resolvase that contributes to the high expression levels of MYC. Sterical 

hindrance of unprocessed G4s is further important for the binding of transcription factors that bind to 

B-form, double-stranded DNA (e.g. Sp1397,398). The formation of G4s thus blocks the binding sites of 

transcription factors and thereby act as transcriptional silencer.369  

Small-molecule binding 

Around 2000, the first studies were published that report on specific promoter G4-ligand binding 

(cationic porphyrins).399–401 Since then, a wide range of ligand scaffolds has been proposed, synthesized 

and studied for specific G-quadruplex targeting.402,403 A discussion of small-molecule structural classes 

and strategies to bind specific G-quadruplexes is far beyond the scope of this thesis and the interested 

reader will find countless comprehensive reviews in the literature. (see some non-comprehensive, 

exemplary references: selected studies280,404–410, more recent studies410-413 and for further analysis of 

G4-ligands the web-based database G4LDB can be used415) Figure 15 shows different structures of 

ligand-G4 complexes taken from the PDB that all feature the most common binding mode for 

G4-ligands, which is stacking to the tetrads via large π-electron surfaces. The NMR-structure of an 

Au(III)-ligand in complex with a telomeric hybrid-2 G4 (PDB: 5MVB)416 shows an interesting 

rearrangement of the capping structures that are required to accommodate the ligand. An important 

point to mention here is that all of these studies aim to stabilize the G4-fold and modulate its function 

by shifting the thermodynamic equilibrium towards a folded state. The group of D. Monchaud recently 

conceptualized an alternative, orthogonal approach that aims to destabilize certain G4 

conformations.417 The different strategies that have been proposed to target G4s with small molecules 

show the diversity of possible effects that result from interfering with G4-regulation. 
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Figure 15: Details of the PDB-structures of G-quadruplex-ligand complexes that feature π-stacking to the top (5’) or 
bottom (3’) tetrads as a common binding mode. The complexes show a dimeric, parallel telomeric G4 with TMPy4401,418,419 
(PDB: 2HRI)420 and Braco19286,421 (PDB: 3CE5)422; a cMYC G4 with Phen-DC3423,424 (PDB: 2MGN)425; a telomeric 
hybrid-1 G4 with Telomestatin409 (PDB: 2MB3)426 and a telomeric hybrid-2 G4 with an Au(III)-ligand (PDB: 5MVB, 
AuOxo6)416,427–429. 

 

2.3.3 Oxidative Damage under Cellular Stress Conditions 

Guanine is the most electron rich from all four DNA nucleobases and therefore the most prone to 

oxidation. In G-rich runs this effect is even increased, since due to π-stacking of Gs the ionization 

potential of the 5’-G is significantly lowered with increasing length of the G-tract. Duplex DNA has the 

ability to funnel electron holes (oxidation sites) through the π-stacked nucleobases. These electron 

holes can migrate through the DNA duplex until they reach the site that is most prone to oxidation, 

which will likely be a 5’-G of G-runs. This has been hypothesized to serve as cathodic protection of 

genes430 or epigenetic mark to modulate gene expression.431 The consequences of oxidative damage to 

G-residues and G-quadruplex formation in the genome have been conceptualized and reported in a 

series of publications from C. Burrows in the last years113,254,431–439 and have been recently reviewed.440 

8-oxo-guanine (OG) is the major oxidation product that results from a two-electron oxidation 

(Figure 16) with reactive oxygen species (ROS). OG can be further oxidized (four-electron 

hyperoxidation) by ROS to 5-guanidinohydantoin (Gh) or spiroiminodihydantoin (Sp). Oxidized 

G-residues with lesions can be repaired by OG-glycosylase (OGG1) or NEIL-glycosylases441 that 
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initiate the base excision repair (BER). Those oxidized species alter the Hoogsteen interface of 

G-residues and disturb the tetrad formation in G-quadruplexes.442–444 The N-H7 imino proton enables 

the formation of A-G Hoogsteen base pairing and the O8 causes a slight sterical clash, if base paired 

with C. These effects cause a mutagenic potential (during replication) towards a G-to-T transversion, 

when the OGs are not repaired. 

 

Figure 16: Major oxidation products for the reaction of guanine with reactive oxygen species (ROS). 
8-oxo-7,8-dihydroguanine (OG) as oxidation product of a two-electron oxidation; 5-guanidinohydantoin (Gh) and 
spiroiminodihydantoin (Sp) are the hyperoxidation products of a four-electron oxidation. 

Many G-quadruplex forming regions in oncogene promoters possess more than four G-rich tracts that 

are close by in sequence.113 The consequences of this for a possible non-canonical structural 

polymorphism have been discussed in chapter 2.1.2. Burrows and co-workers have outlined a possible 

evolved function for these spare-tire G-tracts in response to oxidative damage in one of the G-rich 

tracks.113,438 They propose a mechanism that describes a maintaining of function for G4s. The G-tract 

that carries a lesion is excluded from G4 formation and one of the spare-tires participates instead in G4 

folding as surrogate. The so exposed oxidized residues are accessible to the BER machinery. This 

mechanism has also been utilized for an approach with an intermolecular spare-tire surrogate (using a 

PNA) to recover the G4 functionality.445 Further, OG sites in folded G4s (shown for the polymorphic 

KRAS G4446–448) have been shown to be recognition sites for the MYC associated zinc finger protein 

(MAZ).364,365 MAZ binds to oxidized G-residues in the loops of folded G4s and facilitates unfolding 

and subsequent activation for BER. This finding has implications for the recognition of oxidized Gs in 

the loops, that can emerge from G-register isomers or G-quadruplexes with G-vacancy sites (2.1.3). 

 

2.3.4 Strategies in Anti-Cancer Treatment 

The stabilizing effect of small-molecule binding has now developed to a strategy that aims to target 

specifically G-quadruplexes in the human genome for anti-cancer treatment.276,282,449–451 The first 

reports on G-quadruplex targeting mainly aimed for telomeres and telomerase inhibition.274 This 

strategy is discussed controversially and the biological implications for it have shifted, since the 

functionality and structural assembly of human telomeres still remains largely elusive. One of the main 

ideas was to block telomerase interactions by facilitating G-quadruplex formation in the telomeres. 

This prevents the limitless replicative potential of cancer cells and re-enables senescence and 
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apoptosis. However, the alteration of telomere capping structures and shelterin complexes overrule 

this effect and lead to genomic instability and the activation of DNA repair machineries.284–288,449 

One of the very first studies on G-quadruplex formation in the cMYC promoter showed that expression 

levels can be significantly reduced after binding of a small molecule.452 This strategy has now evolved 

and G-quadruplexes in gene promoters are recognized as cis-acting elements that can be directly 

targeted to regulate transcription levels.54,90  

 
Figure 17: The six “classical” hallmarks of cancer according to Hanahan and Weinberg 2000 (left).453 Refined and enlarged 
definition (“next generation”, 2011), including enabling characteristics and emerging hallmarks (right).454,455 (bottom) 
Overview of genes with reported regulation through promoter G-quadruplexes or mechanisms that affect G4 regulation 
(italic).239,456–459 Schematic depiction adapted from Hanahan and Weinberg.453,454 

An analysis of the gene ontology of promoters with G4 forming sequences reveals that the enrichment 

of promoter G4s is unequally distributed among different gene functions.244,249 Gene ontology 

categories with significantly higher frequencies of G4 forming sequences are linked to e.g. transcription 

factor activity, RNAPII transcription factor activity, neurogenesis, kinase activity and cell 

differentiation, while categories like immune response, nucleic acid binding, protein biosynthesis, 

ribosome-related or antigen binding have significantly lower frequencies of G4 forming sequences. 

This aspect of genomic G4-distribution highlights the general relevance for G4 regulation in cancer 

cells and their importance as molecular targets.459 Structural validation of G-quadruplex forming 

sequences has been reported for the promoters of many important genes that can be assigned to all 

different hallmarks of cancer (Figure 17).239,244,450,453 Among them are (non-comprehensive): 

cMYC99,342,460,461, BCL-2126,217,462–464, hTERT102,103,115,116, VEGF85,408, cMYB90, cKIT130,465, KRAS365,446,447,466, 

EGFR218, PDGF-A368,467, PDGF-β109,131,468, HIF-1α469, HER289, RB1470,471 and RET325. 
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2.4 The cMYC Proto-Oncogene Promoter 

 

“I am, of course, most ignorant about all things biological,  

but I imagine most (X-ray) people start that way.” 

Rosalind Franklin, response to John Randall 1951472 

 

2.4.1 The cellular Myelocytomatosis Protooncogene 

Information within this chapter on molecular structure, biological function, oncogenic potential and 

targeting of MYC have been extensively reviewed in the last years.473–479 MYC is a family of 

protooncogenes that was found after the discovery of oncogenic retroviruses that cause 

myelocytomatosis (v-myc oncogene). The MYC-family has three members, namely cMYC (or just 

MYC), N-MYC and L-MYC that encode for transcription factors. The C-terminal domains of 

MYC-members have basic-helix-loop-helix (bHLH) and leucine zipper motifs. This C-terminal 

domain remains largely unstructured until dimerization with other transcription factors such as the 

myc-associated factor X (MAX). The bHLH enables the binding to DNA, while the leucine zipper 

allows dimerization. Figure 18 shows the X-ray structure of a MYC-MAX heterodimer bound to DNA 

(PDB: 1NKP).480 The unstructured N-terminal domain is responsible for transcription regulation 

(transactivation). It contains highly conserved myc-boxes and forms complexes with other factors that 

induce structured folding upon binding.  

 
Figure 18: Crystal structure of a cMYC-MAX heterodimer bound to DNA (PDB: 1NKP). cMYC is shown in red/violet 
colours and MAX in green/cyan colours. The structure of the C-terminal domain comprises a basic-helix-loop-helix 
(bHLH) and a leucine zipper motif. 

MYC, as a super or master transcription factor plays many important roles and regulates more than 15% 

of the human genome. A major function of MYC is cell proliferation, growth and differentiation as wells 

as apoptosis. In this function, it has a high transformation potential and is a key driver in tumorigenesis. 

However, strategies for small-molecule drug development to target MYC are extremely challenging, 

mainly because it lacks a specific active binding site. Hence, MYC is considered undruggable.481 
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Usually, the expression of MYC is highly regulated through the tight control of its promoter region. 

However, MYC is found deregulated in a wide range of nearly 70% of human cancers with elevated 

levels of MYC-expression. Burkitt’s lymphoma, a highly aggressive B-cell non-Hodgkin lymphoma, is 

a prime example for the devastating effect of cMYC misregulation. Here, chromosomal translocation 

to an ectopic promoter leads to an activation of the cMYC oncogene, thereby making it one of the 

fastest growing tumour in humans.482 

A plethora of molecular mechanisms maintains cellular homeostasis of MYC, many of them are still 

poorly understood.473,483,484 What is known is that the promoter is controlled and regulated by a large 

number of cis-regulatory elements, intra- and extracellular signals and signal pathways associated to an 

array of transcription factors that directly bind to the cMYC promoters:  

“Everything regulates MYC. From stem cells and proliferation to senescence and cell 

death, MYC participates in almost every crucial decision of almost every cell. Hundreds 

of extracellular and intracellular signals, operating through an array of transcription 

factors, chromatin modifiers/remodelers, and regulatory RNAs (recruited to or 

synthesized at the c-myc locus), are brought to cis-elements vicinal to the promoter or 

strewn across a still poorly delineated chromosomal domain and are all somehow 

integrated to set the physiological levels of c-myc mRNA.” 

David Levens, “You Don’t Muck with MYC” (2010)484 

Hence, unravelling the regulation, function and role of MYC has remained an “enduring enigma” 

(Eisenman, 2001)483 since its discovery in 1979. Due to its outstanding significance in tumorigenesis 

and the impracticality of a direct MYC targeting, a focus on the gene promoter region has evolved. Soon 

after sequencing the cMYC locus485 a nuclease S1 analysis revealed several altered DNA secondary 

structures in slow equilibrium with a canonical B-form helix in the promoter region.486 DNase 1 

mapping of this region then localized several nuclease hypersensitive sites.487 At one of these sites, the 

nuclease hypersensitive element III1 (NHE-III1) located -142 to -115 bp upstream of the P1 promoter 

a high strand asymmetry was found with a purine (Pu, G-rich) and a pyrimidine (Py, C-rich) strand. 

In the late ‘80s it was hypothesized that a regulation via triplex formation might be a plausible 

mechanism that could explain the vulnerability against nucleases at these sites. Two structures have 

been proposed that involve either a complex tandem H-DNA with two intramolecular Py-Pu-Py 

triplexes488 or an intermolecular Pu-Py-Pu hybrid-triplex.54 Targeting this site with anti-sense RNAs 

indeed repressed transcription in vitro.489 The role of interactions with transcription factors was 

discussed for both models.490,491 However, Py-Pu-Py triplexes require low pH488,491 and Pu-Py-Pu 

triplexes require 5-20 mM magnesium ions489,492.493 Both requirements do not fit physiological 

conditions.  
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In the mid ‘90s it was found that the structural dynamics in the cMYC promoter region are highly ion-

dependent and that especially physiological concentrations of K+ inhibit a potential triplex formation 

and competitive triplex/quadruplex equilibria have been proposed.492 Finally, in 1998 the formation of 

a tetraplex;493 and in 2000 the formation of an i-tetraplex494 in the complementary strand of the cMYC 

NHE-III1 region has been proposed. 

However, even after the discovery of the G-quadruplex formation in the cMYC promoter, a possible 

biological function of triplex (inter- and intramolecular) formation is still in discussion.495–497 The 

promoter can be targeted with triplex-forming oligonucleotides (TFOs) that have been shown to 

downregulate the transcription and this effect is particularly intensified in cancer cells.498–503 

TFO-targeting strategies can benefit from an increased cellular uptake and improved intracellular 

stability of homologous G4 forming oligonucleotides (also shown for VEGF504).502 Strategies based on 

siRNAs and anti-sense oligonucleotides have also been developed to target not the genomic DNA, but 

inhibit the MYC mRNA.505 Further, the promoter region is a mutagenic hotspot;495,497 the mutations 

and single nucleotide polymorphism (SNP) have been mapped and linked to strong effects on 

transcription levels.506,507 This has severe implications for the delicate equilibrium of all possible non-

canonical DNA conformations and these mechanisms have to be considered in the general context of 

the biological function and targetability of G-quadruplexes in oncogene promoters (chapters 2.3.4 and 

2.4.4). In conclusion, this chapter cannot be summarized better than with this quote from a recent 

review: 

“Thus, the c‐myc promoter is still something of a black box and only one point is 

certain: regulation of the c‐myc promoter is extremely complex with a lot of 

redundancy, many feedback loops, and several cross‐regulatory circuits involved.” 

Inken Wierstra and Jürgen Alves, The c‐myc Promoter: Still MysterY and Challenge (2008)473 

 

2.4.2 Nuclease Hypersensitive Element III1 

The cMYC promoter region (Figure 19) has four promoters (P0, P1, P2 and P3) and seven nuclease 

hypersensitive elements (NHE). 75-90% of transcription initiates at P2, 10-25% at P1 and less than 10% 

at P0 and P3. The NHE-III1 spans a 27 bp (Pu27) sequence -142 to -115 bp upstream of the P1 

promoter. The NHE-III1 has been shown to control up to 90% of total transcriptional activation of 

cMYC.369,452,473 Transcriptional regulation through the NHE-III1 is believed to be primarily mediated 

through G-quadruplex formation99,452,493,508 in the G-rich strand (Pu27), but the role of i-motif 

formation in the complementary C-rich strand (Py27) has also been discussed.83,241,509–511 This chapter 

will focus on models on the G4-mediated transcription control (see also chapter 2.3.2 for general 

considerations). 
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Figure 19: Depiction of the cMYC promoter region including nuclease hypersensitive elements (NHE) I-V, promoters 0-3 
and transcriptional start sites. G-runs I-V in the NHE-III1 are numbered from 5’-to-3’ direction Figure has been adapted 
according to the publications from the Hurley group.99,452 

The group of L. Hurley has outlined a model for the transcriptional regulation of the NHE-III1 in the 

last two decades.369,456,512 Figure 20 shows a schematic representation of the regulatory model that 

includes the binding of different proteins. The NHE-III1 is a high affinity-binding site for the 

transcription factor Sp1.369,397,398 In cells that express low levels of MYC the promoter is not occupied 

by Sp1, but serum stimulation induces MYC transcription and results in binding of Sp1.369,513 

CNBP353,354 unfolds the G4, binds the Pu27 single strand and has been shown to induce MYC 

expression.359,369,514 hnRNP K acts as transcription factor, binds the Py27 single strand and activates 

transcription.369,515,516 NM23-H2 has been shown to bind both the single-stranded Pu27 and Py27 and 

drive the unfolding of the G4 structure.366,367,369,517–519 Nucleolin recognizes and binds the 

G-quadruplex structure and stabilizes the folded conformation, which silences the MYC transcription 

(see also chapter 2.3.2).335,338,369 

Connecting the dots of the interactions of all mentioned NHE-III1-binding proteins allows sketching 

the regulatory model shown in Figure 20. In earlier studies, it was also proposed that hnRNP A1 

binding to Pu27 is involved in cMYC-NHE-III1 regulation, but due to its weak affinity in competitive 

assays is now considered not to take part in these processes.448,493,520 The role of hnRNP A1 is still 

discussed for transcriptional regulation in the KRAS promoter.448 

In this model, a pre-requisite for G-quadruplex formation is a local unwinding with strand separation, 

in particular because of negative supercoiling. Negative supercoiling is typically induced during 

transcription,456,521 which implies that G4 formation is favoured after transcription is already initiated.  
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Figure 20: Schematic representation for the model of G4-mediated transcriptional regulation of the NHE-III1, mainly 
proposed by Hurley and co-workers.369 (left) Transcription factors like Sp1 bind the double stranded B-form DNA and 
initiate transcriptional activation. A complex of CNBP and TBP (TATA-box) binding protein and hnRNP K binding to 
the complementary strand enables recruitment of RNA Polymerase-II (RNAPII). Initial studies by Simonsson et al. 
proposed the involvement of hnRNP A1 binding,493 but the binding affinity of hnRNP A1 is comparably weak.448,520 
NM23-H2 facilitates the unfolding of the G4-fold and enables reformation of the double strand or recruitment of other 
proteins. (right) Negative superhelicity induces strand separation and G4 formation. The G-quadruplex can be processed 
by destabilizing proteins or can be bound by nucleolin, which then acts as transcriptional suppressor. Binding of small-
molecule ligands interferes with protein binding and stabilizes the G4 in a non-protein-bound state. 

