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ABBREVIATIONS 

A  Adenine/Adenosine 

C  Cytosine/Cytidine 

CCS  Collision cross section 

CD  Circular dichroism 

CX-MS  Cross linking mass spectrometry 

DNA  Deoxyribonucleic acid 

 (n)ESI  (nano) Electrospray ionization 

G  Guanine/Guanosine 

G4  G-quadruplex(es) 

HDX  Hydrogen deuterium exchange 

IMS  Ion mobility spectrometry 

ITC  Isothermal calorimetry 

KCl  Potassium chloride 

L  Ligand 

m/z  Mass-to-charge ratio 

MS  Mass spectrometry 

NA  Nucleic acid(s) 

NH4OAc Ammonium acetate 

NMR  Nuclear magnetic resonance spectroscopy 

PDB ID  Protein Data Bank identification number 

Q  Quadrupole 

RNA  Ribonucleic acid 

SPR  Surface plasmon resonance 

T  Thymine/Thymidine 
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Tm  Melting temperature 

TMA  Trimethylammonium 

TMAA  Trimethylammonium acetate 

TOF  Time of flight 

ttpy  Tolylterpyridine 

U  Uracil/Uridine 

UV  Ultraviolet 
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I. APERÇU EN FRANÇAIS 

Introduction 

En plus de contenir l’information génétique, l’ADN et l’ARN peuvent être impliqués dans la 

régulation de processus biologiques. Une structure proposée comme régulateur est le G-

quadruplex. Les G-quadruplexes sont des structures non-canoniques d’acides nucléiques 

formées par des séquences riches en guanines. Un G-quartet est formé par quatre guanines 

interagissant entre elles via des liaisons hydrogènes. L’empilement de deux (ou plus) de ces 

G-quartets forme le G-quadruplex, qui est stabilisé par ailleurs par des cations, comme le 

potassium, positionnés entre des G-quartets adjacents. 

Les G-quadruplexes sont trouvés dans des régions clés du génome. En effet, des études bio-

informatiques ont montré que des séquences riches en guanines se trouvent dans des 

promoteurs de gènes et aux télomères. Elles sont présentes dans le génome humain, chez les 

plantes, chez la souris, dans le génome de virus… Ces structures peuvent être formées durant 

la réplication de l’ADN ou hors du noyau, sous forme d’ARN. Certains aptamères (des 

oligonucléotides synthétiques capables de se lier avec haute affinité et sélectivité à leur cible) 

peuvent aussi former des G-quadruplexes. 

L’une des stratégies proposées pour combattre le cancer consiste à stabiliser les G-

quadruplexes formés dans les promoteurs de gènes et dans les régions télomériques. En 

effet, réguler l’expression d’oncogènes (gènes responsables du cancer) est une manière 

élégante de combattre le cancer car cela implique d’agir directement à la source en 

supprimant la production d’une protéine. De plus, empêcher la télomérase de se lier aux 

télomères est une stratégie envisagée pour réduire la prolifération des cellules cancéreuses. 

Dans les deux cas (dans les promoteurs de gènes et aux télomères), le G-quadruplex agirait 

en tant que répresseur, c’est-à-dire que sa formation empêcherait soit la liaison de la 

machinerie de transcription soit la liaison de la télomérase. C’est pourquoi, il est souhaitable 

de vouloir stabiliser la forme G-quadruplexe par rapport à la forme duplexe. Pour ce faire, de 

nombreuses équipes synthétisent des ligands spécifiques et affins afin de reconnaitre et de 
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lier la structure G-quadruplexe. Ces ligands peuvent potentiellement être utilisés comme 

médicaments. 

Objectifs 

Le design de ligands de G-quadruplexes n’est cependant pas simple. En effet, il existe 

beaucoup de topologies différentes de G-quadruplexes dépendant de la molécularité du 

complexe, de l’orientation des brins dans le cœur du G-quadruplexe, de l’empilement des 

guanines, des types de boucles… Ce polymorphisme est illustré par la séquence télomérique 

humaine, pour laquelle au moins 10 structures différentes ont été obtenues 

expérimentalement. 

Pour reconnaitre les G-quadruplexes, le design des ligands implique habituellement de larges 

plans aromatiques qui sont optimisés pour se lier par des interactions π-π sur les G-quartets 

extérieurs. Cependant, si ce type d’interaction était le seul mode de liaison, les ligands auraient 

des affinités similaires pour tous les G-quadruplexes. Or ce n’est pas le cas. D’autres modes 

de liaison sont en théorie possibles, comme l’intercalation entre des G-quartets, les liaisons 

avec les sillons ou les boucles. Cependant, aucune structure présentant uniquement un de 

ces modes de liaison n’a été rapportée. 

Les objectifs de cette thèse consistent à déterminer quelles sont les complexes présents en 

solution, sans et avec ligands, et leurs quantités respectives. 

Il existe beaucoup de techniques biophysiques permettant d’étudier les G-quadruplexes, leur 

repliement et la liaison de ligands. Cependant, ces techniques présentent un de ces deux 

désavantages : soit la technique ne permet pas d’obtenir d’information sur la structure du G-

quadruplex, soit elle ne permet pas de quantifier chacune des structures présentes. 

Afin de répondre à ces deux questions (structure et quantité), nous avons utilisé la 

spectrométrie de masse de type native. En effet, la spectrométrie de masse permet d’obtenir 

des informations sur la stœchiométrie de complexes non-covalents et de les quantifier. La 

spectrométrie de mobilité ionique couplée à la spectrométrie de masse apporte des 

informations sur la structure des complexes. 
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Résultats 

Le noyau des cellules contient une haute concentration en ions potassium qui n’est pas 

directement compatible avec la spectrométrie de masse. Dans la littérature, des spectres de 

masse de G-quadruplexes sont typiquement obtenus à partir de solutions d’acétate 

d’ammonium. Cependant, il est important de replier les G-quadruplexes dans des solutions 

contenant un cation de nature biologiquement pertinente car ce cation va influencer la 

topologie de repliement des G-quadruplexes. Pour cette raison, nous avons  développé une 

méthode de préparation d’échantillons nous permettant d’obtenir des spectres de masse à 

partir de solutions contenant du potassium. Dans notre méthode de préparation, la force 

ionique est fixée à l’aide d’acétate de triméthylammonium (TMAA). A cette solution est alors 

ajouté jusqu’à 1 mM de KCl, ce qui permet le repliement des G-quadruplexes. Tout en étant 

compatible avec la spectrométrie de masse, cette préparation permet aux G-quadruplexes 

d’être repliés selon des topologies similaires à celles des structures obtenues par résonance 

magnétique nucléaire (RMN), habituellement à 100 mM de KCl.  