2.4.3 Structures and Dynamics of the cMYC G-Quadruplex 

2.4.3.1 High-Resolution Structures  

Within the first report on G-quadruplex formation in the cMYC promoter in 2002,452,508 two 

anti-parallel structure models were proposed based on DMS-footprinting, namely chair or basket 

conformations. This model has been revised in 2004, based on simple CD-spectra and gel-

electrophoresis to find that the 3’-terminal part (2345) exclusively forms parallel structures.99 These 

findings already allowed to distinguish the formation of four possible loop-isomers (G-register 

isomers) for the 2345-conformation. It may be permitted to give a comment at this point from a 

spectroscopist’s or even from a structural biologist’s perspective. These two papers have been 

published from the same authors and claims were made about the structure-based targetability with 

small-molecule ligands. The false and misleading proposals for structural models without experimental 

evidence could have been avoided by measuring just a simple CD-spectrum already in the first place. 

Therefore, this highly cited and nevertheless groundbreaking paper emphasizes the need for at least a 

basic structural characterization of involved G-quadruplex conformations.  
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Initial NMR assignments for the 27-mer long G-quadruplex forming sequence in the NHE-III1 region 

have been made by Phan et al. in 2004.111 They described two propeller-type, parallel conformations 

and identified them as conformations 2345 and 1245 (no PDB structures). Yang et al. published the 

first high-resolution NMR structure for cMYC-2345 (PDB:1XAV, 33 G-register isomer) in early 

2005.460 Later in 2005, Phan et al. published a non-canonical G-quadruplex structure with snap-back 

motif for the 2345 conformation.128 A G-to-I mutation in G-tract 3 here is compensated by a 

replacement with a 3’-terminal G-nucleotide snapped back into the 3’-lower G-tetrad (Figure 21). The 

NMR structures for cMYC-1234 (2011)461 and cMYC-1245 (2019)342 then have also been published 

from the group of D. Yang (Figure 22). 

 
Figure 21: Structure of a parallel snap-back conformation adopted by cMYC-2345 (PDB: 2A5P).128 G-tracts are shown 
coloured (2: orange, 3: blue, 4: yellow, 5: green) loops and capping residues are shown in grey. 

 
Figure 22: High-resolution NMR-structures of all three relevant G-quadruplex conformations in the Pu27 strand of the 
cMYC NHE-III1. All structures feature an all-parallel strand orientation, but involve different G-tracts in the tetrad/G4-core 
formation: a 5’-terminal G4 (1234, PDB: 2LBY)461, a long-looped G4 (1245, PDB: 6NEB)342 and a 3’-terminal G4 (2345, 
PDB: 1XAV)460. G-tracts are shown in: 1: violet, 2: orange, 3: blue, 4: yellow and 5: green. 
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Finally, in 2018 a structure based on X-ray crystallography was published for cMYC-2345 (Figure 23, 

RMSD = 2.35 Å, PDB = 6AU4).522 Major deviations for the crystal structure compared to the NMR 

derived structure concern the 5’- and 3’-terminus. The NMR structure shows a capping coordination 

that stacks on the top and bottom tetrads, while in the crystal structure the termini are directed 

outwards. The differences highlight the flexibility of the termini compared to the G4-core. The distal 

orientation in the crystal structure, however, is most likely caused by packing interactions and dimer 

stacking. The stabilizing and concealing capping arrangement seen in the NMR structure might be the 

better reflection of the G4 structure adapted by a DNA oligonucleotide, but the restricted flexibility in 

a longer sequential context might hamper its formation. 

 

Figure 23: Comparison of the NMR (PDB: 1XAV)460 and X-ray (PDB: 6AU4)522 structures. The NMR-structure shows 
defined capping structures with stacked residues from the 5’-terminus, while the crystal-structure shows more flexible 
termini that are directed outwards from the G4-core. 

 

2.4.3.2 Thermodynamic Stabilities and Structural Dynamics 

For the four loop-isomers (G-register isomers), a detailed thermodynamic characterization has been 

reported based on thermal denaturation (CD melting) and kinetics for folding and unfolding have 

been derived based on hysteresis.99,100 Noteworthy, both studies find melting temperatures (Tm) for 

each of the single isolated G-register mutants that are lower than for the G-register wt. For a 

thermodynamic comparison of spare-tire isomers cMYC-1245 and cMYC-1234 also calorimetric 

studies have been published,112,523 which are in line with reported Tms based on CD melting for all 

reported cMYC structures.111,342,460,461 The plethora of sequence modifications, buffer and DNA 

concentrations make a detailed comprehensive overview and comparison of all thermodynamic 

parameters nearly impossible. Furthermore, at physiological [K+], Tm values are typically >90 °C. 

Nevertheless, across all published data, a clear trend of melting temperatures for the isolated, stabilized 

conformations can be drawn as follows: 

spare-tire isomers: 1245<1234<<2345<wt; G-register isomers (2345): 55<35<53<33<wt 

In general, thermodynamic parameters are typically used to evaluate e.g. the effects of ligand binding. 

However, such thermodynamic analysis is ambiguous and has to be evaluated carefully to prevent false 

implications.524 This holds particularly true for G-quadruplex forming oligonucleotides that are itself 
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prone to polymorphism and structural dynamics.524 Already the first structural investigations for the 

cMYC G-quadruplex revealed the importance of a dynamic interplay of possible conformational 

isomers. Luciferase expression assays showed a two-fold increase in expression levels for individual 

(mutated) G-register isomers (five-fold increase for complete G4-destabilization).99 A more recent 

study that investigated the expression levels with a dual-luciferase assay in various cancer cell lines 

(MCF-7, T47D, MDAMB 231, HeLa, AGS) found an increased level of promoter activity for 

mutations that restrict the structural polymorphism of the G4 forming element (1234-only: 

~1.5-3 fold, 2345-only: ~2-4 fold).341 

The role of negative supercoiling has revealed strong implications for a shift of adopted conformations 

from 2345 towards 1234.456,521 Transcriptionally induced negative supercoiling has significant effects 

in the promoter region up to more than 1000 bases upstream of the TSS. It can affect not only the 

NHE-III1 (-100 bases to P1) but also causes strand separation on the far-upstream element 

(FUSE, -17000 to P2).456 

Sengupta et al. showed different affinities of G4-binding proteins that interact with the NHE-III1 

(2.4.2) towards different mutations and truncated sequences that preclude the formation of spare-tire 

isomers.341 This study strongly supports a refined model of the transcriptional regulation of the 

NHE-III1 that accounts for the spare-tire polymorphism, which is in line with the drastically different 

affinities of the G4-binding protein nucleolin (2.3.2) towards especially the long-looped conformation 

1245.340,342 

 

2.4.4 Targeting the cMYC G-Quadruplex 

The cMYC transcription factor has a high significance in cancer progression and is still considered 

undruggable (2.4.1). Different strategies have been proposed to overcome the main obstacles in 

therapeutic anti-MYC treatment.478,525–529 cMYC is a prime example for targeting a promoter 

G-quadruplex with small-molecule ligands as novel strategy in anti-cancer treatment (2.3.4).512,530 As 

discussed above, most common binding motif is stacking on the top and bottom tetrads. For cMYC a 

NMR structure of a 2:1 complex with a fluorescent carbazole derivative shows exactly this binding 

motif (Figure 24).531 In this regard it remains challenging to generate binding specificity for a certain 

G-quadruplex.532 Many different scaffolds have evolved e.g. cationic porphyrins533, carbazole 

derivatives,534 benzofuranes,535 benzothiazoles,536 imidazole-benzothiazole conjugates,537 thiazole 

peptides,538 triazoles,539 5-nitro-indole derivatives,540, binaphtyl-amines,541 dansyl-guanosine 

conjugates542 and more complex conjugates like a four-leaf clover diaryl-substituted 

imidazole/carbazole543 and hybrid molecules that link a quadruplex-specific binding site with a duplex 

minor groove binder (Figure 24).544 With this hybrid linker approach, it is possible to generate 

sequence-specific binding in combination with high G-quadruplex affinity (low nM).545  
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Figure 24: (left) High-resolution NMR-structure (PDB: 602L)531 of a 2:1 complex of a cMYC G4 with BMVC. (right) 
Chemical structure of a hybrid G4-binding molecule. The blue part (cyclic imidazole) is able to recognize and bind the G4-
structure with high affinity. The orange part (pyrrole) can be used to generate sequence specific binding of the contiguous 
flanking DNA segments.544  

Methods like rational drug design,540 small molecule microarrays535 or spectroscopic screening543,546 

have been used to find these binders and initially evaluate them. One cMYC G-quadruplex interacting 

compound (CX-3543547, Quarfloxin) has entered phase II clinical trials, but was finally discontinued 

due to MYC-independent effects.528,548 Recent pre-clinical studies have found GQC-05549, Cz1550, 

IZCZ-3543, DC-34551, Stauprimidine552 and BMH-21553 as promising drug candidates.529 The G4 

stabilizer APTO-253 inhibits MYC expression and has entered phase I clinical trials.554–557 

The compound CX-5461 is a promising possible chemotherapeutic agent that can act as MYC 

repressor.558 The cytotoxic effects have been discussed mainly in RNA polymerase I inhibition,559,560 

but also in topoisomerase I and II inhibition,561,562 activating the DNA damage response;563 and 

CX-5461 is a G4 stabilizer.548,564 A disturbed cMYC G4 maintenance is a likely explanation for all of the 

observed major molecular mechanism for the observed subsidiary molecular mechanisms. CX-5461 

has entered phase I clinical trials.565 

Alternative approaches that aim to target the G4 forming sequence of the NHE-III1 use different 

oligonucleotide (ODN) or peptide strategies. The 12 aa long peptide KR12C (a derivative of the 

human cathelicidin peptide LL-37)566 binds the cMYC G4 in the nanomolar range in cells and 

promotes apoptosis.567 Triplex-forming oligonucleotides (TFOs) can be used to target the Py27 

strand.498–503 These strategies benefit from increased lifetimes of the ODN after cellular uptake, 

presumably due to better nuclease resistance of G4 forming ODNs.502 Application of Pu27 to different 

leukaemia cell lines resulted in up to 90% reduction of transcription levels and 60% decrease in protein 

expression.502 Recently, a G-quadruplex-forming RNA motif has been discussed to target nucleolin, 

which has been suggested as a possible biomarker in lung cancer prognosis.345 Strategies like this could 

be potentially exploited to saturate G4-binding proteins. 
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2.5 NMR Methods to Study Structure and Dynamics in Nucleic Acids 

 

“I have not yet lost that sense of wonder, and of delight,  

that this delicate motion should reside in all ordinary things around us, 

revealing itself only to him who looks for it.” 

E.M. Purcell, Nobel lecture 1952568 

 

2.5.1 Structure Determination of Nucleic Acids with Natural Abundance Isotopes 

For initial structural screening of G-quadruplex topologies and folding patterns, a combination of 

NMR-spectroscopic evaluation with CD-spectroscopy is very useful.569 CD spectroscopy provides an 

easy access to determine the overall folding topology and homogeneity of folded states in G4s that help 

to analyse and assign the 1H-NMR spectra.570–574 The Gabelica group has also developed a mass-

resolved CD-setup that allows to disentangle polymorphic G4 species.575 

Experimental approaches to obtain structural information of nucleic acids with nuclear magnetic 

resonance (NMR)-spectroscopy mainly rely on inter-proton distance restraints from nuclear 

Overhauser effect spectroscopy (NOESY).576–581 A manifold of homo- and heteronuclear NMR-

experiments has been developed that help for the assignment of the relevant proton (in particular 

N-H1 imino proton) signals.582–584 In addition to that, many NMR-experiments are available that yield 

information on base pair patterns or structural restraints on dihedral angles (via scalar couplings, abbr. 

J-couplings) and coordinates for the relative orientation (via residual dipolar couplings, RDC). The 

strategies and advantages for these experimental approaches have been extensively reviewed.582–584 In 

particular for DNA G-quadruplexes, NMR is the most important method for structure determination 

at atomic resolution.310,585,586 From 277 PDB-structures (“G-quadruplex and DNA”, December 2020) 

154 (56%) have been solved by NMR and 123 (44%) by X-ray crystallography (NMR for: “nucleic 

acids”: 38%; total: 8%). However, most heteronuclear 2D-correlated experiment relies on isotope 

enrichment for the NMR-active (spin-½) nuclei 13C and 15N. Isotope labelled RNA (both selectively 

and uniformly) is easily accessible via in vitro transcription using T7 RNA-Polymerase and the 

respective isotope labeled NTPs.582,584 Preparation of isotope labeled, single stranded DNA via 

enzymatic methods in appropriate amounts for NMR investigations is not routinely established. For 

DNA oligonucleotides, isotope labeling is introduced typically via solid-phase oligonucleotide 

synthesis. Different in vitro methods have been proposed and reported, but did not find widespread 

application for NMR-studies.587–593 Therefore in many cases NMR-spectroscopic studies on DNA 

G-quadruplexes are limited to samples with a natural abundance594 of 13C (1.1%) and 15N (0.4%), 
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which challenges the applicability of sophisticated, multidimensional heteronuclear experiments due 

to the low sensitivity.  

Figure 25 shows the G4 relevant correlations and connectivities that can be obtained from 2D-NOESY 

spectra and heteronuclear multiple bond correlation (HMBC) 13C experiments that work at natural 

abundance.310,595,596 Intra-tetrad H1-H1 and H1-H8 are indicated, expected NOE cross-peak intensity 

for inter-tetrad correlations are given in Table 2.310 Sequential correlations for H8-H1’ along the 

nucleotide chain (5’-3’) yield information on the N-glycosidic conformation (syn/anti) and differ for 

syn-anti, anti-syn or anti-anti steps, Figure 25 shows correlations along an anti-anti step. The relevant 

JCH-couplings for H-C-H correlations are given in Hz.595,596 

 
Figure 25: Relevant correlations and connectivities from NMR experiments at natural abundance. NOE connectivities 
(left) and JCH-couplings (right) help for spectral assignment of the relevant cross-peaks in 2D-NOESY spectra. 

Table 2: Intra- and inter-tetrad NOE-connectivities: expected medium (3.2 – 4.6 Å) and weak (4.6 – 6.0 Å) cross-peak 
intensities are indicated. Table was taken from310 (PDB entries: 2GKU (hybrid) and 143D (anti-parallel)). 

  
same polarity 

(anti-anti) 
opposite-polarity 

(syn-anti) 
opposite-polarity 

(anti-syn) 
  Gα Gα Gα 

 (n+1)  H1 H8 H1 H8 H1 H8 

 Gα 
H1 medium  weak  medium  
H8  weak  weak weak  

 Gβ 
H1       
H8      medium 

 Gγ 
H1   weak    
H8       

 Gδ 
H1 weak weak medium  medium  
H8       

Guanine amino groups are essential for hydrogen bond formation in G-tetrads (Figure 25). They have 

rotational freedom around the C-N2 bond with a rotational frequency between 0.2 and 1.1 kHz (in the 

millisecond time regime), which affects the linewidths of the signals. Lineshape analysis of amino 

proton signals from stacked guanines involved in G-quadruplex formation yields useful information on 

rotation rates and serves as probe for local structural dynamics.597 Recently, 13C-detected experiments 
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(“amino-NOESY”) have been developed that make use of the amino group dynamics.583,598 The 

sensitivity of these amino-experiments requires 13C isotope labelling, but nevertheless these 

experiments will be very useful especially for G4s. 

 

2.5.2 The NMR-Timescale: Methods to investigate Dynamics 

Methods to investigate dynamics with NMR on broad timescales in particular for application on 

nucleic acids have been extensively reviewed,599–604 most recently in a comprehensive overview from 

the group of K. Petzold605. 

Spin-relaxation is a non-spontaneous process that is caused by magnetic field fluctuations. Depending 

on the source of these fluctuations, distinct relaxation mechanisms can be differentiated. The main 

source of fluctuating fields is molecular tumbling, which slows down with increasing molecular size. 

T1-relaxation (spin-lattice relaxation, R1) is caused by fluctuations only in the (x,y)-direction (static 

frame), while T2-relaxation (spin-spin relaxation, R2) is influenced by fluctuations in any direction. T1 

therefore depends on fluctuating fields near the Larmor-frequency ν0, while T2 is affected by fluctuating 

fields at any frequency. Relaxation is thus (i) dependent on the magnetic field (B0), which correlates 

with the nuclear Larmor-frequency ν0 of the respective spins; and (ii) dependent on the molecular size 

and temperature, which both affect the molecular tumbling. Assuming that molecular motion is 

isotropic, the rotational correlation time τc for a molecule is defined as the average time it takes to rotate 

through one radian. τc therefore is a measure of the average, size-dependent molecular tumbling.606 

With increasing molecular size (hence increasing τc) R1 reaches an optimum (shortest relaxation time, 

field dependent) at ν0
-1 ≈ τc, and afterwards gets longer again. R2 instead is steadily decreasing with 

increasing τc and is also affected by chemical exchange and conformational dynamics. The linewidth of 

NMR signals is proportional to T2
-1, thus dynamics in the time regime of τc modulate the linewidth and 

cause severe line broadening.607–609 

 
Figure 26: Qualitative trends for relaxation rate constants T1 and T2 in dependency of the rotational correlation time τc, 
magnetic field strength and temperature. τc is field-independent, thus increasing magnetic field strength shifts ν0 (thereby 
ΔΩ) in relation to kex for a given molecule. Figure was adapted from literature references.607–609 
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The NMR-timescale (Figure 27) can be roughly divided in three time regimes for dynamics with the 

following definition:605 In a given system in dynamic exchange between two states A and B with the 

chemical shifts ΩA and ΩB, A and B have a chemical shift difference of ΔΩ (1). The exchange rate 

between A and B (kex) is the sum of the forward (kAB) and reverse (kBA) rate constant (2).  

 

In this system, the time regimes are commonly defined as: slow exchange regime, if kex << ΔΩ 

(seconds and slower); intermediate exchange regime, if kex ≈ ΔΩ (µs - ms); and fast exchange 

regime, if kex >> ΔΩ (ps – ns).605 As discussed above, the time regimes are dependent on τc and do vary, 

depending on the molecular size. For a given molecular size, the regimes can be slightly shifted with 

experimental parameters, when varying temperature (kex is temperature-dependent) or magnetic field 

strength (ΔΩ in Hz is field-dependent). 