Grâce au développement d’un traitement mathématique des adduits non-spécifiques (adapté 

d’une méthode décrite par Klassen), nous avons pu déterminer les stœchiométries spécifiques 

en termes de nombre de cations liés, et les quantifier. Nous avons calculé des constantes 

d’équilibre de liaison du potassium aux G-quadruplexes télomériques humains et avons 

trouvé que des complexes ne contenant qu’un seul K+ au lieu de 2 (et donc ne possédant 

probablement que 2 G-quartets) étaient formés à basse concentration en KCl pour les 

séquences les plus courtes, ne contenant que le cœur d((GGGTTA)3GGG). Plus des bases sont 

ajoutées aux extrémités de cette séquence, plus la liaison des deux ions potassium est 

coopérative et plus le complexe à 1-K+ devient minoritaire. En combinant les données de 

spectrométrie de masse et celles obtenues par dichroïsme circulaire (CD), nous avons obtenu 

les spectres CD déconvolués de chacune des espèces (à 0-, 1- et 2-K+). Les complexes à 0- et 

2-K+ présentent respectivement des signatures CD typiques de structures dépliées et de G-

quadruplexes hybrides. Le complexe à 1-K+ est quant à lui un G-quadruplexe antiparallèle. 

Ces résultats peuvent être étendus à d’autres séquences, comme nous l’avons démontré pour 

les séquences synthétiques 222 et 222T, d((GGGTT)3GGG) et d(T(GGGTT)3GGGT), 

respectivement. 
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Afin d’en étudier le mécanisme de repliement, la liaison des ions potassium aux G-

quadruplexes a également été suivie au cours du temps. Nous avons trouvé que six 

ensembles cinétiques étaient nécessaires pour obtenir rendre compte des observations : un 

ensemble ne contenant pas de K+, deux ensembles en contenant un seul et trois ensembles 

contenant 2-K+. Le meilleur modèle cinétique implique la présence d’un chemin 

correspondant à des espèces « mal repliées », incluant notamment un G-quadruplex 

antiparallèle avec un seul K+ et donc deux G-quartets. La spectrométrie de mobilité ionique 

(IMS) couplée à la spectrométrie de masse a confirmé la présence d’au moins trois espèces à 

2-K+. Ce mécanisme de repliement, obtenu pour les séquences télomériques humaines, est 

généralisable à d’autres systèmes. Nous avons en effet démontré qu’une séquence d’un 

promoteur (c-myc) se replie aussi selon le même mécanisme. Ces résultats suggèrent que le 

chemin de repliement impliquant un piège cinétique formé par des G-quadruplexes 

antiparallèles est un principe général du repliement des G-quadruplexes.  

Finalement, nous avons étudié la liaison de ligands à des séquences formant des G-

quadruplexes. Premièrement, à travers un criblage sur plus de 20 séquences d’ADN 

différentes, nous avons montré que deux molécules Cu-ttpy se lient avec une haute affinité et 

coopérativité aux G-quadruplexes formés par la séquence télomérique humaine : le complexe 

2:1 (L:DNA) est majoritaire et le complexe 1:1 est quasiment inexistant. Cette coopérativité 

inégalée est attribuée à des changements de conformation de la séquence télomérique 

humaine. Grâce au dichroïsme circulaire (CD), nous avons montré que les structures des G-

quadruplexes sont affectées et, avec la liaison des deux ligands Cu-ttpy, les G-quadruplexes 

deviennent de topologies antiparallèles. La stœchiométrie en termes de nombre de K+ est 

aussi affectée : les ligands se lient à des structures à 2-K+. 

Deuxièmement, nous avons étudié la liaison de certains ligands parmi des plus affins et 

sélectifs pour les G-quadruplexes (Phen-DC3, 360A et PDS). Ces ligands se lient avec une haute 

affinité sur ces séquences, en éjectant un potassium, formant un complexe 1:1:1 (DNA:L:K+). 

Le complexe est antiparallèle et présente les mêmes caractéristiques que celui observé soit à 

l’équilibre à basse concentration en KCl, soit à temps court après l’addition de KCl. Ces 

découvertes peuvent avoir des implications dans le domaine du design de ligands. En effet, 

une potentielle manière d’obtenir des ligands spécifiques d’une séquence formant des G-

quadruplexes pourrait être de cibler des intermédiaires de repliement. 
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En conclusion, nos résultats démontrent l’importance de caractériser finement la 

stœchiométrie des complexes par spectrométrie de masse afin de déterminer et d’interpréter 

correctement les constantes d’équilibre et de caractériser les structures. Dans plusieurs cas, 

nous avons observé que des changements structuraux étaient accompagnés d’un 

changement du nombre d’ions potassium liés. La spectrométrie de masse de type native est 

une méthode de choix pour caractériser ces complexes car elle permet de déterminer et 

quantifier différentes espèces en solution.   
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I. SUMMARY/OUTLINE/OBJECTIVES 

Introduction 

In addition to the storage of genetic information, nucleic acids are involved in the regulation 

of biological processes. G-quadruplexes, non-canonical structures formed by G-rich nucleic 

acids, are proposed as biological regulators. These structures are formed by G-quartets, 

macrocyclic planes formed by four guanines interacting via hydrogen bonds. Two or more G-

quartets stacked on top of each other form the G-quadruplex, furthermore stabilized by 

cations, such as potassium, positioned in between adjacent G-quartets. 

G-quadruplexes are found in key regions of the genome. Bioinformatics studies showed that 

G-rich sequences are found in gene promoters or at the telomeres. These sequences are 

present in the human genome but also in mice, in viruses… These structures can be formed 

during DNA replication or in RNA outside the nucleus. Some aptamers (synthetic 

oligonucleotides able to bind with high affinity and selectivity to their target) can also form G-

quadruplexes. 

Stabilizing G-quadruplexes in gene promoters and in telomeric regions is a proposed strategy 

to fight cancer. Indeed, downregulation of oncogene expression is one emerging elegant way 

to fight cancer because it would act directly at the source, suppressing the expression of a 

protein. In addition, inhibiting telomerase binding to telomeric DNA may be a strategy to 

reduce the proliferation of cancer cells. In both cases (oncogene promoters and telomeres), 

the G-quadruplexes are repressors: their formation would inhibit the binding of the 

transcription machinery or of the telomerase. Therefore, several groups synthesize highly 

affine and specific ligands, potential drugs, to stabilize the G-quadruplex over the duplex.  

Objectives 

The design of G-quadruplex ligands is not so simple. Indeed, G-quadruplexes may adopt 

different topologies, depending on the complex molecularity, strand orientation in the G-

quadruplex core, the stacking of guanines, the type of loops… This polymorphism is illustrated 

by the human telomeric sequence for which at least 10 structures were reported. 
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To target G-quadruplexes, ligands are usually designed to have large aromatic moieties, to π-

π stack on external G-quartets. However, if this was the only binding mode, all ligands would 

have similar affinities for all G-quadruplexes. Other binding modes are theoretically possible 

such as intercalation, binding in the grooves or to the loops… Nevertheless, no structure 

presenting binding modes different from π-π stacking is reported in the literature so far. 

The thesis objectives consist in determining which complexes are present in solution, with and 

without ligands, and their respective quantities. 

Many biophysical techniques can be used to study G-quadruplex folding and the binding of 

ligands. However, either the technique cannot bring information about G-quadruplex 

structures, or it does not allow the quantification of each of these structures. To answer these 

two questions (structure and quantity), we used native mass spectrometry. Indeed, mass 

spectrometry allows to obtain the stoichiometry of the complexes and quantify them. Ion 

mobility coupled to mass spectrometry brings information about the structure. 

Results 

The first problem was related to the analysis of nucleic acids and cation complexes. In fact, 

the potassium cation is the relevant cation present in the nucleus but is not directly mass 

spectrometry-compatible. In the literature, mass spectra of G-quadruplexes are typically 

obtained from ammonium acetate solutions. However, it is important that G-quadruplexes 

are folded in solutions containing a cation of relevant nature because the cation’s nature can 

influence the topology. For this reason, we developed a sample preparation method allowing 

us to obtain mass spectra from potassium containing solutions. In the developed method, 

ionic strength is fixed using trimethylammonium acetate (TMAA) doped with up to 1 mM K+ 

required to fold the G-quadruplexes. This mass spectrometry-compatible sample preparation 

allows the folding of G-quadruplexes with topologies similar to those obtained in the literature 

by nuclear magnetic resonance (NMR), usually in 100 mM KCl. 

Thanks to a mathematical treatment (adapted from a method described by Klassen) which 

was designed to take into account the nonspecific adducts, we determined the specific cation 

stoichiometries and quantified them. We determined equilibrium constants for the binding of 

the two potassium cations to human telomeric sequences. We found that at low KCl 
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concentration some complexes are formed with only one K+ instead of the expected two. We 

deduced that these complexes only contain two G-quartets. The shortest human telomeric 

sequences, containing the d((GGGTTA)3GGG) core, are more prone to form this 1-K+ complex. 

The binding of the two K+ cations to longer sequences is more cooperative and the 1-K+ species 

become minor. By combining the results obtained by mass spectrometry and circular 

dichroism (CD), we deconvoluted the CD spectra of each of the 0, 1- and 2-K+ species. The 0 

and 2-K+ spectra are typical of unfolded and hybrid G-quadruplexes, respectively. The 2-

quartet 1-K+ complex is typical of antiparallel G-quadruplex. These results were also obtained 

for the synthetic sequences 222 et 222T, d((GGGTT)3GGG) et d(T(GGGTT)3GGGT).  

To study the folding pathway of G-quadruplexes, K+ binding was also monitored as a function 

of time. We found that six kinetic ensembles of species were needed to fit the data: one 

species with no K+, two with 1-K+ and three with 2-K+. The best models presented a 1-K+ 

antiparallel G-quadruplex that acts as a kinetic trap. Ion mobility spectrometry, coupled to 

mass spectrometry confirmed the presence of at least three species with 2-K+. Interestingly, 

this branched folding pathway, obtained for the human telomeric sequences, could be 

generalized to other sequences. Indeed, we showed that c-myc promoter also fold according 

to the same mechanism. These results suggest that the folding of antiparallel 1-K+ structures 

as kinetic traps is a general tenet of G-quadruplex folding. 

Finally, we investigated the binding of ligands to G-quadruplex forming sequences. First, 

through a screening of over 20 DNA sequences, we showed that two Cu-ttpy ligands bind with 

high affinity and cooperativity to the human telomeric G-quadruplexes. The 2:1 (L:DNA) 

complex is a major species whereas the 1:1 complex is almost inexistent. This extreme 

cooperativity is attributed to conformational changes in the human telomeric structure. 

Thanks to circular dichroism, we showed that the conformations of human telomeric G-

quadruplexes are affected: when two ligands are bound, the G-quadruplex topologies are 

antiparallel. The K+ stoichiometry, measured by mass spectrometry, is also affected: the 

ligands bind to 2-K+ structures.  

Second, we studied the binding of some of the most affine and selective G-quadruplex ligands 

(Phen-DC3, 360A and PDS). These ligands bind with high affinity to the human telomeric G-

quadruplexes with the ejection of a K+, forming a 1:1:1 (DNA:L:K+) complex. According to 
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circular dichroism, this complex is antiparallel and presents the same characteristics as the 

complex formed at low KCl concentration or at short time scale after KCl addition. Because 

they provide information on the binding mode, these results are important for ligand design. 

Indeed, a possible way to obtain ligands specific for one G-quadruplex sequence could be to 

target folding intermediates.  

In conclusion, these results demonstrate the importance of characterizing the stoichiometry 

of complexes in order to properly determine equilibrium constants and characterize the 

structures of complexes. In several cases, we found that structural changes were 

accompanied by a change in the number of K+ cation bound. Native mass spectrometry is a 

key technique to characterize these complexes. It allows the determination and quantification 

of different species formed in solution.  
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II. INTRODUCTION 

II.1.  NUCLEIC ACIDS 

DNA is the hereditary material that serves as the storage of all the genetic information needed 

to make a living being. The genetic information is transmitted through generations. Living cells 

use nucleic acids to synthetize the proteins they need. Additionally, nucleic acids are implied 

in other roles, such as regulation and catalysis of chemical reactions in the cell metabolism. 

Nucleic acids are present inside the nucleus of eukaryotic cells as deoxyribonucleic acids (DNA) 

but also in the cytoplasm as ribonucleic acids (RNA). Nucleic acids are biopolymers made of 

four types of subunits, the nucleotides.1 A nucleotide is made of a phosphate group, a sugar 

(that can be, either a ribose for RNA or a deoxyribose for DNA), and a base (Figure 1A). Among 

the bases, the natural and most abundant ones are also classified in two categories (Figure 

1B): the purines, made of two aromatic rings (G, guanine and A, adenine) and the pyrimidines, 

made of one aromatic ring (C, cytosine and T, thymine, for DNA. In RNA, the thymine is 

replaced by a U, uracil). 

Usually a DNA or RNA sequence is named using the one letter code of its sequence, going 

from the 5’ to the 3’ end. A small d or r at the beginning of the sequence is used to indicate the 

sugar nature, deoxyribose or ribose, respectively. The 5’ carbon of the sugar on the ith 

nucleotide binds to the 3’ carbon of the (i-1)th nucleotide through the phosphate group to form 

the phosphodiester linkage (Figure 1C). The nucleotides are therefore connected covalently in 

a chain through the sugars and phosphates. The alternating sugar-phosphate-sugar-

phosphate moieties form the backbone.  

Depending on their sequences and experimental conditions (solvent, ionic strength, 

presence/absence of salt,…) DNA and RNA can adopt different types of structures ranging 

from the unfolded single stranded form to the tetrastranded G-quadruplex, discussed in the 

next paragraphs. 
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Figure 1. Nucleic acid bases. (A) Definition of a nucleotide. (B) Natural DNA and RNA bases. (C) A nucleic 
acid strand. The bases are color-coded through all this work: G is gold, C pink, A blue, T and U are green.  
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II.1.1  TRIDIMENSIONAL STRUCTURES 

B-form duplex. The most common structure of DNA is the B-helix, first described by J. Watson 

and F. Crick in 1953.2 It is a double helix that consists in two antiparallel polynucleotides chains 

held together by hydrogen bonding between the bases of the strands: G with C and A with T. 