Dynamic processes faster than τc (e.g. bond vibration, libration, angle fluctuation) are averaged out in 

solution state NMR and do not cause distinguishable states that can be directly detected. Information 

on dynamics in this time regime can be obtained from R1 and R2 relaxation analysis and NOEs.602,610–

612 Dynamic processes in the range of/slightly slower than the molecular tumbling rate (supra-τc, ns-µs) 

have for long remained a blind spot for NMR.613 This gap now can be probed with experimental 

approaches that make use of residual dipolar couplings (RDCs)614,615 or cross-correlated relaxation 

(CCR)616–618 rates. In the µs- to ms- and s-regime Carr-Purcell-Meiboom-Gill (CPMG)619–621 

sequences and Chemical Exchange Saturation Transfer (CEST)622,623 are the most important 

experimental approaches to investigate dynamics. In the ms to s regime EXchange SpectroscopY 

(EXSY)624,625 can be used to investigate the dynamics of spins that are connected by chemical exchange. 

In the time regime of seconds and slower, the acquisition of single experiments is faster than the 

dynamics of the observed system. Here, the information can be obtained in real-time by recording a 

series of spectra.626–628 

Independent of the strategy that is used to prepare coherent dynamics for time-resolved NMR 

measurements (see following chapter) the fast acquisition and sensitivity of the NMR experiments 

remains a limiting factor. This holds particularly true for multidimensional, mostly heteronuclear-

correlated (13C, 15N) experiments. Recent advances629 in acquisition (SOFAST and BEST)630–633 and 

ultrafast methods634,635, sensitivity enhancement (hyperpolarized water)636–640 and combinations of 

ultrafast acquisition with hyperpolarization,641,642 have narrowed the timeframe of observable real-time 

dynamics down to seconds.643,644 
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Figure 27: The NMR-timescale602,605,613, overview of: the relevant molecular motions for nucleic acids in solution, 
timescale and frequencies with indicated exchange-regime (fast, intermediate, slow), NMR methods and experiments 
to probe directly specific dynamic processes, and relevant parameters in NMR experiments that influence and modulate 
the shape and intensity of NMR signals. R1ρ is defined as relaxation in the rotating frame, measurement of R1ρ is strictly 
rather a method than a parameter.645,646 

2.5.3 Real-Time NMR: Non-Equilibrium Dynamics 

Two different types of dynamics shall be differentiated in this chapter: reversible and irreversible 

events. The folding of nucleic acids follows an irreversible trajectory, while steady-state refolding or 

e.g. domain motions have reversible trajectories. In general, NMR spectroscopy detects a large 

ensemble of spins in concentrated samples. This is different to single-molecule methods like 

Fluorescence Resonance Energy Transfer (smFRET)647,648 microscopy, where single events can be 

detected. This allows for the observation of both kind of dynamics. In solution state NMR, all dynamic 

changes within a molecule are ensemble averaged. Time-resolved studies of both kind of structural 

dynamics thus require coherent progression of the underlying molecular motions. To create a coherent 

evolution, different ways to prepare non-equilibrium, excited or meta-stable states are feasible. Time-

resolved NMR typically tracks the relaxation of these states back to their thermodynamic equilibrium 

or steady states. While this thesis was written, a review with contributions from me (the author of this 

thesis) was published as preprint.628 
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Temperature or pressure change 

The intensive properties temperature (T) or pressure (p) influence the structural and physicochemical 

properties of biomacromolecules, which makes them suitable variables to investigate thermodynamic 

and kinetic parameters.649 High pressure or temperature results in e.g. structural changes (pressure-

related stabilization or unfolding; or thermal denaturation)183,650–652, or disassembly/disaggregation of 

molecular complexes653. A steady application of high pressures654–656 (up to 3 kbar657) forces 

biomolecular systems to populate excited states and shift conformational equilibria, which yields 

useful, otherwise hidden658 information.184,659,660  

Technical setups for rapid in situ changes in temperature (T-jump: microwave-heating661,662, laser-

induced (MAS ssNMR)663,664, rf-heating665,666 or capacitively coupled667) or pressure (p-jump668–673) 

have been reported that can be used to investigate the relaxation back to thermodynamic equilibrium. 

Only a limited number of T-jump NMR experiments has been reported for biomolecules. Akasaka et 

al. have pioneered an experiment for temperature-induced folding of RNase A at low pH (ΔT= 16 °C 

in 6 s).674 More recently, application of T-jump NMR for protein folding has been demonstrated for 

the investigation of cold-denatured Barstar (ΔT= 20 °C in 500 ms).675 The Bax group used p-jump 

NMR experiments to study ubiquitin protein folding with pressure jumps up to 2.5 kbar.669,676,677 

Numerous studies also applied high-pressure and p-jump experiments to study β-amyloid 

aggregation.653,678–680  

Rapid-mixing 

Rapid-mixing measurements allow the investigation of kinetics that can be initiated by different 

means.681 Yushmanov and Furó reported on a rapid-mixing setup with stopped-flow design682; a device 

for rapid-mixing of components within a NMR-sample has been reported by Mok et al.683 and has been 

refined recently684. Using rapid-mixing, protein (re-)folding has been investigated e.g. after dilution of 

a chemically denatured (guanidinium chloride) state685 (vice versa for unfolding686) or 

pH-change687,688.689–691 Folding of nucleic acids after rapid-mixing has been investigated e.g. for RNA 

riboswitches by inducing their formation with addition of their specific ligand,692 for ribozymes by 

addition of Ca2+,693 for tRNA maturation after addition of cell extract,694 for a DNA i-motif with induced 

pH-change76 and for a telomeric DNA G-quadruplex by inducing its formation with addition of K+.144 

Photochemical trapping 

Instead of rapid mixing, a binding event can also be initiated after releasing a trapped (caged) ligand 

with light. This has been demonstrated for ligand-induced riboswitch folding after in situ 

photochemical release of photocaged hypoxanthine.695 For protein folding a similar approach has been 

reported, utilizing a light-trigger; therefore a photolabile nitrophen chelator has been used to release 

Ca2+ and study the ion-induced refolding of α-lactalbumin.696,697  
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2.5.4 Conformational Selection with Photolabile Protecting Groups 

Light is an excellent trigger to obtain selective (spatio-) temporal control over chemical processes in a 

given experimental setup. Different chemical strategies have been developed to make use of light 

absorption as a versatile tool for reaction control.698–701 These tools can be reversible photoswitches702-705 

that react to light (e.g. in E/Z isomerization along a -N=N- double bond in azobenzene dyes or a -C=C- 

double bond within stilbene chromophores) or irreversible photocleavable moieties 

(photosensitive/photolabile protecting groups, PPGs)706 (Figure 28). As they help to block molecular 

interactions and suppress reactivity at distinct sites in a molecule temporarily, photolabile protecting 

groups have been named photocages; their photolytic “release” hence is called uncaging.  

 
Figure 28: Paradigm reaction schemes for reversible (photoswitches, left) and irreversible (photosensitive protecting 
groups/photocages, right) interactions with light. Azobenzene and ortho-nitrobenzyl derivatives have established the 
largest relevance for widespread applications. [Substitutions (non-comprehensive): [R= H (Ortho Nitro Benzyl), Methyl 
(Nitro Phenyl Ethyl), COOH (Carboxy Nitro Benzyl), (…); R’= H, -OMe, -CH2OCH2-] 

Photolabile protecting groups for use in nucleic acid/sugar chemistry have first been reported in 

1977.707 This very first study already introduced ortho-nitrobenzyl (ONB) (Figure 28) as 

photocleavable group to block cAMP (Figure 29). The ONB scaffold is synthetically easy accessible 

and can be fine-tuned for light-stability or wavelength specificity, hence it has been commonly 

established in widespread applications. After photocleavage ONB (R=H) yields nitrosoaldehydes, 

nitro-phenyl-ethyl (NPE, R=Me) yields nitrosoketones, which are less cell-toxic. NPE can also be 

deprotected faster than ONB and therefore is typically the cage of choice.  

Photocages can be attached to backbone phosphate groups708–710, nucleobases29,711–716 or ribose rings at 

the 2’-OH717,718; also photocleavable linkers have been introduced both in the phosphate 

backbone719,720 and at nucleobases721. All these strategies (Figure 29) can be used to block molecular 

interactions and thereby influence the structure and functions of DNA/RNA. 

Photocaging of nucleobases prevents base pairing interactions at the Watson-Crick and/or Hoogsteen 

interface in two ways: (i) sterically and (ii) by locking the T/U: N3-C4-O4 and G: N1-C6-O6 bond in an 

enolic form (-N=C-O-), which alters the hydrogen-bond donor/acceptor pattern. This approach has 

been used to destabilize certain secondary or tertiary conformations in RNA and DNA 

oligonucleotides.29,712,713,716  
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Figure 29: Overview of caging strategies for DNA/RNA nucleosides: early approaches of caged-ATP707,722, 2’-caged 
ribose717,718, caged phototethers719–721, caged phosphate backbone708–710 and the entire set of caged nucleotides for 
DNA711,714–716 and RNA712,713,723. 

Blocking biological function does not require a complete distortion of the functional fold of nucleic 

acids, but can be achieved even within their native conformation and single photocages can be 

sufficient to block e.g. ribozyme cleavage.717 A sufficiently large destabilization with reasonably sparse 
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incorporation of photolabile protecting groups that prevents secondary structure formation of 

oligonucleotides has been first demonstrated for a thrombin binding aptamer (TBA, Figure 30).29 TBA 

adopts a two-tetrad G-quadruplex structure in its binding competent state29; suppression of a three-

tetrad G-quadruplex formation then also has been achieved for an oligonucleotide from a telomeric 

sequence716. However, thermodynamically, photocaging base pair interactions only causes local 

structure disturbance724–726 and a complete suppression of secondary or even tertiary conformations 

remains challenging.713 In this context, alternative strategies that are making use of cyclized 

oligonucleotides via phototethers are powerful improvements for conformational caging 

(Figure 30).721 

 

Figure 30: Different caging strategies for DNA/RNA oligonucleotides: conformational caging using phototethers721, 
conformational suppression or destabilization29,716 and conformational selection or trapping with specific site-directed, 
local destabilization712. 

The flat conformational energy-landscapes for nucleic acids (2.2.1) often causes the formation of 

competing conformations (2.1.2, 2.1.3). A well-studied example627,712,723,727–729 for this are two 20-mer 

RNA oligonucleotide sequences (I730, II731) that can each form a bistable two-state equilibrium system 

of two coexisting hairpin conformations. The two conformations are separated by only a small enthalpy 

difference [(ΔHI=-5.9 kcal·mol-1)712; (ΔHII=-5.9 kcal·mol-1)723] and incorporate different residues into 

base pair formation. In their first of its kind publication, Wenter et al.712 selected a single conformation 

by attaching a photocage to a residue that is in the loop for one conformation, but in the base paired 

stem for the other conformation. This selective destabilization (Figure 30) led to a homogenous 

population of a single folded conformation. A quantitative photolysis enabled a complete relaxation to 

the equilibrium populations. 
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3 Materials and Methods 

3.1 DNA Oligonucleotides and Sample Preparation 

All used DNA oligonucleotides have been HPLC-purified, desalted via centrifugation over a vivaspin 

(Sartorius) centrifugal concentrator with 1 kDa molecular-weight cut-off, lyophilized and dissolved in 

ddH2O. Salt-free samples for K+-induced folding have been repeatedly heated to 95 °C and diluted with 

5 M LiCl solution. Concentrations have been determined with UV/vis absorption at 260 nm. Molar 

extinction coefficients (ε260) were calculated using a nearest-neighbour method. Unmodified DNA 

oligonucleotides have been purchased by eurofins Genomics, Ebersberg (Germany) and HPLC-

purified by the manufacturer. Modified (photocaged) DNA oligonucleotides have been synthesized in 

the group of Prof. A. Heckel. Dean-Paulos Klötzner (DK, synthesis 1) or Anja Blümler (AB, synthesis 2). 

3.1.1 Overview of DNA Oligonucleotides  
Table 3: DNA oligonucleotide sequences used for the experiments presented in this thesis. (X = (R)-NPE-dG), (Synthesis: 
DK = Dean-Paulos Klötzner, AB = Anja Blümler), (f = caged in folded state, uf = caged in unfolded state), G-to-T mutations 
in bold, G-tracts underlined. 

Origin Length Conformation Modification Sequence 

cMYC 

18 

2345-53 --     AGGGTTGGGAGGGTGGGT 
2345-33  --     AGGGTGGGTAGGGTGGGT 
2345-X3  --     AGGGTGGGGAGGGTGGGT 
2345-wt  --     AGGGTGGGGAGGGTGGGG 
1234  --     TGGGAGGGTTGGGAGGGT 

22 

wt-53 -- TGGGAGGGTTGGGAGGGTGGGT 
1234 -- TGGGAGGGTTGGGAGGGTTTTT 
1245 -- TGGGAGGGTTTTTAGGGTGGGT 
2345 -- TTTTAGGGTTGGGAGGGTGGGT 

18 
 

2345-53 (f) 1xNPEDK     AGGGTTGGGAGGGTGGGT 
2345-33 (f) 1xNPEDK     AGGGTGGGTAGGGTGGGT 
2345-53’ (f) 2xNPEDK     AGGGTXGGGAGGGTGGGX 
2345-53 (uf) 3xNPEDK     AGGGTTGXGAGXGTGXGT 
2345-X3 (uf) 3xNPEAB     AGGGTGGXGAGXGTGXGT 
1234 (uf) 3xNPEAB     TGGGAGXGTTGXGAGXGT 

22 

1234 (f) 1xNPEAB TGGGAGGGTTGGGAGGGTGXGT 
1245 (f) 1xNPEAB TGGGAGGGTTGXGAGGGTGGGT 
wt-53 (uf) 3xNPEAB TGGGAGGGTTGXGAGXGTGXGT 
1234 (uf) 2xNPEAB TGGGAGGGTTGXGAGXGTTTTT 
1245 (uf) 3xNPEAB TGGGAGXGTTTTTAGXGTGXGT 
2345 (uf) 3xNPEAB TTTTAGGGTTGXGAGXGTGXGT 

hTERT 20 

53, parallel (f) -- ATGGGAGGGTCTGGGAGGGC 
35, hybrid (f) -- AGGGTATGGGCTGGGAGGGC 
53, parallel (f) 2xNPEDK AXGGGAGGGXCTGGGAGGGC 
35, hybrid (f) 2xNPEDK AGGGXAXGGGCTGGGAGGGC 
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3.1.2 Synthesis of Photocaged DNA Oligonucleotides 

The protocols presented here in the following are kindly provided by the respective synthesist that 

have conducted the synthesis as collaboration partners within the presented projects. The protocols 

are taken from the Supporting Information of Grün et al. 2020732 and Grün et al. 2021733, where also 

further details and analytics can be found. In general, chemical synthesis is an fascinating process.734,735  

Synthesis 1, performed and reported by Dean-Paulos Klötzner (Grün et al. 2020) 

The reactions presented were performed under argon atmosphere using dry solvents. NMR analysis of new compounds 

were performed on Bruker AV500 and DRX600 MHz spectrometers. Assignment of proton chemical shifts was done via 
1H-1H-COSY experiments. For flash chromatography silica gel 60 by Macherey-Nagel was used. Compound 1 was 

prepared according to Mayer et al.716.  

 

Scheme 1: Synthesis of (R)-NPEdG phosphoramidite. a) (S)-1-(2-Nitrophenyl)ethanol (prepared as described in the 
literature736), PPh3, DEAD (40 wt% in toluene), THF, 65%; b) TBAF, HOAc, THF, 78%; c) 4,4'-Dimethoxytrityl chloride, 
pyridine, 82%; 2-Cyanoethoxy-N,N-diisopropylaminochlorophosphine, (iPr)2NEt, DCM, 71%. 

Synthesis of compound 2 (65% yield): 

4.09 g DEAD solution (40 wt% in toluene, 9.39 mmol, 1.5 eq.) was added dropwise to a solution of 4.21 g of compound 1 

(6.26 mmol, 1 eq.), 1.15 g (S)-1-(2-nitrophenyl)ethanol (6.89 mmol, 1.1 eq.) and 2.46 g PPh3 (9.39 mmol, 1.5 eq.) in 

30 mL dry THF. The solution was stirred for 60 minutes at room temperature, concentrated and diluted with 200 mL 

DCM and 200 mL brine. The aqueous layer was extracted with 100 mL DCM (2x). The combined organic phases were 

dried over MgSO4. The solvent was evaporated and the residue purified via column chromatography (cyclohexane/EtOAc 

3:1  1:1) to give 2 as a yellowish foam. 

Synthesis of compound 3 (78% yield): 

3.3 g of compound 2 (4.02 mmol, 1 eq.) were dissolved in 40 mL dry THF. 1.38 mL Acetic acid (24.11 mmol, 6 eq.) and 

12.06 mL TBAF solution (1 M in THF, 12.06 mmol, 3 eq.) were added. The reaction mixture was stirred at room 

temperature for 23 hours. The solvent was evaporated and the residue purified via column chromatography (DCM/MeOH 

99:1  92:8) to give 3 as a yellowish foam. 
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Synthesis of compound 4 (82% yield): 

1.87 g of compound 3 (3.12 mmol, 1 eq.) were dissolved in 50 mL dry pyridine. 1.28 g 4,4'-Dimethoxytrityl chloride 

(3.79 mmol, 1.2 eq.) were added in portions. The reaction mixture was stirred at room temperature for 3 hours. The solvent 

was evaporated and the residue diluted with 200 mL DCM and washed with 200 mL saturated sodium bicarbonate 

solution. The aqueous layer was extracted with 100 mL DCM (2 x). The combined organic layers were dried over MgSO4 

and evaporated. The residue was purified via column chromatography (DCM/MeOH/Et3N 98:1:1) to give 4 as a 

yellowish foam.  

Synthesis of compound 5 (71% yield): 

1 g of compound 4 (1.12 mmol, 1 eq.) and 950 µL (iPr)2NEt (5.59 mmol, 5 eq.) were dissolved in 15 mL dry DCM. 529 mg 

2-Cyanoethoxy-N,N-diisopropylaminochlorophosphine (2.23 mmol, 2 eq.) were added. The reaction mixture was stirred 

at room temperature for 1 hour. The solution was diluted with 150 mL DCM and washed with 150 mL saturated sodium 

bicarbonate solution. The aqueous layer was extracted with 100 mL DCM (2x). The combined organic layers were dried 

over MgSO4 and evaporated. The residue was purified via column chromatography (cyclohexane/EtOAc 4:1  1:1  

1:2) to give 5 as a yellowish foam. The column was packed with cyclohexane/EtOAc 4:1 + 0.5% Et3N while the eluent was 

prepared without Et3N. 

Oligonucleotide synthesis 

Photocaged oligonucleotides were synthesized on an Äkta Oligopilot in 18 µmol (S1), 16 µmol (S2), 13 µmol (S3), 

16 µmol (S4) and 19 µmol (S5) scales. The following reagents were purchased from Sigma Aldrich: DMT-dG-(tac)-; 

DMT-dA-(tac)-; DMT-dC-(ac)-; and DMT-dT phosphoramidites and Fast Deprotection Cap 2 containing 

4-tert-butylphenoxyacetic anhydride. 5-(Ethylthio)-1H-tetrazole was used as activator. 500 Å DMT-dT-CPG from Glen 

Research, 500 Å DMT-dC-(tac)-CPG from Millipore, 500 Å CUTAG CPG and 500 Å DMT-dG-(tac)-CPG from Sigma 

Aldrich were used. All caged oligonucleotides were synthesized DMTr-ON. Deprotection of S1, S2, S4 and S5 was 

performed using 6.5 mL NH4OH for 1.5 hours at 65 °C while S3 was deprotected using 6.5 mL t-BuNH2:water (1:3) for 

4 hours at 60 °C. After deprotection the solvent was evaporated and the crude product purified via RP-HPLC using a 

MultoKrom 100 – 5 C18 column (dimensions: 20 · 250 mm, gradient: 5-40% MeCN in 0.1 M TEAA buffer pH = 7 in 

44 min, flow: 10 mL/min) on an HPLC from Young Lin Instruments with SP930D pumps and a UV730D detector. After 

evaporation of the solvent, the DMTr group was removed with 80% HOAc for 20 min at room temperature. The resulting 

oligonucleotides were purified again via RP-HPLC using the conditions mentioned before. 

 

Synthesis 2, performed and reported by Anja Blümler (Grün et al. 2021) 

All reactions were performed under argon atmosphere using dry solvents purchased from Acros Organics or Sigma Aldrich. 

Reagents were purchased from Acros Organics, Sigma Aldrich, ChemPur, TCI, Alfa Aesar or Carbosynth and used without 

further purification. For flash chromatography the used silica gel was purchased from Macherey-Nagel (particle size: 

40-63 µm), solvents were of technical grade. NMR spectra were recorded on Bruker DPX250, AV400 and AV500 

instruments at ambient temperature. The synthesis of the (R)-NPE protected 2’-deoxyguanosine phosphoramidite was 

performed according to literature procedure.716,736 
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Scheme 2: Overview of the synthesis of (R)-NPEdG phosphoramidite 7. a) TBDMS-Cl, imidazole, DMF, rt, quantitative; b) 
(4-isopropylphenoxy)acetyl chloride, pyridine, 0 °C to rt, 50%; c) (S)-1-(2-nitrophenyl)ethanol (prepared according to 
the literature procedure(34)), PPh3, DEAD (40 wt% in toluene), THF, 0 °C to rt, 42%; d) TBAF, AcOH, THF, rt, 93%; e) 
4,4’-dimethoxytrityl chloride, pyridine, 0 °C to rt, 91%; f) 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite, DIPEA, 
DCM, rt, 68%. 

Synthesis of compound 2 (quantitative yield): 

5.00 g 2’-deoxyguanosine 1 (18.7 mmol, 1.0 eq), 8.46 g tert-butyldimethylsilyl chloride (56.1 mmol, 3.0 eq) and 8.92 g 

imidazole (130.8 mmol, 7.0 eq) were dissolved in 100 mL DMF and stirred at room temperature. After 1 h, a white solid 

began to precipitate. The mixture was stirred overnight. The reaction was quenched by the addition of 150 mL EtOH and 

concentrated under reduced pressure. The residue was dissolved in 150 mL EtOAc and washed with dest. H2O, 1 M HCl 

and saturated aqueous NaHCO3 solution. The organic layer was dried over Na2SO4 and the solvent was removed under 

reduced pressure to give 2 as a white solid. The product was used for the following reaction without further purification. 

Synthesis of compound 3 (50% yield): 

3.50 g of the TBDMS protected nucleoside 2 (7.1 mmol, 1.0 eq) were dissolved in 25 mL pyridine. The solution was cooled 

to 0 °C before 1.83 mL (4-isopropylphenoxy)acetyl chloride (10.6 mmol, 1.5 eq) were added dropwise. The orange 

colored reaction mixture was stirred at 0 °C for 1 h and at room temperature for 4 h. After quenching the reaction by the 

addition of 100 mL MeOH, the solvent was removed under reduced pressure. The crude product was purified by column 

chromatography (SiO2, CH2Cl2/MeOH 98:2 → 9:1) to give 3 as a brownish solid. 

Synthesis of compound 4 (42% yield): 

2.00 g of 3 (3.0 mmol, 1.0 eq), 0.746 g (S)-1-(2-nitrophenyl)ethanol (4.5 mmol, 1.5 eq) and 1.17 g PPh3 (4.5 mmol, 

1.5 eq) were dissolved in 35 mL THF. 0.7 mL DEAD solution (40 wt% in toluene, 4.5 mmol, 1.5 eq) were added dropwise. 
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The reaction mixture was stirred at room temperature for 3 d and concentrated under reduced pressure. The residue was 

diluted with 200 mL CH2Cl2 and washed with brine. The organic layer was dried over Na2SO4, the solvent removed under 

reduced pressure and the crude product purified by column chromatography (SiO2, cyclohexane/EtOAc 95:5 → 3:1). 

Product 4 was isolated as a pale yellowish foam.  

Synthesis of compound 5 (93% yield): 

820 mg of 4 (0.99 mmol, 1.0 eq) were dissolved in 15 mL THF and 0.34 mL acetic acid (6.0 mmol, 6.0 eq) and 3.0 mL 

tetrabutylammonium fluoride solution (1 M in THF, 3.0 mmol, 3.0 eq) were added. The reaction mixture was stirred at 

room temperature for 16 h. The solvent was removed under reduced pressure and the crude product was purified by 

column chromatography (SiO2, CH2Cl2 → CH2Cl2/MeOH 95:5) to give 5 as a yellowish foam. 

Synthesis of compound 6 (91% yield): 

550 mg of 5 (0.93 mmol, 1.0 eq) were dissolved in 15 mL pyridine and cooled to 0 °C. 378 mg 4,4’-dimethoxytrityl chloride 

(1.1 mmol, 1.2 eq) were added slowly. The ice bath was removed and the yellow reaction mixture was stirred at room 

temperature for 3 h. The solution was concentrated under reduced pressure and the residue diluted with 100 mL CH2Cl2. 

The organic layer was washed with saturated aqueous NaHCO3 solution and dried over Na2SO4. The solvent was removed 

under reduced pressure. The crude product was purified by column chromatography (SiO2, CH2Cl2/Et3N 

99:1 → CH2Cl2/MeOH 95:5) to give 6 as a yellowish foam. 

Synthesis of compound 7 (68% yield): 

To a solution of 753 mg of 6 (0.84 mmol, 1.0 eq) and 733 µL (iPr)2NEt (4.2 mmol, 5.0 eq) dissolved in 15 mL CH2Cl2 

376 µL 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite (1.7 mmol, 2.0 eq) were added. The reaction mixture was 

stirred at room temperature for 2 h. The solution was diluted with 150 mL CH2Cl2 and washed with saturated aqueous 

NaHCO3 solution. The organic layer was dried over Na2SO4 and the solvent removed under reduced pressure. The crude 

product was purified by column chromatography (SiO2, hexane/EtOAc/Et3N 95:4:1 → hexane/EtOAc 

95:5 → 4:1 → 1:1 → 1:2) to give 7 as a yellowish foam. 

Oligonucleotide synthesis: 

All photolabile modified oligonucleotides were synthesized on an ABI392 DNA/RNA synthesizer from Applied Biosystems. 

0.3 M BTT from emp BIOTECH was used as activator. All oligonucleotides were synthesized and deprotected under 

UltraMILD conditions (Pac-dA-CE, iPrPac-dG-CE, Ac-dC-CE, dT-CE and dT SynBaseTM 1000Å CPG purchased from 

Glen Research and Linktech) in 1 µmol scales. Pac2O was used as capping reagent. short-2345 and wt-1245 (caged) were 

synthesized in DMTr-On while the remaining DNAs were synthesized in DMTr-Off mode. Deprotection was performed 

according to a protocol from Glen Research using 400 µL concentrated ammonium hydroxide for 2 h at room temperature. 

After evaporation of the solvent at 4 °C, the crude product was purified via RP-HPLC using an Agilent 1200 series 

instrument with an XBridge Peptide BEH C18 OBD Prep Column (300 Å, 5 µm, 10x250 mm, 4.0 mL min-1, 60 °C, gradient: 

5-45.5% MeOH in 400 mM hexafluoro-2-propanol, 16.3 mM NEt3 buffer pH = 8.2 in 20 min ) from Waters. The solvent 

was evaporated at 4 °C using a vacuum concentrator (SpeedVacTM from Thermo Fisher). The DMTr-group was cleaved by 

incubation of the DNA with 80% acetic acid for 20 min at room temperature. After evaporation at 4 °C, the resulting DNA 

was again RP-HPLC purified using the same conditions as mentioned before. The solvent was removed using a vacuum 

concentrator. Finally, all samples were coevaporated several times with ultrapure water and lyophilized. 
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3.2 CD Spectroscopy 

All CD-spectra and CD-melting curves have been recorded on a JASCO spectropolarimeter J-810 at 

indicated temperatures. Spectra have been smoothed using a Savitzky-Golay filter. Time-resolved CD 

data were recorded on a Jasco J-810 spectropolarimeter in a 2 mm cuvette at 285 K using 10 µM DNA 

in 5 mM K-Pi-buffer (phosphate buffer: 38.5% KH2PO4 + 61.5% K2HPO4) at pH 7.0. Laser irradiation 

(355 nm, 4 W) within the cuvette was achieved via glass fiber connection to a laser set up (Paladin 

Advanced 355-8000) (Figure 31). Kinetics were recorded at 290 nm (1 s data interval) and in the range 

between 250 – 300 nm for control (6 s per spectrum resolution). 

 

Figure 31: Setup for in-situ illumination of CD samples. Original setup design, idea and photos by J. Tassilo Grün. 

 

3.3 Non-Linear Regression and Global Fitting of Kinetic Data 

Kinetic traces have been processed in TopSpin 3.5pl7 (Bruker BioSpin) as either single signal intensity 

(“slice” – “extract column” or as sum-integral (“proj” – “sum”) over a defined region. Traces then have 

been exported as .ascii-files and normalized for further analysis. 

Non-linear regression of kinetic data was achieved with mono- or bi-exponential non-linear regression 

using the software SigmaPlot 12.5 (Systat Software Inc.). 

For complex kinetic fits, numerical solutions for the system of differential equations were obtained 

from a python script (Appendix, commented script). The script was written by Dominik Brey, as intern 

under the supervision of me (the author of this thesis). The respective signal intensities of the NMR-

experiments were normalized according to the mean equilibrium signal intensity. Global fit of the data 

was achieved with differential evolution using global optimization according to the respective kinetic 

model. Error estimation was estimated from a bootstrap method. Models were evaluated based on 

F-test analysis and residual plots.  
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3.4 NMR Spectroscopy 

All time-resolved NMR spectra were recorded on a Bruker AVIII HD 700 MHz spectrometer 

equipped with a 5 mm z-axis TXI-HCP cryogenic probe at 298 K using 0.1 mM DNA in 5 mM K-Pi 

(phosphate buffer: 38.5% KH2PO4 + 61.5% K2HPO4), 0.05 mM DSS, 10% D2O at pH 7.0 if not 

otherwise indicated. Water suppression was achieved using a jump-return-echo pulse scheme for time-

resolved data or excitation sculpting for reference 1D spectra. For processing of data, Topspin 3.5pl7 

(Bruker Biospin) was used. Time-resolved NMR experiments were performed as a pseudo-2D 

experiment. Laser irradiation within the NMR tube was triggered via a TLL connection to a laser set 

up (Paladin Advanced 355−8000) (Figure 32). Kinetics were recorded after 4 s of laser irradiation. 

Kinetic traces were subsequently averaged over 64 individual experiments. For K+-induced folding 

experiments, 0.1 mM salt-free DNA in Bis-Tris-buffer at pH = 7 was used. K+ -induced folding was 

achieved utilizing a rapid-mixing device, as described previously.144 Kinetic traces were subsequently 

averaged over 64 (8 for folding) individual scans. For light-induced folding experiments, kinetic traces 

were not averaged (1 scan per point). NOESY- and HMBC-spectra for assignment have been recorded 

using a jump-return-echo pulse scheme for water suppression. Spectrometers, Temperatures and 

sample conditions are indicated in the respective Figures. 

 
Figure 32: Setup for in situ illumination with a laser setup (8 W, 355 nm) connected via a glass fiber to a Shigemi tube with 
a conical quartz tip.696 Setup for in situ rapid mixing with a mixing device introduced by Hore et al.683. Photos from the 
setups are originally taken from J. Tassilo Grün. 
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4 G-Register Exchange Dynamics 

4.1 Overview 

This chapter examines the kinetics of folding from unfolded states and refolding from trapped, isolated 

folded states back to their native equilibrium for the major G4 conformation (2345) found in the 

cMYC promoter (2.4.2). The 18-mer oligonucleotide cMYC 2345-X3 (3.1.1) can coexist in two 

different G-register isomers (Figure 33 (left); and chapters 2.1.3, 2.4.3). The G-register exchange 

dynamics for the interconversion of the two parallel cMYC G4 conformations have been compared to 

the interconversion of two conformations from the hTERT G4 that co-exists in a hybrid and a parallel 

conformation. The experimental data focus on the dynamics associated to the refolding between either 

of the two-state systems. 

 

Figure 33: Schematic representation for two different pairs of G-register shift related G4 conformations. (left) Two parallel 
cMYC G-register isomers (53, 33) with G-tract III shifted either towards the 5’-terminal tetrad (5) or the 3’-terminal tetrad 
(3). G-tract V can form two additional isomeric states (3’- and 5’-shifted) in the wildtype sequence, but due to a G-to-T 
modification on residue 18 the 3’-shifted state is locked. (right) Two G-register isomers from an hTERT G4 in hybrid (35) 
or parallel (53) conformation. 

 

The main results presented here have been published in Grün et al. 2020.732 Experiments in chapter 

4.6.1 have been conducted by Christopher Hennecker and Robert W. Harkness in the group of 

Anthony K. Mittermaier within a joint collaboration. All shown figures have been created originally by 

me (the author of this thesis) and are presented modified or unmodified as compared to the published 

version: Reprinted (adapted) with permission from J. Am. Chem. Soc. 2020, 142, 1, 264–273. 

Copyright 2020 American Chemical Society. 
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4.2 K+-Induced Folding into G-register Isomers 

Extensive desalting (3.1) of the native 18-mer cMYC 2345-X3 oligonucleotides yields 1H-NMR spectra 

that show no imino proton signals in the ppm-range typical for Hoogsteen base pair interactions in 

K+-bound G-quadruplexes (Figure 34). This state has been considered unfolded after the careful 

analysis of the NMR-spectra, even though the formation of pre-folded states cannot completely be 

precluded. After addition of K+ to a final concentration of 5 mM, the native folded ensemble can be 

recaptured. In thermodynamic equilibrium the folded state of cMYC 2345-X3 is consisting of two 

coexisting G-quadruplex conformations, as will be shown and discussed further in this chapter. 

 

Figure 34: 1H-NMR spectra of cMYC 2345-X3 in K+-free (lower) Bis-Tris buffered solution and several hours after addition 
of 5 mM KCl (upper). Comparably broad signals in the downfield (>12.1 ppm) and upfield (<11.1 ppm) shifted region 
indicate some pre-associated state that are unrelated to the K+-bound state. (0.1 mM DNA, 5 mM Bis-Tris buffer (pH=7.0), 
90/10:H2O/D2O, 700 MHz, 298 K, jr-echo water suppression) 

The folding reaction was initiated by a rapid injection of K+ using the rapid-mixing device outlined in 

section 2.5.3 and 3.4. Time correlated single scan 1D spectra were recorded as pseudo-2D dataset. 

Kinetic traces for the folding reaction were then extracted by plotting the respective signal intensities 

as function of time. The spectral resolution (~1.16 s) of the imino proton signals allows tracking of the 

kinetics of individual signals that represent either of the two folded conformations (Figure 35).  

The folding kinetics exhibit a clear biphasic behaviour: (i) rapid folding into the two individual states 

and (ii) slow reequilibration to thermodynamic distribution. The kinetics also reveal that the minor 

conformation is slightly kinetically favoured and overshoots in the first folding phase, compared to 

thermodynamic equilibrium. The kinetics were analysed both with bi-exponential fitting and with 

global fitting to a kinetic model (Table 4).  

The easiest model to describe the folding mechanism is a direct refolding from the minor to the major 

state (Figure 35). The global fitting procedure (3.3) yields numerical solutions for the individual rate 

constants. 
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Figure 35: Folding transition of cMYC 2345-X3 G-register isomers. (a) Kinetic traces of individual imino proton signals 
(b), representative for the two folded conformations, shown in red (cMYC-2345-33) and blue (cMYC-2345-53). Fitting 
curves and residuals result from global fitting to the depicted kinetic model (c). 

The residual plot shown in Figure 35 a results from fitting to the depicted kinetic model (Figure 35 c). 

Errors for bi-exponential fitting (kobs) are within 5%, but should be considered as estimates.  