Furthermore, the paired bases stack one upon another, stabilizing the structure. The helix is 

right-handed and ten base pairs are needed to make a complete turn of the helix. It possesses 

a major and a minor groove and the negatively charged phosphates point towards the surface 

of the structure.  

A-form duplex. In some conditions, complementary nucleic acid sequences can adopt other 

structures such as the A-helix (represented in Figure 2). One major difference comes from the 

placement of the base pairs within the duplex axis. In the B-DNA, the base-pairs are centered 

on the main axis while in the A-form they are displaced from the center to be closer to the 

major groove. This A-form is preferentially adopted by RNA, or by DNA in a dehydrated 

medium. 

Z-form duplex. A third type of helix can also be formed when the sequence has alternating 

purine-pyrimidine bases. This leads to the formation of a Z-form helix that is left-handed.  

 

Figure 2. The B-, A- and Z- double helices. Left, the B-form structure from PDB ID 424D.3 Middle, the A-
form structure from PDB ID 406D.4 Right, the Z-form structure from PDB ID 2DCG.5 
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Duplexes are not the only structure that DNA or RNA adopt. Other structures such as the 

triplex,6 the i-motif7 or the guanine-quadruplex (G-quadruplex) can be formed. 

Triplex. A triple helix can be formed by the interaction of a third single strand inside the major 

groove of a double helix. Two strands form a double helix thanks to the Watson-Crick base 

pairs and the third strand interacts via hydrogen bonds between its bases and the Hoogsteen 

face of the bases of the duplex part (Figure 3). 

i-motifs. Four strands interacting together two by two via C+-C base pairs (two cytosines 

sharing a proton) can form the i-motif structure. They are stable in acidic conditions.  

 

Figure 3. The triplex structure. Left, the triplex structure from the PDB ID 1BWG8  and the hydrogen 
network formed for a T-A-T triplet when a triplex structure is folded. Right, the structure of i-motif 
from PDB ID 1YBR9 and the representation of a C+-C base pair formed in i-motifs. 
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II.2.  G-QUADRUPLEXES 

II.2.1  WHAT IS A G-QUADRUPLEX? 

 

Figure 4. (A) A G-quartet, (B) the stacking of G-quartets gives a G-quadruplex and (C) top and lateral 
view of the parallel tetramolecular [d(TG4T)]4 G-quadruplex obtained by X-ray crystallography (PDB ID 
352D).10 

Guanine-rich DNA or RNA strands may form G-quadruplex structures. Bang was the first to 

observe G-quadruplex formation: guanylic acid in solution forms a gel.11 However, it took half 

a century of research to discover its tetra-stranded structure.12 G-quadruplexes are made of 

two or more stacked G-quartets, which are hydrogen-bonded macrocycles formed by four 

guanines (Figure 4A). The H on the N1 and NH2 on the C2 of one guanine are involved in 

hydrogen bonds, respectively, with the O6 and N7 of the neighboring guanine. Eight hydrogen 

bonds per G-quartet are formed. Those hydrogen bonds are called Hoogsteen hydrogen 

bonds because the Hoogsteen face of one guanine is involved in the hydrogen network.13 Four 

G-tracts (runs of G) are needed to form a G-quadruplex that is furthermore stabilized by 

cations, coordinated between the O6 of guanines.13 For example on Figure 4B, the G-tracts 

are made of four guanines, leading to a four G-quartets G-quadruplex with three cations in-

between. The interactions stabilizing G-quadruplexes are electrostatic (hydrogen bonds and 

21 

 



dipole-ion interactions), π-π stacking and hydrophobic (water molecules are released upon 

folding).14 

G-QUADRUPLEX FORMALISM 

There are many ways to form G-quadruplexes, depending on the number of strands, their 

orientation in the G-quadruplex core, the way the loops connect the G-tracts, etc.… Those 

characteristics describe the topology of a G-quadruplex, and all of them are interconnected. 

Because many G-quadruplex topologies are possible, and to simplify their description, Webba 

da Silva has described a recommended geometric formalism and associated nomenclature,15 

which is discussed hereafter.  

Molecularity. The first characteristic to consider is the molecularity of the complex. Most of 

the G-quadruplexes studied here were intramolecular, made of one single DNA or ARN strand. 

However, they can also be made of two or four strands, called respectively bi- and 

tetramolecular. Although only unimolecular G-quadruplexes may be relevant in vivo, bi- and 

tetramolecular G-quadruplexes can be formed in vitro.  

 

Figure 5. (A) Unimolecular, (B) bimolecular and (C) tetramolecular G-quadruplexes. 

 

Glycosidic torsion angle. The free rotation of the bases around the glycosidic bond leads to 

two guanosine conformers: if the base and the sugar are on the same side of the glycosidic 

bound, the conformation is syn (Figure 6, color-coded in red); if they are on opposite sides of 

the bond, the conformation is anti (color-coded in light grey). Because each guanine has two 

possible configurations, there are 16 (4²) different types of G-quartets, all of them represented 

in Figure 6B. Depending on the secondary structure adopted, the glycosidic bond is locked in 

one or the other conformation, resulting in the grooves sites of variable size: wide, medium 

or narrow. 
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Figure 6. (A) anti/syn configuration of the glycosidic bond: grey = anti and red = syn; this color-code is 
adopted through all this work. (B) All 16 possible arrangements of the G-quartets, fixing the position 
of the bottom right sugar (doted sugar). Illustration adapted from Webba da Silva.15 

 

Loop types. The next point is the type of the loops connecting the G-tracts. In a tetramolecular 

G-quadruplex, such as [TG4T]4 (Figure 4C), all G-tracts are independent and no loop is needed 

to connect the strands. However, when the G-quadruplex is bi- or unimolecular, loops are 

needed. Three types of loops exist: a lateral loop connecting two antiparallel adjacent strands; 

a propeller loop connecting two parallel adjacent strands; and a diagonal loop connecting 

antiparallel opposite strands (Figure 7).  

 

Figure 7. (A) Lateral, (B) propeller and (C) diagonal loops. 

 

Strand orientations. The strand orientation is defined by the orientation of the G-tracts 

involved in the G-quartets following the backbone from the 5’ to the 3’ end. In the literature, 

this is the most commonly used way to characterize the topology of a G-quadruplex. If all 

strands point in the same direction, the G-quadruplex is parallel and belongs to group-I. If 
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three strands point in one direction and the last one in the opposite, the G-quadruplex is 

hybrid and belongs to group-II. If the strands have opposite direction two by two, the G-

quadruplex is antiparallel and belongs to group-III. 

 

Figure 8. (A) Parallel, (B) hybrid, (C) and (D) antiparallel G-quadruplexes. 