Table 4: Kinetic rate constants for the overall (re-)folding transitions (kobs) derived from exponential fitting using non-
linear regression and results from global fitting to the kinetic model depicted in Figure 35. For non-linear regression, the 
calculated standard error is within 5% as well as the error estimate from fitting residuals. 

 kobs [h-1] Conformation folding rate [h-1] refolding rate [h-1] 

cMYC 
Folding Refolding 2345-53 kF,53 = 35 kRF,53 = 0.35 

59 1.0 2345-33 kF,33 = 25 kRF,33 = 0.69 

 

A Bis-Tris buffer was used instead of a phosphate buffer to obtain the K+-free state, which is different 

from NMR spectra of most other shown samples. The spectra indicate no structural changes in 

different buffers. Further, no influence of phosphate vs. Bis-Tris buffer on folding kinetics was observed 

in control experiments. 
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4.3 Light-Induced Refolding of Caged G-Register Isomers 

4.3.1 Conformational Selection of G-Register Isomers 

The second, slow phase of the folding reaction indicates that refolding occurs, which gives a dynamic 

link between the two folded conformations. The expected timescale for this rearrangement is to slow 

for NMR methods in equilibrium to investigate, if the discussed direct refolding mechanism is correct. 

The folding trajectory however, could also be affected by underlying on- or off-pathway intermediates 

or pre- and misfolded structures that cause the respective kinetic behaviour. In this regard, the 

corresponding population change would less be a refolding reaction from stable folded structures, but 

more a feature of perturbed, retarded folding from this somewhat partially folded states. The refolding 

dynamics therefore should be separated from initial folding and investigated independently. 

The cMYC 2345-X3 oligonucleotide was synthesized in a way to carry a (R)-NPE photolabile 

protecting group either at position G6 to yield cMYC 2345-53 or at position G9 to yield cMYC 2345-33 

(Figure 36). The 1H-NMR spectra show that this approach is suitable to select either one of the two 

conformations, as the native spectrum directly decomposes into the spectra of the individual, trapped 

single conformations. 

 

Figure 36: (a-c) 1D-1H-NMR spectra of a) native cMYC 2345-X3, b) trapped (caged) 3’-shifted conformation (red) and 
c) caged 5’-shifted conformation (blue). (0.1 mM DNA, 5 mM K-Pi buffer (pH=7.0), 90/10:H2O/D2O, 700 MHz, 298 K, 
jr-echo water suppression) (d-e) CD-spectra of caged 3’-shifted (d) and 5’-shifted (e) conformations. The spectra show 
characteristic signatures for all-parallel G4 conformations. (10 µM DNA, 5 mM K-Pi buffer (pH=7.0), 298 K) 

CD spectra of the two conformations show that the expected parallel conformation is maintained 

(Figure 36 d, 3’-shifted 33 and e, 5’-shifted 53). Spectral assignment (Figure 37, Table 5) of the 

respective conformations was achieved via NOESY (Figure 38, Figure 39) interactions, as well as long-

range HMBC correlations and H-D-exchange experiments (Appendix 6.1, Figure 66). Taken together 

the expected overall all-parallel folding topology can be certainly supposed. 
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Figure 37: Assigned 1D 1H-NMR spectra showing the imino and aromatic proton regions of photocaged A) cMYC-18 (33) 
and B) cMYC-18 (53) G-quadruplex, (700 MHz, 298 K). Referenced to DSS. 

 

 
Figure 38: Assigned 2D-NOESY-spectra with characteristic H1-H1, H1-H8, H8-H8 and H1’-H8 regions of the photocaged 
5’-shifted cMYC-2345-53 G-quadruplex. Recorded with 8192x1024 points (800 MHz, 298 K) using a pulse-sequence with 
jump-return-echo water-suppression. (5 mM K-Pi buffer (pH=7.0), 298 K) 
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Figure 39: Assigned 2D-NOESY-spectra with characteristic H1-H1, H1-H8, H8-H8 and H1’-H8 regions of the photocaged 
3’-shifted cMYC-2345-33 G-quadruplex. Recorded with 8192x1024 points (600 MHz, 298 K) using a pulse-sequence with 
jump-return-echo water-suppression. (5 mM K-Pi buffer (pH=7.0), 298 K) 

Table 5: Chemical shifts of assigned H1 imino and H8 aromatic proton signals of photocaged cMYC conformations at 
298 K in 5 mM K+ (pH = 7.0). Referenced to DSS. 

 cMYC (53) [ppm] cMYC (33) [ppm] 
Residue H1 H8 H1 H8 

G2 11.67 8.05 11.75 8.07 
G3 11.52 7.77 11.42 7.75 
G4 11.34 7.80 11.24 7.79 
G6 - - 11.78 8.09 
G7 11.92 8.17 11.60 7.96 
G8 11.50 7.91 11.32 7.82 
G9 11.35 7.87 - - 

G11 12.02 8.12 12.13 8.28 
G12 11.40 8.00 11.40 7.92 
G13 11.05 7.83 11.08 7.83 
G15 11.44 8.06 11.40 8.05 
G16 11.37 7.99 11.45 8.00 
G17 11.15 7.69 11.27 7.71 
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4.3.2 Refolding into a Two-State G-Register Ensemble 

The refolding reaction was initiated by photolysis using the laser setup outlined in section 3.4. Time 

correlated single scan 1D spectra were recorded as pseudo-2D dataset and afterwards summed up to 

yield 64 scans per point in time. Kinetic traces for the refolding reaction were then extracted by plotting 

the respective signal intensities as function of time (Figure 40).  

 

Figure 40: Refolding transition of cMYC 2345-X3 G-register isomers. (a) Kinetic traces of individual imino proton signals 
(b), representative for the two folded conformations, shown in red (cMYC-2345-33) and blue (cMYC-2345-53). Fitting 
curves and residuals result from global fitting to the depicted kinetic model (c). 

The kinetic data reveal that the refolding process is slow, taking place for several hours at room 

temperature. The signals for the initially 100% populated single conformation decay, while signals for 

the second conformation build-up. These kinetics have been fitted globally according to a two-state 

kinetic model (Figure 40 c), yielding the rate constants kRF,53 and kRF,33 shown in Table 6. The 

observable rate constant kobs for the refolding process was derived from mono-exponential fitting. The 

rates are in good agreement if kobs = kRF,53 + kRF,33 is assumed (0.85 h-1 ≈ 0.9 h-1). 

Table 6: Kinetic rate constants for the overall refolding transition (kobs) derived from exponential fitting using non-linear 
regression and results from global fitting to the kinetic model depicted in Figure 40. For non-linear regression, the 
calculated standard error is within 5% as well as the error estimate from fitting residuals. 

 kobs [h-1] refolding rate [h-1] 

cMYC 
Refolding kRF,53 = 0.27 

0.85 kRF,33 = 0.63 

 

The two-state model is the simplest model that can be applied to this system of two conformations. 

Neither long-lived intermediate conformations can be detected, nor does the correlation between both 

traces indicate an accumulation of unfolded species.  
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The total signal intensity remains constant during the progression of the experiment. However, the 

overall kinetics are slow. The existence of any additional short-lived intermediate states (potentially 

unfolded states) that indicate more complex refolding cannot be postulated or precluded based on the 

experiments. 

4.3.3 Refolding into a Full Set G-Register Ensemble 

The refolding reported in 4.3.2, encompasses the two majorly populated cMYC G-register isomers 

2345-53 and 2345-33. To investigate the kinetic effect of the full conformational space of the 18-mer 

cMYC-2345 wt-sequence, a trapped conformation was prepared using a second photocage at the 

3’-terminal G-residue (G18). This position is replaced with a G-to-T mutation in all other presented 

experiments. Potentially, the incorporation of G18 into tetrad formation can yield two additional 

G-register isomers, resulting from a strand shift in the 3-terminal G-tract (namely the 35 and 55 

conformation).  

The incorporation of the second photocage was successful to trap the 53-conformation in a single 

folded state without further distortions to the structure (Figure 41 b). The refolding kinetics have been 

monitored after photolysis and analysed with mono-exponential fitting. The observable rate constant 

for refolding was obtained as a function of the build-up of the cMYC-33 conformation (Figure 41 c). 

The refolding (0.54 h-1) is ~36% slower compared to the two state refolding process between the 53 

and 33 conformations (0.85 h-1). This shows that the refolding process in the cMYC G4 forming 

sequence that is able to adopt all four possible G-register isomers is clearly more complex. The NMR 

spectrum after the refolding process shows additional imino proton signals that indicate a polymorphic 

ensemble with more than two populated conformations (Figure 41 a).  

The enlarged conformational space during refolding enables additional interactions in the transitory 

ensemble leading to kinetic traps that decelerate the process. These additional conformational states 

can only occur if the 3’-terminal G-tract (G-tract V) unfolds from the G4-core. 

 

Figure 41: 1H NMR spectrum of a) the 18-mer cMYC wt-sequence with all four possible G-register isomers in a native 
oligonucleotide; and b) with two (R)-NPE cages at position G6 and G18 (marked with X in the sequence, conformation-
53). c) Kinetic trace for light-induced refolding and mono-exponential fitting (red) to yield kobs. 
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4.4 G-Register Polymorphism in the hTERT Promoter G-Quadruplex 

The human TElomerase Reverse-Transcriptase (hTERT) gene promoter region possesses a G4 

forming element that has multiple G-rich strands, able to fold into a manifold of different G4 

conformations.102,103 Two co-existing conformations have been published for a 20 nt long sequence 

that can be found 60 nt upstream of the TSS.  

These conformations feature G-register isomerism as they incorporate different G-residues into the 

G4 tetrads. However, the reported conformations are markedly different, since they adopt either an 

all-parallel or a hybrid conformation. To investigate the G-register exchange dynamics in comparison 

to the reported kinetics of the cMYC G-register isomers, the same photocaging strategy was applied. 

For each oligonucleotide, two photocages have been incorporated to isolate a specific conformation, 

because the hTERT conformations distinguish for G-register shifts in G-tract I and II. The photocaging 

strategy was successful to trap and isolate the parallel and the hybrid conformations from the wt-

sequence (Figure 42). Some minor additional imino proton signals are visible that vanish immediately 

after uncaging. This set of signals might arise from different stacked photocage orientations. 

 

Figure 42: (a-c) 1D-1H-NMR spectra of a) native hTERT, b) trapped (caged) parallel conformation (red) and c) caged 
hybrid conformation (blue). (0.1 mM DNA, 5 mM K-Pi buffer (pH=7.0), 90/10:H2O/D2O, 700 MHz, 298 K, jr-echo 
water suppression) (d-e) CD-spectra of caged parallel (d) and hybrid (e) conformations. The spectra show characteristic 
signatures for all-parallel and hybrid G4 conformations. Assignment taken from Lim et al.102, #-signals have not been 
assigned due to spectral overlap. (10 µM DNA, 5 mM K-Pi buffer (pH=7.0), 298 K) 

The refolding kinetics have been measured and analyzed as described in 4.3.2. Figure 43 shows 

representative kinetic traces, starting from a caged parallel conformation. Fitted in blue is the decay of 

the parallel conformation, fitted in red the build-up of the hybrid conformation. The downfield-shifted 

signal (~13.6 ppm) can be assigned to an A1-T12 Watson-Crick base pair, which serves as a specific 

probe for the hybrid conformation.  
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The refolding reaction is slow with an observable rate constant (Table 7) that is comparable to the 

refolding of the cMYC G-register isomers.  

This observation was unexpected; as the initial hypothesis was that the refolding should be slower, due 

to a drastically greater degree of unfolding needed for interconversion of a hybrid to a parallel 

conformation. The postulation of an unfolded ensemble in the kinetic model (Figure 43 c) is based 

both on analysis of fitting statistics and rational considerations, because refolding between the two 

states necessarily requires unfolding to a significant extent. The residual plot shows ~5% systematic 

deviations for the fitting in the initial 2 h of the experiment, which gives indications for a more complex 

underlying mechanism. The kinetic model is however adequate to describe the overall refolding 

progression.  

 

 
Figure 43: Refolding transition of hTERT G-register isomers. (a) Kinetic traces of individual imino proton signals (b), 
representative for the two folded conformations, shown in red (hTERT hybrid) and blue (hTERT parallel). Fitting curves 
and residuals result from global fitting to the depicted kinetic model (c). 

 

Table 7: Kinetic rate constants for the overall refolding transition (kobs) derived from exponential fitting using non-linear 
regression and results from global fitting to the kinetic model depicted in Figure 43. For non-linear regression, the 
calculated standard error is within 5% as well as the error estimate from fitting residuals. 

 kobs [h-1] refolding rate [h-1] 

hTERT 
Refolding 

0.67 

kUF,35(hybrid) = 1.2 

kF,35(hybrid) = 491 

kUF,53(parallel) = 0.43 

kF,53(parallel) = 277 
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4.5 Activation Energies of G-Register Exchange Transitions 

The energy profiles of the G-register exchange transitions help to get mechanistic insight into the 

refolding processes of the inherently different G-register isomers in the cMYC (parallel to parallel) and 

in the hTERT G4s (parallel to hybrid).  

The refolding kinetics have been measured in the range between 288 and 308 K. Arrhenius analysis 

(Figure 44) of the temperature-dependent rate constants yields an apparent activation energy for 

refolding (Table 8). The apparent activation energies for cMYC do not significantly differ, if the 

experiment is started from the caged cMYC-18 2345-53 or cMYC-18 2345-33 conformation. For 

hTERT, the apparent activation energies are larger compared to cMYC, and do differ for the 

experiments that start either in the hybrid or parallel conformation. 

 
Figure 44: Arrhenius plots of activation energies for refolding of cMYC (a) and hTERT (b) G-register isomers. Apparent 
activation energies have been estimated using linear regression. Data points shown in red and blue represent individual 
experiments, starting from either of the two caged conformation at each temperature. 

Table 8: Apparent activation energies for the refolding reactions between 5’-shifted vs. 3’-shifted parallel conformations 
(cMYC) and parallel vs. hybrid conformations (hTERT). Refolding for cMYC is irrespective of the experimental starting 
point (caged 53 or caged 33 conformation).  

 cMYC hTERT 

apparent activation energies 

[kJ·mol-1] 
107 

hybrid: 128  

parallel: 120 

 

Melting temperatures (Tm) have been determined based on CD melting curves for all of the caged 

conformations (Figure 45). Melting temperatures are comparable to literature values (cMYC100,101 and 

hTERT102) and reflect the relative population of the coexisting conformations. This is not a trivial 

finding, as it indicates that for the selected caged conformations no stabilizing or destabilizing effect 

from the photocages can be observed. The melting curve of the hTERT hybrid conformation is 

significantly broader than the melting curves from the other G4 conformations and has is not perfectly 

sigmoidal. This gives indications for a multiphasic, more complex unfolding behaviour of the hybrid 
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conformation. The given Tm is a superposition of those individual steps, which suggests that unfolding 

steps with higher energetic barriers exist. 

 
Figure 45: CD melting curves of all investigated caged G4 conformations in the range between 25-95 °C. Tms have been 
calculated using sigmoidal fitting. The melting curve for hTERT hybrid (c) indicates multiphasic melting transition. 

Table 9: Melting temperatures Tm of the caged G4 conformations from cMYC and hTERT, derived from sigmoidal fitting 
of CD melting curves. 

DNA (caged conformation) Tm [°C] 
cMYC 2345-53 69.7 ± 0.2 
cMYC 2345-33 73.2 ± 0.2 
hTERT (hybrid) 57.4 ± 0.9 
hTERT (parallel) 64.2 ± 0.2 

The apparent activation energies do not allow evaluating directly the degree of unfolding during the 

refolding process. The calculated apparent activation energies are derived from observable rate 

constants (exponential fitting) and these relaxation rates cannot be directly assigned to a single rate 

constant in the proposed kinetic models. They further reflect the energy barriers of the rate-limiting 

steps during refolding, which is not directly linked to the overall thermal stability of the respective 

conformations. However, if the thermal stabilities for all conformations would be equal and the same 

refolding mechanism would be assumed (progressing through the same transitory ensemble), and 

then comparable activation energies must be expected. Here, opposing trends for these parameters 

have been observed: the ratio for the mean thermal stabilities for the cMYC G-register isomers 

compared to the hTERT G-register isomers is ≈1.0:0.84, which means that hTERT has a 16% 

decreased thermal stability compared to cMYC. The ratio for the apparent activation energies for 

refolding is ≈1.0:1.2, which means that hTERT requires a 20% higher activation energy for refolding 

(20% slower observable rate constant in refolding).   
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4.6 Folding Initiation in Pre-Equilibrated K+-Solution 

4.6.1 Dynamics of Thermally-Induced (Un)-Folding of G-Register Isomers  

All of the above-discussed investigations of G-register isomer dynamics have been conducted with 

oligonucleotides constituted of the wt-sequences. These oligonucleotides have been chemically 

modified to transiently disturb the native constitution and hence the native distribution of 

conformation populations. However, the nucleotide sequences of the oligonucleotides can also be 

modified with single nucleotide mutations. In this way, all relevant G-register isomers of the cMYC and 

hTERT G4 can also be isolated and separated permanently in four different oligonucleotides. These 

stable oligonucleotides also yield single conformations, but cannot refold from one conformation to 

another. Analysis from thermal melting profiles can yield kinetic information for unfolding and folding 

of distinct conformations. Rapid cooling or heating causes different cooling and heating profiles in 

denaturation experiments with shifted apparent melting temperatures. The observation of thermal 

hysteresis for the folding and unfolding of the G4 conformations provides quantitative information on 

the underlying rate constants at which thermal folding and unfolding occurs. These experiments based 

on thermal hysteresis (TH) and their kinetic analysis have been presented by A. K. Mittermaier and 

co-workers.101,142,737 The herein presented results from these experiments and their quantitative analysis 

have been done by Robert W. Harkness and Christopher Hennecker in the group of A. K. Mittermaier 

(McGill University, Canada). They are co-authors of the publication Grün et al. 2020.732 Experimental 

details can be found there, the findings are briefly summarized in this chapter for a comprehensive and 

conclusive discussion.  

Melting profiles have been monitored with UV-vis absorbance at 295 nm, with scan rates of 1, 2, 3 and 

4 °C·min-1. Based on the analysis of the thermal hysteresis (TH) experiments the refolding process was 

simulated according to the kinetic models depicted in Figure 46. These simulations yield apparent 

activation energies and rate constants shown in Table 10. Note, that the kinetic models must include 

unfolded states, because the experiments report on (complete) thermal unfolding (and folding). This 

can be in thermodynamic aspects fundamentally different from the isothermal refolding reported from 

the light-induced NMR experiments. 