 

All those characteristics are interconnected, for example, changing one strand orientation 

implies changing the loop type, and the glycosidic torsion angle… For those reasons, the 

interconversion between different structures are far from being simple mechanistically. Those 

numerous characteristics contribute to the high polymorphism of G-quadruplexes. For 

example, there are in theory 26 possible unimolecular G-quadruplexes topologies of three 

loops with three G-quartets.15  

Additional sequence/structure-specific features, such as base pairs between bases in the 

loops or bulges in the G-tract, also contribute to this polymorphism as illustrated with a few 

structures in Figure 9. 
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Figure 9. Illustration of the polymorphism of G-quadruplexes. Structures obtained by NMR or X-ray 
crystallography of different G-quadruplexes. The PDB ID is indicated below the structure: antiparallel 
2-quartet G-quadruplex, 1RDE (d(GGTTGGTGTGGTTGG)),16 parallel 3-quartet G-quadruplex with one G-
tract made of 2 guanines, 2A5P (d(TGAGGGTGGIGAGGGTGGGGAAGG), I stands for inosine),17 parallel 3-
quartet G-quadruplex with one long loop, 2LPW (d(AAGGGTGGGTGTAAGTGTGGGTGGGT)),18 and 
bimolecular antiparallel G-quadruplex with mini-hairpins in the loops, 2KAZ (2x 
d(GGGACGTAGTGGG)).19 
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II.2.2  WHERE ARE G-QUADRUPLEXES FOUND IN BIOLOGICAL SYSTEMS? 

Structural and biophysical studies evidenced that many G-rich sequences can fold into this 

non-classical type of structures. Initially, it was not known whether the G-quadruplex was a 

biologically relevant structure. There is now more and more evidence that G-quadruplexes 

are relevant DNA and RNA secondary structures in vivo.20,21 One of the most convincing 

evidence was brought by Biffi et al,22 who developed a G-quadruplex structure-specific 

antibody that was used to visualize quantitatively DNA G-quadruplexes in human cells. 

The quest for G-quadruplex localization in the genome was started by bioinformatics studies. 

Two works screened for G-quadruplex motifs in the human genome.23,24 The first definition 

used to find putative G-quadruplex forming sequences was the following. Intramolecular G-

quadruplexes follow the generalized sequence GaXnGbXoGcXpGd where Ga-d represent the 

guanine tracts and Xn-p represent the loops regions that can be made of any nucleotide 

combination (G included). The number of guanines in the G-tracts was restricted to 3–5 and 

the loops were between 1 and 7 nucleotides. This definition led to more than 300 000 putative 

occurrences. However, the limitation to seven nucleotides maximum in the loop regions is 

probably too stringent, given that several structures were recently found to have longer loops 

(examples are shown in Figure 9, PDB ID: 2KAZ, 2LPW).18,19,25 More generally, if the external 

loops are short, a long middle loop can be tolerated and could even stabilize the structure if 

they form secondary structures (such as base pairs26,27). More recently, Phan showed that G-

quadruplexes can be made of 4n–1 guanines: one G-tract can be one guanine shorter, leading 

to a G-quadruplex made of n–1 G-quartets and a triplet of guanines.28 For these reasons, 

Mergny developed a new algorithm to determine G-richness and skewness of regions of the 

genome.29 They found a much higher number of G4 forming sequences in the human genome 

(around 1.5 million). In agreement, experimentally, using a high-resolution sequencing 

approach, Balasubramanian identified more than 700 000 sequences forming G4 structures.30 

In human, yeast and bacterial genomes, G-quadruplex forming sequences are over-

represented in certain regions such as the promoters and the telomeres.23,24,29,31,32 Several 

indirect evidences for the presence of G-quadruplexes structures come from the DNA binding 

proteins in bacteria.33 Some proteins are able to induce the folding of G-quadruplexes34 and 

others to unwind them.35 The evolutionary conservation of the localization and composition 
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of G4 motifs suggests that G4 have a role in the cells,36,37 even though the exact role of those 

structure is not yet fully understood. Some of their potential roles are presented in the next 

few pages. 

Gene promoters. Regions close to the translation start site (TSS) in the promoters of genes 

(within 1000 nucleotides upstream of the TSS) are enriched in G-quadruplex-forming 

sequences.23,29,32 For example, a very well-studied G-quadruplex is present in the promoter of 

the transcription factor MYC in mammalians.  

Telomeres. By definition, the telomere is the sequence at the end of the chromosomes and 

the proteins that protect it.38 The primary role of the telomere is to protect the chromosome 

against degradation or end-to-end fusion. They are made of a double stranded region and an 

extended 3’ single stranded overhang. Usually, the telomeric 3’ end sequence consists in the 

repetition of a G-rich motif, for example, in vertebrates, (TTAGGG)n,39 but other G-rich 

sequences have been identified for bacteria, yeast or plants.40–42 Several studies have shown 

that this G-rich sequence is able to form G-quadruplexes in vivo.22,30,43 In human cultured cells, 

a small fluorescent probe44 and an antibody22 suggested the presence of G-quadruplexes in 

telomeric regions in vivo. However, researchers are still uncertain about their presence as their 

folding may be induced by those probes. 

During DNA Replication. During its replication, the double stranded DNA is separated into 

two strands by helicases (proteins responsible for unwinding the DNA structures). First, a 

preformed G-quadruplex could slow down the helicase unwinding.45 Secondly, during 

replication, the leading strand is continuously duplicated and is therefore continuously 

reforming a duplex. However, the lagging strand’s replication is discontinuous and some 

portions are free to form secondary structures, such as G-quadruplexes, which could 

therefore act as transcriptional regulators.38 G-quadruplexes could also be formed in the 

double stranded mother-part and prevent or slow down the unwinding by the helicases. A 

high degree of mutations within the genome of a cell lineage can be caused by most of the 

human helicases that are able to unwind the G-quadruplexes in vitro.45–47 

Outside the nucleus. G-rich RNA sequences are also able to fold into G-quadruplexes, 

suggesting that RNA G-quadruplexes may have a translation regulation role.48–50 Recently, 

fluorescent G-quadruplex probes have been used in living cells and in isolated mitochondria. 
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In this work, the authors suggest their presence also in mitochondria.51 Other potential roles 

of the G-quadruplexes in the genome are linked with the epigenetic regulation of gene 

expression, origin of replication, meiosis, recombination, etc.…38 

Viruses. G-quadruplex-forming sequences are also found in viruses. Recently, a G-rich 

sequence has been identified in the promoter of HIV-1 and the formation in vitro of several G-

quadruplexes has been confirmed by NMR spectroscopy.26,52 Another work suggests that G-

quadruplexes can play a role on hepatitis C virus replication.53 

G-quadruplexes as therapeutic agents. G-quadruplexes can also be used as therapeutic 

agents as aptamers, synthetic oligonucleotides able to bind with high affinity and selectivity to 

their target. Indeed, some aptamers are able to fold into a G-quadruplex structure.16 Short G-

quadruplexes have been evaluated as potential anti-HIV candidates because they bind to HIV-

related proteins.54–56 Some G-quadruplexes are also tuned with chemical modifications to 

improve their binding affinities towards their target.57 
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II.2.3  WHY IS IT IMPORTANT TO STUDY G-QUADRUPLEXES? 

ALTERING GENE EXPRESSION 

Because many genes have G-quadruplex-forming sequences in their promoter, the 

transcription could theoretically be influenced by G-quadruplex stability. Surprisingly, there is 

a discrepancy within gene promoters: promoters of oncogenes (genes that have the potential 

to cause cancer) are even more enriched in G-quadruplex forming sequences58 whereas 

promoters of tumor repressor genes are poorer in those motifs.59 Displacing the equilibrium 

towards the formation of the G-quadruplex is a proposed strategy to fight cancer cells (Figure 

10). 

Stabilizing G-quadruplexes in or near the promoter regions may have positive or negative 

aspects. If present in the template strand, the G-quadruplex could affect the binding of the 

polymerase and downregulate the gene expression which would be positive in case of an 

oncogene. However, G-quadruplexes in human cells tend to be more often found on the other 

strand.60 They would then have a negative effect as they could facilitate the transcription. 

However, they may serve as recruiters to stimulate the transcription… or as blockers by 

recruiting gene repressors…61 Their exact role is actually still under intense investigation. 

 

Figure 10. Schematic representation of a G-quadruplex-forming sequence in the promoter of a gene. 
The formation of the G-quadruplex prevent the gene expression. 
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Some results suggest that the formation of the G-quadruplex would downregulate the gene 

expression of MYC,62 a transcription factor in mammalians which is associated with cell 

proliferation and is overexpressed in 80% of human cancers.63 Displacing the equilibrium 

would therefore be positive for the organism. 

Downregulation of oncogenes is one emerging elegant way to fight cancer because it would 

act directly at the source, suppressing the expression of a protein. 

PREVENT TELOMERASE BINDING 

At each cell cycle, the very few end-bases of the chromosome cannot replicate. This leads to 

telomere attrition, a decreasing of the length of the telomere with cell replication. Once the 

telomere is too short, the cell dies normally, and this process is called cell senescence. 

Telomerase, a ribonucleoprotein responsible for the regeneration of the telomere, is inactive 

in normal cells but upregulated in 85-90% of malignant cells. This enzyme gives the cancer 

cells the ability to divide indefinitely.64 Immortality and limitless replicative potential are two 

of the hallmarks of a cancer cell.65 

 

Figure 11. Schematic representation of the telomere overhang. The formation of the G-quadruplex 
prevent the binding of the telomerase and elongation of the telomere. Figure adapted from Wang et 
al.66 

The substrate for this enzyme is the single stranded DNA overhang. If that overhang is folded, 

the telomerase cannot bind anymore, which prevents telomere elongation (Figure 11).67 One 

research objective is therefore to stabilize the G-quadruplexes formed at the telomeres in 
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order to provide obstacles for the binding of the telomerase, limiting the elongation of the 

telomere. Inhibiting the telomerase binding may indeed be a strategy to reduce the 

proliferation of cancer cells.68,69 

In addition, because the telomeres are implicated in cell divisions, they may have a role in cell 

ageing. Indeed, telomere attrition correlates with age-related pathologies.70 
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II.2.4  HOW TO STABILIZE G-QUADRUPLEXES? 

Due to their presence in key regions of the genome, it has been suggested that they have the 

ability to regulate biological events. To affect those biological events using the G-quadruplex 

structure, a strategy consists in influencing the G-quadruplex stability. Stabilizing a G-

quadruplex means displacing the equilibrium represented in Figure 12 towards the folding of 

the G-quadruplex.  

 

Figure 12. Factors influencing the G-quadruplex folding equilibrium. 

Note that in the genome, DNA G-quadruplex formation competes with duplex (not 

represented in Figure 12). To the contrary, RNA does not have this constrain and the formation 

of G-quadruplexes is therefore even more likely to occur. Many parameters have been 

described to stabilize (or destabilize) G-quadruplexes. The main ones are briefly described 

hereafter. 

Cations. The cation may displace more or less the equilibrium towards the formation of the 

G-quadruplex depending on its concentration, ionic radius and hydration energy (desolvation 

and binding of the cation is part of the equilibrium).71 The general trend for quadruplex-

stabilizing cations is the following: Sr2+ > Ba2+ > K+ > Ca2+ > Na+, NH4
+, Rb+ > Mg2+ > Li+ > Cs+.72 

The nature of the cation also influences the preferred topology of the G-quadruplex as 

discussed later. In cells, mostly K+ and Na+ are present and their concentrations are regulated 

thanks to the Na+/K+ pump. In the nucleus, potassium is more concentrated than sodium73 

and K+ is therefore the most biologically relevant cation for in vitro assays. 
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Ionic strength. To overcome the electrostatic repulsion between the negative charges of the 

backbone, a high ionic strength is needed.74 Increasing the ionic strength is, however, not a 

convenient strategy to act on the equilibrium in vivo. 

Crowding or dehydration agents. Crowding agents such as polyethylene glycol have been 

used to mimic cell conditions. These agents were shown to be a major determinant of the G-

quadruplex stability.75–77 In a previous work, we also showed that organic co-solvents such as 

ethanol induced the formation of G-quadruplexes.78 The commonly accepted reason is that 

water molecules are released upon folding of the G-quadruplex. Therefore, adding 

dehydration agents displaces the equilibrium towards the folding of G-quadruplexes.  

Temperature. The Gibbs free energy (𝛥𝛥𝐺𝐺1) of the reaction depends on the temperature: lower 

temperatures favor the folding of G-quadruplexes. Again, it is not possible to decrease the cell 

temperature of a living being. This parameter is however used to determine the “G-

quadruplex stability”, indicated by the melting temperature (temperature at which 50% of the 

G-quadruplexes in solution are folded). If the melting temperature is increased/decreased in 

certain conditions, it means the G-quadruplex is stabilized/destabilized by those conditions. 

Measuring the melting temperature in different conditions is a widely used method to study 

G-quadruplex stabilizing/destabilizing conditions. This particular point will be discussed in 

more details in the next sections. 

Ligands. Because none of the above-mentioned parameters can be used to influence G-

quadruplexes formation in vivo, researchers had to find a different way to affect the 

equilibrium. This can be achieved using small molecules (also called ligands) to stabilize the 

G-quadruplex structures. Genome-wide approaches (not targeting one specific gene) using G-

quadruplex ligands have been conducted to evidence the potential use of G-quadruplexes as 

transcriptional regulators.62,79  

The equilibrium in Figure 12 becomes more complicated when a ligand binds to the different 

structures. The equilibrium in Figure 13 represents some of the equilibria that affect the 

concentrations of the different species in solution. If the goal is to displace the equilibria 

towards the G-quadruplex formation, it is therefore important to synthetize ligands affine and 

selective for G-quadruplexes over the duplex or unfolded species. A review of selected ligands 

is presented in a specific section (II.2.6), later. 
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Figure 13. Schematic representation of the solution equilibria at stake when a ligand bind to a G-
quadruplex-forming sequence. The green balls are cations and the black disk is a ligand. 
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II.2.5  WHICH IS THE TARGET?  