Table 10: Apparent activation energies and rate constants extracted from simulations for refolding between the G-register 
isomers in cMYC and hTERT. The simulations are based on rate constants for folding and unfolding that have been 
extracted from thermal hysteresis experiments. These experiments cannot account for direct conversion/refolding, but 
measure two-state transitions between folded and unfolded states. 

 conformation app. activation energies 
Erelax [kJ·mol-1] 

app. rate constants 
krelax [h-1] 

cMYC 
5’-shifted (53) 129 ± 2 0.15 ± 0.01 

3’-shifted (33) 129 ± 2 0.15 ± 0.01 

hTERT 
parallel (53) 144 ± 4 0.93 ± 0.03 

hybrid (35) 146 ± 1 0.33 ± 0.01 
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Figure 46: Kinetic models used for the simulation of refolding kinetics between the G-register isomers in cMYC (a) and 
hTERT (b). Shown in grey are additional states that have been proposed for hTERT, but are not significantly populated in 
equilibrium (Figure 42 and Phan et al.102). Analysis and experimental data for these conformations are discussed in detail 
in Grün et al..732 

For hTERT, the mean of the predicted apparent rate constants calculated for a refolding according to 

the kinetic model depicted in Figure 46 b, is in good agreement with the NMR derived rates 

(NMR: 0.67 h-1; TH: 0.63 h-1). For cMYC in contrast, the predicted apparent rates derived from TH 

according to the kinetic model depicted in Figure 46 a) are slower by a factor of ~6. The apparent 

activation energies calculated from TH are ~13% larger for hTERT and ~20% larger for cMYC 

compared to the NMR derived activation energies for isothermal refolding. Given the very different 

experimental approaches, the agreement for hTERT is still remarkable, even though it is significantly 

different. For cMYC, the apparent activation energies are somehow not comparable anymore for the 

two experimental results and their underlying models. Both the comparison of kinetic rates and the 

apparent activation energies are overall in good agreement for hTERT. This implies that the model, 

which has been proposed for the analysis in both kind of experiments, is suitable to describe the 

observed refolding process. For cMYC, the drastic differences in TH and isothermal NMR experiments 

imply that no complete unfolding occurs for the G-register exchange process. 

The kinetic and energetic parameters from TH experiments have however not been determined 

directly, because in these experiments the two conformations are separated by mutations. The primary 

results from the TH experiments is folding (and unfolding, not shown) rates for the single 

conformations, given in Table 11. Most remarkably, the folding rates for both cMYC G-register isomers 

is approx. 10³-times faster as the K+-induced folding rates from the NMR experiments (~35 h-1 for 53 

and ~25 h-1 for 33). 

Table 11: Apparent activation energies and rate constants extracted from TH experiments for the thermal folding of G-
register isomers in cMYC and hTERT.  

 conformation app. activation energies 
EF [kJ·mol-1] 

app. rate constants kF 
[h-1] 

cMYC 
5’-shifted (53) -75 ± 4 3800 ± 700 

3’-shifted (33) -73 ± 3 6000 ± 1000 
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4.6.2  Light-Induced Folding into G-register Isomers 

To scrutinize the drastic differences in the folding rates for thermally induced folding in the TH 

experiments and K+-induced folding in the NMR experiments, the photocaging strategy was expanded. 

An unfolded state in the presence of K+ has been prepared, by introducing a total of three (R)-NPE 

photocages to the cMYC-2345-wt 18-mer. This strategy was successful to prevent completely the 

folding of the G4 forming oligonucleotide in the presence of K+ and at ambient temperatures 

(Figure 47 b). The characteristic region for imino proton signals in slow exchange that shows 

Hoogsteen base pair interactions does not indicate any kind of pre-folded structures. The photolysis 

reaction is complete within 4 s of laser irradiation and the folded state can be recaptured after 

isothermal folding. The folding reaction here is accelerated by a factor of ~10³ (mono-exponential 

fitting yields an approximation of ~6300 h-1), compared to K+-induced folding. Folding of the isolated 

53-isomer is monophasic in good approximation. This folding relaxation time is in the range of the 

observed kinetics for thermal folding in the TH experiments (4.6.1).  

 

Figure 47: 1H NMR spectrum of a) the 18-mer cMYC 53-sequence in a native oligonucleotide; and b) with three (R)-NPE 
cages at position G8, G12 and G16 (marked with X in the sequence, conformation-53). c) Kinetic trace for light-induced 
folding and mono-exponential fitting (red) to yield kobs. 

Two major effects can account for the differences in the observed kinetics. (i) While the initial folding 

experiment was induced by addition of K+, the folding experiment in Figure 47 and in TH was initiated 

in a pre-equilibrated K+ solution. (ii) Folding in the TH experiments and the light-induced folding 

have been measured on cMYC sequences with a single isolated G-register isomer (53), while the initial 

folding experiment (4.2) reports on folding of a sequence that can fold into both G-register isomers 33 

and 53.  

To quantify these effects, the 18-mer cMYC-2345-wt (X3) that can fold in both G-register isomers has 

been trapped in an unfolded state following the same photocaging strategy. Figure 48 shows that this 

sequence can also be trapped in a mainly unfolded state. However, broad signals between 10.9 and 

11.5 ppm indicate that in this case some pre-structured conformations can be formed. This nicely 

highlights the challenge to prevent base pair interactions in G4 forming oligonucleotides. Here, the 

addition (or better remaining with respect to the wt-sequence) of only a single G-residue enables at 



G-Register Exchange Dynamics 

 
76 

least some extent of pre-formation. Therefore, a quantification of this experiment (in comparison to 

other light-induced folding experiments presented within this thesis) must be taken with caution. The 

fits to the kinetic traces shown in Figure 48 c, are meant to represent a trend in the folding kinetics. 

What can be qualitatively stated is that for the overall folding (integration between 10.8 – 12.2 ppm, 

black dots) is clearly biphasic.  

The separated, conformation-specific traces follow again the same trends observed for the K+-induced 

folding, with a kinetic overshoot of the 33-isomer and subsequent re-equilibration. The initial folding 

phase (for overall folding) is finished within the dead time of the experiment, which is approximately 

~50% faster compared to folding of the isolated 53-isomer (Figure 47). The subsequent refolding 

within the following ~5 minutes is ~10²-times faster than the refolding after K+-induced folding. The 

amplitude of the subsequent, slower refolding dynamics to reach the thermodynamic equilibrium is 

smaller than for the K+-induced folding experiment. 

 

Figure 48: 1H NMR spectrum of a) the 18-mer cMYC X3-sequence with two possible G-register isomers in a native 
oligonucleotide; and b) with three (R)-NPE cages at position G8, G12 and G16 (marked with X in the sequence, 
conformation-53). c) Kinetic trace for light-induced folding and bi-exponential fitting to show the trends in the folding 
kinetics (yellow, estimate for the relaxation time). Shown in black is the kinetic trace for the overall folding (normalized 
integration from 10.8 - 12.2 ppm). Shown in red (33) and blue (53) are the conformation-specific kinetic traces with 
exponential fits to show the trend in the refolding, subsequent to initial folding. 

 

4.7 Conclusions 

The major G-quadruplex conformation of the cMYC NHE-III1 G4 forming sequence is able to adopt 

up to four different folded loop-isomers with all-parallel topology that are related by a G-register shift 

in the G-tract III or V (either 5’-shifted: 5; or 3’-shifted: 3, to yield 53, 33, 35 and 55). The folding and 

refolding kinetics of the two majorly populated101,142 G-register isomers 2345-53 and 2345-33 have 

been investigated in this chapter. Time-resolved NMR experiments of the folding process that were 

initiated either by rapid addition of K+ (4.2) or by photolysis of multiple photocages (4.6.2) revealed 

a kinetic partitioning mechanism for the folding of the two co-existing G-register isomers. Folding is 

fast and proceeds on two parallel pathways that directly yield the isomeric folded states. Subsequent to 

this initial phase, a slower refolding takes places with an observable rate constant of ~0.9 h-1. The 
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refolding kinetics back to the conformational equilibrium between the two states have been delineated 

with light-induced experiments of photocaged isolated single conformations (4.3). The kinetics and 

activation energies (4.5) for two-state cMYC G-register exchange refolding (both parallel 

conformations) have been compared to two G-register shift related conformations in the hTERT 

promoter G4 (hybrid and parallel, 4.4). Finally, the isothermal NMR experiments have been cross-

evaluated with an experimental approach based on thermal hysteresis for rapid thermal folding and 

unfolding (4.6.1). It was demonstrated that the presented photocaging strategy for conformational 

selection and conformational suppression of G4 states is a superior approach to unravel the kinetics of 

G-register exchange dynamics. It allows the observation of undisturbed relaxation dynamics for native, 

unmodified (after photolysis) oligonucleotides under isothermal and physiological relevant 

conditions. 

The experimental data give striking evidence that the underlying refolding mechanisms for the 

different types of G-register exchange dynamics are fundamentally different (Figure 49). For hTERT, 

the evaluation of all presented experiments are in accordance with an unfolding-folding mechanism. 

The observed kinetics for isothermal refolding of the two G-register isomers in cMYC is 6x faster than 

expected for a complete unfolding-folding mechanism (estimated from thermal hysteresis 

experiments). A putative species of the transitory ensemble could be a triplex-like strand orientation 

that allows persisting tetrad scaffolds. The respective G-tract can be imagined as shifting or sliding 

along this remaining G4 core. However, the real physics of the transitory ensemble are probably better 

described by compacted coil-like structures.162,163 

 
Figure 49: Kinetic models for the folding and refolding dynamics of G4-conformations that are related by a formal shift of 
G-registers with respect to the G4-core tetrads. (a) Model for the hTERT G4 ensemble with a co-existing hybrid and 
parallel conformation. (b) Model for the cMYC-2345 G4 ensemble with two co-existing parallel conformations. 

The slow refolding kinetics for the G-register exchange dynamics exceed the timescales of biologically 

relevant processes by orders of magnitude (2.2.3). Therefore, the observed off-equilibrium distribution 

of G-register isomers directly after folding has to be taken into account for a structural evaluation of 

so-called “major” conformations in polymorphic G4 ensembles.  
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5 Spare-Tire Exchange Dynamics 

5.1 Overview 

Many G-quadruplexes have additional G-tracts (>4) that enables them to adopt different G-tract/loop 

isomers (2.1.3, 2.3.3). This non-canonical structural feature (2.1.3) is referred to as spare-tire 

isomerism. Accordingly, within this chapter the respective isomers will be referred to as “spare-tire 

isomers”.  

As discussed and outlined above (4.6.2), folding kinetics following a K+-induced folding are 

remarkably slower than folding kinetics following folding initiation from uncaging or renaturation 

from a thermally denatured state. The successful approach of caging a completely unfolded state in the 

presence of K+ was applied to investigate the folding kinetics of the cMYC G4 element in more detail. 

To separate and deconvolute pure spare-tire exchange from G-register exchange dynamics, the 

sequence has been adapted to preclude the formation of G-register isomers (Figure 50). This sequence 

is called “wildtype”, with respect to the possibility to form all possible spare-tire isomers. 

 

Figure 50: Depiction of the 22-mer sequence from the NHE-III1 in the cMYC promoter region including G-tracts I-V 
(numbered from 5’-to-3’ direction). Positions that were mutated (G-to-T) to preclude G-register isomers are indicated. 
Figure has been adapted according to the publications from the Hurley group.99,452 

 

The main results presented here have been published in Grün et al. 2021,733 accepted manuscript 

(published online) (doi: 10.1021/jacs.1c01089). All shown figures have been created originally by me 

(the author of this thesis) and are presented modified or unmodified as compared to the published 

version: Reprinted (adapted) with permission from J. Am. Chem. Soc. 2021, published online. 

(doi: 10.1021/jacs.1c01089) Copyright 2021 American Chemical Society. 
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5.2 Light-Induced Folding of Caged Spare-Tire-Isomers 

5.2.1 Trapping Completely Unfolded Spare-Tire Isomers with Multiple Photocages 

Here, the 22-nt long cMYC sequence was used to investigate the folding of the entire G4 forming 

sequence that spans all five (1-5) G-rich tracts. This sequence is able to fold into three distinct folded 

G4 conformations (Figure 51 b), namely the 5’-terminal conformation (5’-1234, abbr. 1234), a long-

looped conformation (5’-1245, abbr. 1245) and the 3’-terminal conformation (5’-2345, abbr. 2345). 

Figure 51 a shows the characteristic imino proton region of the 1H 1D spectrum of the cMYC-22 wt-

oligonucleotide. Wildtype here however should not be misleading, since in fact already mutations have 

been applied to lock a single G-register isomer for the 2345 conformation (G9T and G22T, resulting 

in cMYC-2345-53, see Figure 50). Following the distribution of populated conformations for the G4 

isomers, 2345 will be called the major conformation and 1234 as well as 1245 will be called minor 

conformations. 

 
Figure 51: (a) N-H1 imino proton characteristic region of a 1H-1D NMR spectrum (700 MHz, 298 K, excitation sculpting, 
100 µM DNA, 5 mM K-Pi-buffer, pH=7.0) of wt-cMYC-22 and (b) simplified schematic representation of the spare-tire 
isomers. 

To cage the cMYC-22-wt-12345 oligonucleotide in an unfolded state, three (R)-NPE-cages have been 

placed at the respective positions in G-tract III, IV and V (Table 12). The three different spare-tire 

isomers (1234, 1245 and 2345) have been separated and isolated in three different oligonucleotide 

sequences with G-to-T mutations in the respective G-tracts. In the folded state, these stabilized 

oligonucleotides can adopt only a single conformation, as the other spare-tire conformations cannot 

fold anymore. For each of these stabilized oligonucleotides then also up to three (R)-NPE-cages have 

been attached at different G-tracts to trap them in an unfolded state (Table 12). The photocaging 

strategy was successful to trap the oligonucleotides in an unfolded state. 



Spare-Tire Exchange Dynamics 
 

 
81 

Table 12: Sequences and position of (R)-NPE-photocages of wildtype and stabilized spare-tire isomers. The wildtype 
sequence here denotes the 53-isomer only. (X = (R)-NPE-dG) 

loop-isomer oligonucleotide-sequence 

       I    II     III   IV     V 

wt-12345 T GGG A GGG TT GXG A GXG T GXG T 

stab.-1234 T GGG A GGG TT GXG A GXG T TTT T 

stab.-1245 T GGG A GXG TT TTT A GXG T GXG T 

stab.-2345 T TTT A GGG TT GXG A GXG T GXG T 

 

The 1H 1D spectra (Figure 52) show no signals in the characteristic region for N-H1 imino protons 

with Hoogsteen base pair interactions (10.4 – 12.5 ppm). From these spectra, the formation of any 

pre-folded states can be precluded. For partially folded or pre-folded states, at least broad signals would 

be expected, arising from interactions in the intermediate exchange regime.  

 

Figure 52: N-H1 region of 1H 1D NMR-spectra of caged and native (uncaged) oligonucleotides for cMYC-22 wildtype (a) 
and spare-tire isomers (b-d), (700 MHz, 298 K, excitation sculpting, 100 µM DNA, 5 mM K-Pi-buffer, pH=7.0). 

 

5.2.2 Light-Induced Folding Kinetics under Pre-Equilibrated K+ Conditions 

Starting from these photocaged unfolded states, folding was triggered with 4 s of laser irradiation (3.4). 

The folding reactions were monitored using a pseudo-2D experiment that records a series of 1H 1D 

spectra with jump-return-echo water suppression optimized for the detection of imino protons 

(700 MHz: d19 = 50 µs). The signals in the spectral region between 10.8-12.1 ppm (see also Appendix 

6.2, Figure 67) have been integrated and the normalized signal intensity was plotted to yield kinetic 

traces for the build-up rate of the G4-specific imino protons (Figure 53).  
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Figure 53: Plots of kinetic traces for light-induced folding of cMYC-22: wildtype (a, grey), major spare-tire isomer 2345 (b, 
magenta) and minor spare-tire isomers 1234 (c, green) and 1245 (d, blue). The plots show the normalized signal intensity 
for imino proton signals in the range between 10.8-12.1 ppm. Fits using bi-exponential non-linear regression are shown in 
yellow. (100 µM DNA, 5 mM K-Pi-buffer, pH=7.0). 

At room temperature the folding kinetics are sufficiently slow (s-min) to trace them, even after 4 s of 

laser irradiation, which is the initial dead time within the experiment. The time resolution between two 

points (1 scan per point) is ~1.155 s. All four folding kinetics (wt and three stabilized isomers) are 

clearly biphasic, with an initial faster folding regime and a subsequent slower folding regime. This 

statement is not meant to declare that the underlying folding process is only biphasic, but it can be 

multiphasic with convoluted kinetic steps. Based on the observable biphasic behaviour, the kinetics 

have been fitted with bi-exponential non-linear regression, which yields excellent representations for 

the folding reactions. The observable kinetic rate constants for folding as well as the amplitudes for the 

folding phases are given in Table 13.  

Table 13: Observable kinetic rate constants (k1, k2) for light-induced folding of cMYC-22 spare-tire isomers obtained from 
bi-exponential fitting. The ratio k1:k2 describes the relative amplitudes of the folding phases. 

isomer k1 [h-1] k2 [h-1] k1 : k2 
stab.-1234 110 ± 16 17 ± 13 0.26 : 0.74 
stab.-1245 119 ± 18 35 ± 5 0.56 : 0.44 
stab.-2345 461 ± 22 22 ± 8 0.94 : 0.06 
wt-12345 348 ± 13 16 ± 1 0.80 : 0.20 
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The folding kinetics of cMYC-22 have been compared to folding of shortened oligonucleotides, 

cMYC-18. Here no mutations are needed, because truncation of the 5’-termial or 3’-terminal spare-tire 

preserves for alternative G-tract interactions. Table 14 shows the sequences for the 5’-truncated 

(short-1234) and 3’-truncated (short-2345) oligonucleotide. The cMYC-18-short-2345 sequence is 

comparable to the cMYC-18-X3 sequence used in (4.6.2), but with a G6T mutation, that locks the 

53-G-register isomer. 

Table 14: Sequences and position of (R)-NPE-photocages of shortened 5’-terminal and 3’-terminal conformations 
(cMYC-18). (X = (R)-NPE-dG) 

loop-isomer oligonucleotide-sequence 
    I    II     III   IV     V 
short-2345 
short-1234 

      A GGG TT GXG A GXG T GXG T 
T GGG A GXG TT GXG A GXG T 

 

Figure 54 shows the kinetic traces and bi-exponential fits of the light-induced folding. Here, again 

folding is clearly biphasic with the kinetic rate constants given in Table 15. Noteworthy, the kinetics 

are significantly accelerated compared to folding of the full-length stabilized spare-tire isomers. The fast 

folding phase for folding of 2345 cannot be quantified; hence folding is accelerated at least by a factor 

of ~6.5 (as estimated from the experimental dead time).  