Targeting G-quadruplexes with ligands seems to be a promising route to fight cancer for the 

reasons presented above. However, once injected inside the cell, a ligand could bind to all G-

quadruplexes present in the genome and therefore could alter many different processes. 

Additionally, G-quadruplex ligands could also theoretically induce the folding of G-

quadruplexes in unwanted regions, which may promote unwanted biological effect.  

Different G-rich sequences may form G-quadruplexes of different topologies, which could in 

principle be targeted by different ligands. However, it is not so simple because the same 

sequence can also fold into different types of G-quadruplexes, ensuing uncertainties about 

which G-quadruplex structure should be targeted.  

The first step to design affine and selective ligands for the G-quadruplex structure is to know 

the target’s structure. Because most of this work is focused on the human telomeric 

sequences, the main published human telomeric structures are presented in this section. 

POLYMORPHISM OF THE HUMAN TELOMERIC SEQUENCES 

The human telomeric sequence made of d(TTAGGG) repeats is one of the most studied 

biologically relevant G-quadruplex forming sequences. Over the years, several structures have 

come out and this sequence therefore appears to be extremely polymorphic.80 

Monomolecular G-quadruplexes are formed by one sequence of four d(TTAGGG) repeats. 

Bimolecular G-quadruplexes are formed either by two sequences of two repeats or by one 

sequence of one repeat and one sequence of three repeats. Tetramolecular human telomeric 

G-quadruplexes are formed by four strands, each made of one d(TTAGGG) repeat. Therefore 

several G-quadruplexes with different molecularities are published in the literature. 

Tetra- and bi-molecular human telomeric G-quadruplexes. Historically, the first topology 

obtained for a human telomeric sequence is a tetramolecular parallel G-quadruplex.81 Wang 

and Patel published, a year later, the first G-quadruplex structure of a derivative of the 

Tetrahymena telomeric sequence (d(TTGGGGT)).82 Tetramolecular G-quadruplexes do not 

have loop constraints and, systematically, the adopted structure is parallel with all glycosidic 

angles in anti-conformation, as also observed for the human telomeric G-quadruplex 

35 

 



[d(TTAGGGT)]4 (Figure 14A).83 A bimolecular human telomeric G-quadruplex structure was 

also obtained in K+ conditions by X-ray crystallography.84 The G-quadruplex is parallel with two 

propeller loops (Figure 14B). In solution, Phan showed that this structure is in equilibrium with 

an antiparallel structure (Figure 14C).85 Those structures have grooves of different sizes. In the 

parallel form, all grooves are of medium size whereas in the antiparallel one, two grooves are 

wide and two are narrow. 

Another particular structure is made of a three-repeat sequence combining with a one-repeat 

sequence, forming a hybrid G-quadurplex (Figure 14D).86 Those bimolecular G-quadruplexes 

may be relevant, for example, in the case of the t-loop formation. 

 

Figure 14. Structures of tetra- and bimolecular G-quadruplexes formed by the human telomeric 
sequence obtained in K+ (green balls in the schematic view) or Na+ (blue balls in the schematic view) 
solutions from NMR or X-ray. (A) Parallel tetrameric G-quadruplex [d(TTAGGGT)]4, PDB ID: 1NP9.83 (B) 
Parallel bimolecular G-quadruplex [d(TAGGGT)2]2, PDB ID: 1K8P.84 (C) Antiparallel G-quadruplex 
[d(TAGGGT)2]2.85 (D) Asymmetric bimolecular G-quadruplex observed for d(GGGTTA)2GGGT + 
d(TAGGGT), PDB ID: 2AQY.86  

 

Intramolecular human telomeric G-quadruplexes. However, more relevant structures may 

be intramolecular, made of four G-tracts (Figure 15). Over the past 15 years, at least six 

different folds have been published. The final topology depends on many parameters: the 

nature of the monovalent cation, the concentrations, the ionic strength, the pH, the presence 

of crowding agents and the exact sequence. Indeed, there are 16 different ways of delimiting 

the d(TTAGGG)n sequence, all containing at least the 21 bases central core d(GGGTTA)3GGG 

and a maximum of 4 G-tracts. 
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Figure 15. Structures of the intramolecular G-quadruplexes formed by the human telomeric sequences 
obtained in K+ (green balls in the schematic view) or Na+ (blue balls in the schematic view) solutions 
from NMR or X-ray. (A) Parallel G-quadruplex formed by 22AG, PDB ID: 1KF1.84 (B) Antiparallel G-
quadruplex formed by 22AG, PDB ID: 143D.87 (C) Hybrid-1 G-quadruplex formed by 24TTG, PDB ID: 
2GKU.88 (D) Hybrid-2 structure formed by 26TTA, PDB ID: 2JPZ.89 (E) 2-quartet antiparallel G-quadruplex 
formed by 22GT, PDB ID: 2KF8.90 (F) 2-quartet antiparallel G-quadruplex formed by the modified 
sequence 22CTA, PDB ID: 2KM3.91 

By X-ray diffraction of crystals obtained from K+ solutions, Parkinson et al. obtained a parallel 

structure made of three G-quartets for 22AG, (d(A(GGGTTA)3GGG) (Figure 15A).84 However, 

studies in diluted solutions suggest that the crystal packing may bias the resulting structure,92 

even though parallel G-quadruplexes could be relevant in molecular crowded conditions (and 

therefore in the nucleus).75,76,93 The NMR of 22AG in diluted solution containing 100 mM Na+ 

cations indicated that the formed G-quadruplex is antiparallel (Figure 15B).87 In potassium 

solutions by NMR spectroscopy, the 22AG structure has not been elucidated but several 

structures for closely related sequences were obtained. The mutated sequence 24TTG 

(d(TT(GGGTTA)3GGGA) folds into a hybrid-1 structure88 as well as 23TAG, (d(TA(GGGTTA)3GGG) 

(PDB ID: 2JSM)94 and 25TAG, (d(TA(GGGTTA)3GGGTT) (PDB ID: 2JSL) (Figure 15C).94 Another 

hybrid type structure, the hybrid-2 has been published for the 26TTA sequence, 

(d(TTA(GGGTTA)3GGGTT) (Figure 15D).89 The difference between hybrid-1 and -2 comes from 

the order of the loops: hybrid-1 loops are respectively 5’-propeller-lateral-lateral-3’ and the 

hybrid-2 loops are 5’-lateral-lateral-propeller-3’. A third structure, called hybrid-3, is a 2-quartet 

antiparallel G-quadruplex with a triplet of guanines (Figure 15E). About 70% of 22GT, 

(d((GGGTTA)3GGGT) (PDB ID: 2KF8), fold into this conformation90 and 23AG, 

(d(A(GGGTTA)3GGGT), is also able to adopt this topology.95 Finally, the modified 22CTA 

sequence (d(A(GGGCTA)3GGG, the TTA loops are replaced by CTA loops) also form a 2-quartet 

antiparallel structure91 additionally stabilized by a G:C:G:C platform. 