 
Figure 54: Plots of kinetic traces for light-induced folding of cMYC-18 (shortened 5’-terminal (1234, a) and 3’-terminal 
(2345, b) conformations). The plots show the normalized signal intensity for imino proton signals in the range between 
10.8-12.1 ppm. Fits using bi-exponential non-linear regression are shown in yellow. (100 µM DNA, 5 mM K-Pi-buffer, 
pH=7.0). 

Table 15: Observable kinetic rate constants (k1, k2) for light-induced folding of cMYC-18 spare-tire isomers (1234 and 
2345-53) obtained from bi-exponential fitting. The ratio k1:k2 describes the relative amplitudes of the folding phases. 

loop-isomer k1 [h-1] k2 [h-1] k1 : k2 

short-2345 (53) n.d. 45 ± 3 0.92 : 0.08 

short-1234 86 ± 10 11 ± 2 0.74 : 0.26 
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5.2.3 Intermediate Formation and Folding Pathway for cMYC-1234 

At lower temperatures (285 K), folding of cMYC-1234 revealed the formation of a long-lived 

intermediate state. In total eight additional imino proton signals build up after photolysis, mainly 

shifted to the downfield region (>12 ppm, Figure 55 a). The additional signal build up in parallel to 

the build-up of imino proton signals that are conformation specific for the 1234 conformation (see also 

Appendix 6.2, Figure 67).  

 
Figure 55: (a) Imino proton NMR spectra of stabilized 1234 at indicated times after light irradiation. (b) Kinetic traces for 
light-induced folding of stabilized 1234 spare-tire isomer. Shown in green is the trace of only a single conformation-specific 
signal and shown in red the conformation-specific signals for the intermediate conformation. (c) Shown in turquoise is the 
kinetic trace for the overall folding (10.8 – 12.4 ppm). Kinetic fits arise from fitting according to a kinetic model (Figure 56, 
3.3) with the respective residual plots shown below. 

Figure 55 b shows two kinetic traces from conformation specific (1234: green, intermediate: red, 

[12.1-12-4 ppm]) imino proton signals. After ~4 min, the kinetic trace for the intermediate 

conformation reaches a maximum at ~20% of the normalized total signal intensity in equilibrium. 

Afterwards it decays over a period of about 1 h until the peaks completely vanish. Figure 55 c 

(turquoise) instead shows the integrated peak intensity between 10.8-12.4 ppm, which reflects the 

overall, conformation independent folding progression. The overall folding is strictly separated in two 

regimes. The initial folding phase is significantly accelerated in comparison to the conformation 

specific folding of 1234 alone. The initial folding phase then abruptly passes into a slower phase, after 
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the maximum intensity for the intermediate conformation is reached. This kinetic behaviour is 

expected for parallel folding pathways, which defines the intermediate as off-pathway with respect to 

the exclusively populated 1234 conformation in equilibrium. The kinetic traces in Figure 55 b have 

been fitted to a kinetic model that accounts for parallel folding pathways (Figure 56). The fitting 

procedure (3.3) used global fitting and yields a prediction for the folding kinetics with the respective 

kinetic rate constants given in Table 16. 

 

Figure 56: Kinetic model for parallel folding pathways of 1234. The initial folding is irreversible, as the completely 
(potentially random coil like) unfolded state with photocages cannot be recovered. The ensemble of partially unfolded 
states accounts for any “not-folded” species. 

Table 16: Kinetic rate constants from global fitting for folding of 1234 at 285 K according to the kinetic model depicted in 
Figure 56. The calculated error is within 5% as well as the error estimate from fitting residuals. 

fitted rates [h-1] 
intermediate 1234 

kF,off 272 kF,off 496 
kF,IM 7.44 kF,1234 62.7 

kUF,IM 0.00136 kUF,1234 29.3 
 

To support the kinetic NMR data, time-resolved CD spectra have been measured. CD-spectroscopy 

can help to elucidate the secondary structure formation.569,571 The CD-cuvette was attached to the 

355 nm laser-setup that has also been used for real-time NMR experiments in a self-designed 

experimental setup (3.2). After manually triggered laser-irradiation, CD-spectra in the range between 

250-300 nm (Figure 57 a, 6 s interval) or single wavelength measurements at 290 nm (Figure 57 b, 1 s 

interval) have been acquired. Peaks in the CD-spectra give hints for the folding topology of G4s: 

positive bands at ~260 nm show all-parallel folds and positive bands at ~290 nm show anti-parallel (or 

hybrid) folds.170,571 

The time-resolved CD-spectra show that while the intensity of the band at 260 nm steadily increases, 

a small band at 290 nm again shows an intermediate build-up curve. The kinetic trace of this 

intermediate band at 290 nm then was normalized and plotted together with the kinetic trace obtained 

from time-resolved NMR-spectra. The traces obtained from both methods are completely 

superimposable, which allows concluding that the topology of the intermediate state is in an 

anti-parallel conformation. 
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Figure 57: Time-resolved CD data for light-induced folding of 1234. (a) Series of time-resolved CD spectra in the range 
between 250 – 300 nm. (b) Normalized overlay of the kinetic trace for an intermediate conformation obtained from NMR 
(12.1 – 12.4 ppm red) and from CD (290 nm) spectroscopy. 

 

5.3 Temperature Dependence of Folding 

Light-induced folding has been investigated at variable temperatures in the range between 285 and 

310 K. The kinetics for each isomer at every temperature have been fitted with bi-exponential 

non-linear regression to yield observable rate constants k1 and k2. Arrhenius plots of the apparent 

kinetic rate constants are shown in Figure 58 and they show that the temperature difference for folding 

of each of the isolated spare-tire isomers is fundamentally different.  

 

Figure 58: Arrhenius plots for temperature dependent light-induced folding of cMYC-22 spare-tire isomers. (a-c) have been 
fitted with linear regression, dashed lines in (d) connect the individual experimental points without underlying fitted model 
to follow the trend. 
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The observed apparent activation energy barriers are derived from observable rate constants and 

cannot be assigned directly to distinct kinetic steps during the complex folding process. They are a 

superposition of different energy barriers from individual rate constants that are involved in the folding 

mechanism. These barriers give strong indications for the rate-limiting barriers during folding. 

Both the wildtype sequence and the isolated 1234 conformation have a linear Arrhenius correlation 

with a positive apparent activation energy barrier. The isolated 2345 conformation instead has a linear 

Arrhenius behaviour with a negative apparent activation energy barrier. The calculated apparent 

activation energies are given in Table 17. The 1245-conformation shows non-Arrhenius behaviour in 

the temperature range between 285 and 310 K.  

Table 17: Calculated apparent activation energy barriers for cMYC-22 spare-tire isomers, derived from observable rate 
constants k1 and k2. The energies are calculated from Arrhenius analysis shown in Figure 58. 

isomer ΔEA1 [kJ·mol-1] ΔEA2 [kJ·mol-1] 
stab.-1234 6.4 ± 3.5 54.9 ± 9.9 
stab.-1245 - - 
stab.-2345 -25.0 ± 2.3 -71.8 ± 1.4 
wt-12345 29.6 ± 8.9 59.7 ± 2.4 

 

The positive activation energy barrier for folding of the stab.-1234 isomer can be explained with the 

formation of off-pathway intermediate conformations that need to be unfolded. The observed 

anti-parallel species presented presumably gives major contributions to the observed total energy 

barrier, but the activation energy does not necessarily reflect the unfolding energy of only this 

NMR-visible conformation. 

The fast folding relaxation time of the isolated stab.-2345 isomer and the negative apparent activation 

energy barrier, indicate a mainly entropically driven, close to funnel-like folding process for this 

conformation. The conformational space during folding is drastically reduced for this sequence, since 

both the formation of G-register isomers and the competing spare-tire isomers is precluded. 

Nevertheless, the folding kinetics are remarkably slower than those obtained for the 18-mer 

cMYC-2345 sequences (4.6.2 and Figure 54; both with and without possible G-register formation). 

This points to (i) an influence of the flexibility of the 5’-tail and (ii) possible transient base pair 

interactions with the 5’-elongated nucleotides. These interactions are precluded in the folding 

experiments of the short cMYC-2345 oligonucleotides, which further guides an optimized folding 

process. 

Folding of the 3’-terminal (2345) and 5’-terminal (1234) conformations mark limiting regimes for 

either (i) pronounced kinetic partitioning with intermediate formation or (ii) close to funnel-like 

folding. The non-Arrhenius temperature dependence for the isolated stab.-1245 isomer indicates that 
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here folding takes place in an interesting junction region on the folding energy landscape. At lower 

temperatures, folding is rate limited by unwinding kinetic traps with energy barriers, while at higher 

temperatures the process gets more entropy driven, with only a negative observed folding energy 

barrier. 

Different kind of possible off-pathway interactions and transient kinetic traps might be present in the 

folding of the wt-sequence that shows a positive apparent activation energy barrier. This energy reflects 

refolding barriers from any possible microstates in the large conformational space of the wt-sequence 

that have to be overcome. To examine, if these off-states possibly involve fully folded minor 

conformations (spare-tire isomers 1234 and 1245), refolding from these states was investigated. 

 

5.4 Light-Induced Refolding of Caged Meta-Stable Minor Conformations 

5.4.1 Conformational Selection 

In chapter 4.3.1 a strategy to trap and isolate single folded G4 conformations has been presented using 

site-specific suppression of Hoogsteen-interactions with (R)-NPE-photocages. This strategy has been 

applied to trap the minor conformations 1234 and 1245. Figure 59 shows the 1D 1H NMR spectra in 

the relevant Hoogsteen base paired imino proton ppm-range for caged wt-1245 (G12 caged, b) and 

wt-1234 (G20 caged, c) and a spectrum of the native (uncaged) wt after complete relaxation (a). The 

spectra clearly show that the conformational selection was successful and that single conformations 

could be isolated. The caged wt-1245 however shows additional imino proton signals (marked with #) 

that might indicate the formation of a second (or partially folded) conformation. 

 
Figure 59: Trapped minor conformations as meta-stable states of cMYC-wt-1234 (G20 caged) and cMYC-wt-1245 (G12 
caged). Before (b, c) and after uncaging (a, complete relaxation). (700 MHz, 298 K, excitation sculpting, 100 µM DNA, 
5 mM K-Pi-buffer, pH=7.0). (*) indicates caging positions to yield 1245 (blue) or 1234 (green). (#) indicates an additional 
set of signals for the photocaged conformation. 
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Figure 60 shows a comparison of the caged spectrum (lower) and a spectrum directly after uncaging 

(upper, 4 s laser irradiation +1.15 s acquisition time). The marked, additional signals are completely 

vanished, before any kind of spectral changes can be observed. Similar observations were made for the 

caged parallel-hTERT conformation (chapter 4.4, Figure 55). It cannot be completely ruled out that 

these kind of signals arise from partially unfolded or otherwise disturbed folded conformations. 

However, two findings strongly oppose that assumption: (i) the very sharp linewidth that indicate a 

defined state in the slow exchange regime; and (ii) the very fast decay of the signals in comparison to 

even the fastest folding, unfolding or refolding transitions for all of the investigated G4 dynamics. 

Furthermore, this would imply either that these “destabilized” conformations, after uncaging, convert 

directly to the completely folded conformation or that they completely unfold. If that were correct, a 

rapid folding of a stable G4 conformation must be expected. The NMR-spectra rule that out. 

Therefore, a likely explanation for these signals could be alternative arrangements (e.g. stacking) of the 

(R)-NPE-residues that cause perturbed chemical shifts. This explanation would be in line with a 

moderate shift of the imino proton signals after uncaging that has been observed for the trapped G4 

conformations. 

 

Figure 60: Trapped minor conformations as meta-stable states of cMYC-wt-1245 (a) and cMYC-wt-1234 (b). Before 
(lower spectra) and directly after uncaging (upper spectra) (700 MHz, 298 K, jump-return-echo, 100 µM DNA, 5 mM 
K-Pi-buffer, pH=7.0) (#) indicates an additional set of signals for the photocaged conformation. 

 

5.4.2 Refolding Kinetics 

After quantitative uncaging, the native oligonucleotides are released, persisting in their initially folded 

G4 conformation. No additional imino proton signals were observed within a short time after 

photocleavage of the caging-groups, which would indicate the presence of additional conformations. 

Hence, the starting point of the experiments represents the unperturbed, native state of the single 

spare-tire G4 conformations. This exclusive population of the minor conformations could otherwise 

not be observed for the wildtype cMYC-sequence. 

The initial conformations then decay over a period of several hours, while signals for the major 

conformation 2345 rise up (Figure 61). The kinetics for both the unfolding of the minor 

conformations and the subsequent folding of the major conformation are correlated and progress 

coherently. The observable rate constants have been obtained from a global fit of both traces with 

double mono-exponential non-linear regression (Table 18).  
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At room temperature, a complete refolding of the minor conformations to the major conformation was 

observed. Hence, the minor conformations are completely meta-stable. Arrhenius analysis of 

temperature dependent refolding allows an estimate for the apparent activation energy of refolding 

(Table 18). 
 

 
Figure 61: Refolding transition of trapped meta-stable cMYC-22 spare-tire isomers 1234 and 1245 at 298 K. (a, b) Kinetic 
traces of individual imino proton signals, representative for the two folded conformations (magenta: 2345, green: 1234, 
blue: 1245). Fitting curves from global mono-exponential regression are shown in yellow. (c, d) Arrhenius analysis with 
linear regression to calculate apparent activation energies for refolding (Table 18). 

Table 18: Observable rate constants for refolding of trapped conformations 1234 and 1245 from the 22-mer cMYC-wt 
oligonucleotide. Apparent activation energies have been calculated from Arrhenius analysis (1234: 285 – 310 K; 1245: 
298 – 310 K). 

loop-isomer kobs [h-1] ΔEA [kJ·mol-1] 
caged-1234 0.302 ± 0.006 116 ± 8 
caged-1245 0.163 ± 0.001 116 ± 19 

 

For the 1234 conformation, a complete refolding was observed even at 285 K. For the 1245 

conformation, at lower temperature (285 K), no refolding and no formation of conformation 2345 was 

observed (Figure 62). This is unexpected with regard to the calculated apparent activation energies of 

1234 and 1245. The activation energy barriers however, reflect only the rate-limiting step for the 

unfolding of a certain conformation. The greater degree of required rearrangements for the 1245 

conformation compared to 1234, might explain why 1245 has an increased lifetime. Irrespective of the 

same heights for the energy barriers that have to be overcome for unfolding to the transitory ensemble 

for both minor conformations, presumably 1245 is kinetically trapped. 
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Figure 62: Trapped minor conformation of cMYC-wt-1245 at 285 K. Before (lower spectrum) and after directly after 
uncaging (upper spectra) (700 MHz, 298 K, jump-return-echo, 100 µM DNA, 5 mM K-Pi-buffer, pH=7.0) 

 

5.5 Conclusions 

The G4 forming sequence in the cMYC NHE-III1 is able to adopt up to three different folded loop-

isomers with all-parallel topology that incorporate different G-tracts into tetrad-formation (either 

5’-1234; 5’-1245 or 5’-2345). The folding and refolding kinetics of these spare-tire isomers have been 

investigated in this chapter. Time-resolved NMR experiments of the folding process that were initiated 

by photolysis of multiple photocages (5.2) revealed inherently different folding kinetics. Folding was 

investigated for separated and stabilized single conformations (1234, 1245 and 2345) and for the 

wildtype-sequence that is able to adopt all spare-tire conformations (but only a single G-register 

conformation). Folding of all spare-tire isomers is biphasic and proceeds on multiple parallel pathways 

that yield the isomeric folded states. Analysis of the temperature dependence of the folding reactions 

(5.3) reveals different manifestations of the underlying kinetic partitioning mechanisms. The minor 

conformations 1234 and 1245 have been isolated with a trapping strategy for conformational selection 

(5.4). The preparation of this single-conformation, off-equilibrium populations revealed that both 

minor conformations are meta-stable with respect to the major cMYC-G4 conformation 2345. 

Folding kinetics of the wt-sequence could be disentangled as a superposition of the folding kinetics of 

the minor conformations (20% populated in the wt) and the major conformation (80% populated in 

the wt). The major conformation cMYC-2345 folds via a close to funnel-like pathway with optimized 

kinetics. For the minor conformation cMYC-1234, the formation of an anti-parallel off-pathway 

conformation was demonstrated both with time-resolved NMR and with CD experiments (5.2.3). The 

minor conformation cMYC-1245 showed an unprecedented non-Arrhenius temperature dependence 

in the folding kinetics, which is presumably linked to the increased flexibility of the long internal loop 

that separates the 5’-terminal and the 3’-terminal parts of the tetrad-constituting parts of the 

oligonucleotide. Thus, the observed inherently different folding dynamics for the formation of spare-

tire G4 conformations demonstrate markedly different limiting regimes on the folding energy 

landscape for structurally very similar parallel G4s emerging from the same oligonucleotide sequence. 
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6 The Dynamic Behaviour of the cMYC Promoter G-Quadruplex 

6.1 Folding Pathways for the 22 nt cMYC Full Length Sequence 

6.1.1 K+-Recruitment During Folding 

Folding has been investigated with several methods within this thesis, using time-resolved NMR-

spectroscopy, time-resolved CD-spectroscopy and a thermal hysteresis approach with UV detection. 

To obtain kinetic information with these techniques, different approaches were used to prepare 

unfolded states. In chapter 4.2, cMYC G4 folding has been initiated by addition of K+-ions, while in 

chapters 4.6, and 5.2 and folding has been initiated under pre-equilibrated K+-conditions (thermal 

denaturation and photocaging). Strikingly, the folding kinetics for K+-induced folding deviate by 

several orders of magnitude, when compared to the other methods. 

K+-induced folding has been used in numerous studies144,167,170 on G4 folding and the findings 

presented in these studies and within this thesis raise no doubt that this is a legitimate approach to 

study these processes. However, the recruitment and coordination of K+-ions has a significant effect 

on the overall folding dynamics, which is a direct conclusion from the presented folding kinetics. 

Experimental approaches can only describe macrostates (if any), but no microstates that in sum define 

the conformational entropy of G4 folding. Hence, the folding kinetics do not allow speculating about 

the reasons for the decelerated folding, after addition of K+. Although it seems reasonable to assume 

that the conformational space (conformational energy landscape) of the unfolded oligonucleotides is 

fundamentally different for (i) thermal denaturation, (ii) destabilization with photocages or (iii) 

K+-free conditions. The contributions of entropy and enthalpy for removing the hydrate shells from 

free vs. DNA-coordinated K+-ions may add important energetic aspects that alter the folding pathways. 

Insights for the binding properties of cations to G-quadruplexes have been obtained from theory738 and 

mass spectrometry167,739. Especially 15NH4
+ has been extensively studied with NMR,93,740–747 but also 

G4-related experiments have been reported for a direct NMR detection748,749 of e.g. 23Na+, 39K+ or 

investigation of ion coordination sites with cross-correlated relaxation rates.750 Further NMR 

experimental data and insights from computational methods and simulations will be needed to 

elucidate the role of K+-binding during folding.  

This is of particular importance if K+-coordination becomes rate limiting during folding in a way that 

e.g. K+-coordination does not happen concerted on both inter-tetrad “binding sites”.167,751 In this 

regard, the misfolded or partially folded states proposed by Marchand and Gabelica based on mass 

spectrometry167 have to be evaluated carefully. Here, the authors describe, unlike in other folding 

studies, a step-by-step titration with substoichiometric amounts of K+. If the lifetimes (or better: dwell 

times) for this intermediate or transition states are longer (slower) than subsequent kinetic steps, then 

the associated misfolding pathways may not be relevant under native, K+-containing conditions.  
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Marchand and Gabelica describe a drastic acceleration of folding kinetics in the range of <1 mM K+ 

(10 µM DNA). This effect seems to be mainly saturated in the range of 2 – 3 mM K+ (>100 µM 

DNA).177 

A rapid change of the ionic conditions is by no means physiological, and so is thermal denaturation. 

The approach presented in this thesis, using photocages to prepare unfolded states is a clear 

advancement in this regard, as it can be applied without further requirements to experimental and 

sample conditions. Folding can be studied under constant, isothermal experimental conditions with 

any biophysical detection method.  

 

6.1.2 Parallel Reaction Pathways Accelerate Folding (G-Register Isomers) 

This chapter relates to the major findings of the publication: “Parallel reaction pathways accelerate 

folding of a guanine quadruplex” (Harkness, Hennecker, Grün et al. NAR 2021).752 This publication 

contains contributions from me (the author of this thesis) using the photocaging approach for light-

induced folding. 

In protein folding processes, the existence of parallel folding pathways reduces the entropy penalty for 

the folding, since the conformational entropy can be maximized. From these basic considerations753-759, 

the hypothesis follows that if different parallel folding pathways are occupied during G4 folding, the 

overall folding should be accelerated. The observable rate constant for the folding of a wildtype 

sequence into a structural ensemble that enfolds all conformations that can be possibly adopted 

(x, y, z) is given as: 

kF, wt = kF, w + kF, x + kF, y + kF, z (1) 

Given that the individual rate constants were equally fast and the related conformations were equally 

populated, folding of the wildtype would be 4x faster than the isolated conformations. Mittermaier and 

co-workers have outlined this hypothesis and investigated the predicted consequences on the four 

possible G-register isomer conformations from the 18-mer cMYC-2345 sequence (33, 35, 55, 53). 

Converting (1) into the following expression: 

kF, wt · <kF, 33, 35, 53, 55>-1 = 4 (2) 

(with <kF,…> as mean value of the rate constants) gives a folding acceleration that is equal to the 

number of folding pathways. They conducted a series of experiments based on rapid thermal (un)-

folding with thermal hysteresis, comparable to those presented in chapter 4.6.1. These experiments 

have been supported with light-induced (isothermal) folding experiments observed with real-time 

NMR (from me, the author of this thesis). The trend in these experiments supports the general idea 

that G4 folding can be significantly accelerated by occupation of multiple parallel folding pathways. 
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6.1.3 Enlarged Conformational Space Decelerates Folding (Spare-Tire Isomers) 

The influence of spare-tire isomers on the kinetics of the major folding pathways follows a different 

trend as observed for the G-register isomers. Here, the kinetics of the wildtype sequence with minimal 

restrictions to the conformational space are slower than those observed for the kinetics of the isolated 

major conformation. The wt-sequence is able to adopt all single isolated conformations and further all 

possible sub- and microstates, with unproductive interactions and misfolded species. This effect is 

expected for G4 folding with kinetic partitioning of competing basins of attraction on the folding 

energy landscape. 

The fact that the competing minor conformations are also formed concurrently to the major 

conformation, despite their ~4x slower folding kinetics, points towards irreversible folding steps that 

enable these slower pathways. These tipping points separate the folding pathways and lead to kinetic 

traps that collapse into the folding basins of the minor conformations. This results in an overall slower 

folding process (if described as a decay function of unfolded states towards any folded G4 structure. 

 

6.2 Folding intermediates 

In chapter 5.2.3 the experimental observation of a long-lived (several minutes at 285 K) intermediate 

formation for cMYC-1234 is presented. The kinetics for time-resolved NMR and CD spectra are 

superimposable and clearly indicate the formation of an anti-parallel conformation. Furthermore, the 

observation of eight well resolved imino proton resonances in the downfield-shifted region 

(>12.1 ppm) point to eight G-residues in slow-exchange (base paired). Marchand and Gabelica167, as 

well as Gray et al.170 (298 K, up to 25 mM K+) have made strikingly similar observations on folding for 

cMYC-2345 (in 33 G-register conformation, PDB: 1XAV) with CD-spectroscopy. The 

cMYC-2345-33 G4 features the same loop geometry as the cMYC-1234 G4 (lateral:proximal:lateral = 

1:2:1 nts). They find anti-parallel intermediates persisting on a comparable time scale. Gray et al. have 

proposed a kinetic model that involves the formation of an anti-parallel chair G4 conformation that 

can evolve into the final all-parallel conformation. They suggest that this process does not require 

complete unfolding, because estimates for the unfolding rates (derived from complement trapping 

experiments) are significantly slower than the observed folding relaxation time. Finally, Marchand and 

Gabelica could show with mass spectrometry that the elusive anti-parallel intermediate binds only a 

single K+-ion. 

The discussed experimental findings from the literature, in line with the experimental findings 

presented in this thesis, prompt proposing a 2-tetrad chair conformation as possible intermediate. 

Only the anti-parallel 2-tetrad G4 can account for all observed experimental data.  
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The formation of this intermediate species is further supported by predictions from molecular 

dynamics.157,161–163 The formation of a 3-tetrad chair G4 as proposed by Gray et al. does not account (i) 

for the single occupied K+-binding site, and (ii) the resulting 1 nt lateral loops are highly disfavoured 

for anti-parallel hairpins. The non-native syn/anti distribution in the chair G4 must be disentangled to 

enable a refolding transition to the all-anti sugar configuration in an all-parallel G4 conformation. 

Therefore, the observed intermediate formation is rather an off- than an on-pathway state. 

The proposed structural model for the intermediate conformation is highly sensitive on the length of 

the proximal loop, which explains the differences in folding kinetics for the spare-tire isomers cMYC 

2345 and 1245 (Figure 63). In the light-induced folding experiments for the cMYC-2345 in 53 

G-register conformation (chapter 5.2.2), no stable intermediate formation was observed and folding 

was significantly faster compared to folding kinetics of other cMYC G4 conformations. The reason for 

this is likely the length of the 1 nt proximal loop resulting in a 2:1:1 loop geometry that prevents a tetrad 

formation of initially collapses terminal hairpins. 

The unparalleled increased internal flexibility in the resulting 6 nt long proximal loop in the case of 

cMYC-1245, probably minimizes the chance for the formation of productive microstates. The 

separated hairpins are most likely not stable and will further collapse, but the coordination of K+ and 

subsequent tetrad formation will be less effective in this compacted ensemble. This gives a reasonable 

explanation for the non-Arrhenius temperature dependence of cMYC-1245 (5.3). This 

thermodynamic profile of folding kinetics is expected for hairpin folding.760–766 The propensity and 

stability of a stabilization in a G4-like arrangement, after the initial collapse into two intramolecular 

hairpins then is a rate-determining folding phase. 

 

Figure 63: Different proposed folding intermediates and their stability in dependence to the length of the proximal loop. 
For cMYC-1234 and cMYC-2345-33, the 2 nt long proximal loop enables the intermediate formation of an anti-parallel 
chair G4. The resulting 1 nt long proximal loop for cMYC-2345-53 impedes the formation of defined tetrads in this strand 
arrangement. In case of cMYC-1245, the increased flexibility in the 6 nt long proximal loop separates the terminal hairpins 
(1-2 and 4-5) and thereby minimizes the probability of productive microstates and K+-coordination to form a 2-tetrad G4. 
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6.3 Refolding Across Different Transitory Ensembles 

Refolding of folded G4 conformations has been investigated between spare-tire isomers (cMYC 1234 

and 1245, transition to 2345) and different G-register isomers (between cMYC-2345-53 and 

cMYC-2345-33, both parallel; and between hTERT hybrid and parallel). The apparent activation 

energies and refolding kinetics allow proposing diverging mechanism that require different degrees of 

unfolding in the transitory ensemble. The experimental data can be explained following a simplified 

depiction of strand rearrangements as a reasonable model. As discussed above, the experimental data 

support the assumption that the observed apparent activation energies reflect the same rate-limiting 

step in all investigated refolding processes (chapters 4.5, 4.6.1 and 5.4.2). The subsequent refolding 

kinetics however are remarkably different, which links to different rearrangement steps. 

Formally, the G-register exchange process for the cMYC isomers and the spare-tire exchange process 

for the transition from cMYC 1234 to 2345 requires only the removal of one G-tract, followed by the 

re-incorporation of the same, shifted G-tract; or the incorporation of another G-tract as substitute. The 

kinetic observations for both processes are strikingly similar, which prompts the proposal of a 

triplex-like strand orientation. For the refolding of the hTERT G-register isomers as well as for 

refolding of the cMYC 1245 spare-tire isomer, this degree of unfolding is not sufficient for the transition 

between these conformations. Both pairs of G4 isomers require at least a reorientation of two G-tracts, 

hTERT in addition requires redistribution of syn/anti configurations.  

 

Figure 64: Different proposed species in the transitory ensembles for spare-tire exchange and G-register exchange dynamics. 
The measured refolding kinetics and analysis of the apparent activation energies support the hypothesis that the refolding 
mechanisms require different degrees of unfolding. A single strand-rearrangement does not necessarily require a complete 
unfolding-folding transition, but can evolve through compacted ensembles. 
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The proposed model for the different transitory ensembles is based on the experimental findings 

within this thesis. It is further supported by predictions from molecular dynamics simulations, on 

comparable systems.157,161–164 However, it cannot possibly account for putatively involved short-lived 

microstates that emerge from conformational diffusion on the sub-µs timescale. The real polymer 

physics of the underlying mechanisms will be certainly more complex. 

 

6.4 Non-Canonical Structural Polymorphism as Challenge 

DNA G-quadruplexes are evasive and volatile structural species with an intrinsic dynamic nature. 

Within this thesis, the conformational dynamics related to the non-canonical G4-structural features of 

spare-tire and G-register isomerism have been described in the cMYC promoter G4 ensemble. The 

literature gives strong indications that these cMYC-G4 dynamics and the polymorphic character of the 

NHE-III1 are vital and integral components for their functionality in gene regulation.99,340,341,440 The 

disentanglement of G4 ensembles into distinct folded conformations is however crucial to understand 

their structure-function relationship and the mechanisms that drive the dynamics and thermodynamic 

properties within such somehow blurred structural ensembles. Even small changes in the experimental 

conditions or the primary sequences of G4s have a drastic effect on the structural integrity.767 

In this regard, the herein developed and presented strategy that utilizes photocages for conformational 

selection or suppression represents tremendous advantages over hitherto reported methods to 

investigate G4 folding (2.2.2). The approach was successful to trap and isolated different folded or 

unfolded states in all presented cases. However, Figure 48 in chapter 4.6.2 (triple caged 

cMYC-2345-X3 18-mer), shows that the effective inhibition of base pair interactions remains 

challenging and is not per se straightforward. The photocaging strategy with a (close to) minimal use 

of photocages has to be adjusted to a given oligonucleotide sequence to prevent pre- or partially folded 

species. 

Chapter 4.2 as well as many examples from the literature144,159,160,172 show the challenge to accomplish 

a complete unfolding in the absence of K+, besides the additional considerations that might bias 

investigation of structural dynamics with altered ionic conditions (chapters 2.2.2, 6.1.1). The presence 

of pre-folded structures is a crucial aspect that has tremendous effects on the folding pathways and the 

resulting folded conformations.157–160,167 The thermodynamic effects that arise from sequence 

modifications to tailor single conformations are also not negligible. This can be seen e.g. for a direct 

comparison of the effects of G-to-T vs. G-to-A or G-to-I mutations in the same oligonucleotide 

sequence (cMYC-G4101,460,461).  

The successful application of transient chemical modification to G4 forming oligonucleotides with 

photocages is therefore remarkable. The time-resolved relaxation processes that have been presented 
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can be considered mostly unbiased by any of the discussed external or intrinsic factors (ionic 

conditions, temperature, sequence modifications, conformational entropy) that potentially disturb the 

folding energy landscape. Restraints to the investigated sequences (with respect to the respective wt) 

or e.g. buffer conditions ([K+] below physiological concentrations) have been deliberately introduced. 

The methodological approach however is universally applicable to diverse oligonucleotide sequences 

and experimental or sample conditions. 

 

6.5 Model for cMYC G4 (Re)-Folding including Non-Canonical Polymorphism 

The experimental data presented in this thesis allow drawing a comprehensive picture of the 

conformational landscape of the full-length G4 forming sequence found in the NHE-III1 of the cMYC 

promoter. (Figure 65). The presented model includes the possible formation of both types of non-

canonical polymorphism, which is G-register (chapter 4) and spare-tire (chapter 5) isomers. The 

major folding pathways have been delineated, important intermediate and meta-stable states have been 

characterized and key transitory ensembles are proposed. 
 

 
Figure 65: Overview and model for the major folding and refolding pathways in the cMYC NHE-III1 promoter G4. The 
model is based on experimental findings presented in this thesis, experimental data from the literature and the above-
discussed general considerations. The depicted model accounts for non-canonical structural polymorphism, including 
spare-tire and G-register isomers. (*see additional intermediate formation for cMYC-2345-33 in Figure 63. Folding 
pathway/mechanism reported by Gray et al.170). 

One of the key findings is that all different folding pathways can be occupied, starting from an unfolded 

state. The major on- and off-pathways here are defined with regard to the major populated 2345 

conformations, including its G-register isomers. This definition might be misleading, since the major 
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off-pathways lead to the minor conformations 1234 and 1245, which themselves are no misfolded 

states, but rather alternative conformations.  

However, the minor conformations are thermodynamically less stable, leading to refolding towards the 

major conformation at ambient temperatures. The on- and off-pathways have different impact on the 

overall folding kinetics: while a significant population of parallel off-pathways causes a deceleration, 

the parallel on-pathways cause an accelerated folding.  

To go along these pathways, the early-stage, initial hydrogen bond interactions and orientation of the 

oligonucleotide backbone must be decisive. Otherwise, these pathways would not be productive by 

any means, since the kinetics of the pure on-pathways are significantly faster. This means that the initial, 

reversible dynamics (pre-equilibrium) of these pre-folded contacts must be kinetically in the same time 

range as subsequent steps or slightly slower. The on-pathways therefore lead to accelerated folding, 

since here more contacts between residues that are part of the major conformation may lead to 

productive macrostates. The irreversible decision (or branching) for any of the four possible G-register 

isomers might be on a late-stage along the folding pathway. This means that after initial pre-formation 

(including G-tracts 2-3-4-5) four different isomers share a common route along the folding energy 

landscape, leading to an acceleration of overall folding. Only in this scenario, the enlarged 

conformational entropy has this kinetic effect. 

 

6.6 Conclusion and Outlook 

Within the scope of this thesis important conformational dynamics related to newly discovered non-

canonical structural features of DNA G4s have been described, as discussed and summarized in chapter 

6. The presented experimental approach that exploits a photocaging approach for conformational 

selection and conformational suppression is a major improvement of hitherto reported experimental 

approaches to measure G4 kinetics. The experimental findings and their presented analysis have shed 

light on the dynamic features of the polymorphic G4 ensemble in the NHE-III1 of the cMYC promoter. 

This insight will further deepen the understanding of the pivotal biophysical properties that govern G4 

functionality. 

In upcoming investigations, it will be highly desirable to elucidate the influence of cMYC G4 interacting 

proteins. Evidence is growing within the literature, that the binding affinities and processing 

efficiencies of binding proteins and helicases are sensitive to the described conformations with non-

canonical polymorphism. Further, the rather slow interconversion dynamics harbour the speculation 

that there might exist proteins with a refolding chaperoning activity in the cell. Newly developed NMR 

methods (such as ultrafast 2D-NMR634 in combination with signal enhancement639,641,768) will help to 

expand the experimental toolkit to tackle this challenge.   
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Appendix 

6.1 HMBC and Deuterium Exchange NMR Spectrum 

 

Figure 66: Representative NMR spectra of photocaged cMYC-2345-53 18-mer for H1-H8 correlations and hydrogen-
deuterium exchange. A) 500 µM DNA, 90/10 H2O/D2O (298 K), 600 MHz (WW), HMBC (hmbcetgpl3nd.ric) with 
jump-return-echo water suppression, d19 = 55 µs, J(XH) = 17 Hz; B) 100 µM DNA (298 K), 700 MHz, jump-return echo 
water suppression (hs11echo). Referenced to DSS. 
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6.2 Plots of Time-Resolved 1D 1H NMR Spectra for Spare-Tire G4 Folding 

 

Figure 67: Plots of 1H imino proton regions of time-resolved NMR spectra (700 MHz, jump-return-echo water suppression 
(hs11echo, d19 = 50 µs) at indicated times after light-induced folding initiation. (A) Folding of wt-12345 at 298 K. 
(B) Folding of stab.-1234 at 285 K. 
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6.3 Python Script for Kinetic Fits 
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