37 

 



In the cellular context, there are uncertainties about which structures are really present. An 

NMR study suggest the coexistence of the 2-quartet (hybrid-3) and the hybrid-2 type G-

quadruplexes for sequences with more than four repeats that form multiple G-

quadruplexes.96 Similarly, interactions between two adjacent G-quadruplexes in longer 

sequences have been proposed and could bring additional stability to the G-quadruplex 

structures formed in the telomeric regions and influence the topology.97  
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II.2.6  HOW DO LIGANDS BIND TO G-QUADRUPLEXES? 

A good G-quadruplex ligand has to present a good affinity and a good selectivity versus other 

secondary structures. In this section, we will discuss the types of ligand scaffolds synthetized 

and tested in the literature and their potential binding modes.  

Theoretically, there are four different potential binding sites on a G-quadruplex structure: the 

ligand could interact with the bases in the loops and bind via loop recognition, it could 

intercalate between the G-quartets, bind in the grooves (electrostatic interactions) or stack on 

external G-quartets (π-π stacking) (Figure 16). The rational design mainly targets external G-

quartets because it is the common feature to all G-quadruplexes. Indeed, over the years, 

different molecular scaffolds have appeared in the literature but one common point consists 

in large polyaromatic moieties, prone to π-π stack.98,99 Several structures of ligands stacked 

on external G-quartets of different G-quadruplexes were obtained by NMR spectroscopy and 

X-ray crystallography,100–106 therefore, the usually accepted binding mode for those molecules 

is π-π stacking.13 Note that the structure of a peptide interacting with the two external G-

quartets of a parallel G-quadruplex has been published, this also supports that those binding 

sites are interesting G-quadruplex recognition motifs.107 

 

 

Figure 16. Potential interacting sites on a G-quadruplex structure. 

However, other binding sites such as groove binding, loop recognition or intercalation may be 

as important targets but only a few structures presenting such binding modes are published 
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in the literature. In theory, taking into consideration particular features (loops, grooves…), that 

are topology-dependent, may theoretically increase the selectivity for G-quadruplexes over 

other structures and eventually lead to inter-G-quadruplex selectivity. Only one complex 

implying groove binding was obtained108,109 and some attempts have been made to target the 

loops110 but those binding modes are as of today not the most common ones. 

The most common G-quadruplex ligands usually have a very large aromatic plane, larger than 

those of traditional duplex intercalators.111 This leads to increased selectivity for the G-

quadruplex compared to the unfolded and/or duplex forms. Additionally, ligands have been 

improved to bind with higher affinity to the G-quadruplex structure via electrostatic 

interactions. Indeed, most of the ligands have positively charged groups that can interact with 

the negative nucleic acids backbone. However, this interaction could also bring nonspecific 

binding and therefore decrease the selectivity for the G-quadruplex. 

In the next sections, we will briefly describe a non-exhaustive list of reported G-quadruplex 

ligands. They are classified into four categories according to their general molecular shape 

and will discuss three of each category: porphyrins and ligands with large aromatic planes, 

metallo-complexes, bisquinoline derivatives and macrocycles. 

For a more complete list of G-quadruplex ligands, a database was published112 and several 

reviews discuss some of the most recent ligands.98,99,113 

PORPHYRINS 

The aromatic core of porphyrins makes their conception as G-quadruplex ligands almost 

straightforward. Derivatization of the core with chains of various nature, including or not 

positive charges, was a common way to improve the affinity of those molecules.114  

The tetramethylpyridinium porphyrin, TMPyP4, one of the most studied G-quadruplex ligand, 

increases the melting temperature of some G-quadruplexes by values as high as 17 °C115 and 

inhibits telomerase.116 Hurley also showed that TMPyP4 was able to regulate the expression 

of the c-myc oncogene.117 In addition, a surprising structure with one of the two binding 

ligands interacting with an external loop has been obtained.118 However, this could come from 

a nonspecific binding. Indeed, a series of studies evidenced TMPyP4’s lack of selectivity.115,119–
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121 It was even shown that this ligand unfolds very stable RNA G-quadruplexes, displacing the 

equilibrium towards the unfolded species.122 

 

Figure 17. Examples of porphyrin G-quadruplex ligands. 

The development of Mn(III)-porphyrins by Pratviel’s group improved the selectivity for G-

quadruplexes. Surface plasmon resonance (SPR) evaluation of the dissociation constants 

indicated sub-micromolar constants for the G-quadruplex, compared to values higher than 

tens of micromolar for duplexes.123 This increased selectivity comes supposedly from the 

steric hindrances of the side chains.124 

Those two previously described porphyrins bare positive charges that probably increase the 

interaction between the ligands and the DNA. A negatively charged porphyrin, N-methyl-

mesoporphyrin IX (NMM), possesses two negative charges at physiological pH. Its affinity is 

affected by the presence of those charges but it presents a stronger selectivity for G-

quadruplexes versus duplexes.125 It was also shown that NMM has a preferential binding to 

parallel G-quadruplexes whose external G-quartets are particularly exposed. The exalted 

fluorescence when bound to a G-quadruplex and its selectivity toward parallel G-

quadruplexes permitted its use as a strand orientation reporter for parallel G-

quadruplexes.126 
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METALLO-COMPLEXES 

 

Figure 18. Examples of metal complexes G-quadruplex ligands. 

Some of the porphyrins can complex a metal cation, changing the distribution of the charges 

on the ligand and potentially influencing the binding affinity.127 Researchers also developed 

metal complexes to target G-quadruplexes because they are easy to synthetize and could lock 

an organic moiety in a specific conformation. The ideal metallo-complex binds the G-

quadruplex with its metal positioned over the cation channel of the G-quadruplex and its 

organic moiety(ies) stacked on the quartet.128 The Ni(II)-salophen complex was designed this 

way and stabilizes the G-quadruplex form by up to 33 °C, which made this ligand one of the 

best temperature stabilizers.128 It is also a telomerase inhibitor.129 Further optimization is 

possible by modifying the chemical groups on the central phenyl moiety and the metal 

nature.130,131 

Terpyridines in interaction with various metal cations have been employed as G-quadruplex 

ligands.132 The platinum- and palladium-tolylterpyridine (Pt- and Pd-ttpy complexes) were 

analyzed by mass spectrometry and were shown to bind covalently to the DNA.133 Teulade-

Fichou showed that the Pt-ttpy ligand is covalently bound to the adenines located in the loop 

regions of the human telomeric G-quadruplex.134 Another study revealed the importance of 

the metal geometry of those ligands: to obtain the best selectivity over duplexes, the trigonal 

bipyramidal shape obtained for the Copper-tolyterpyridine, Cu-ttpy, ligand is the best because 

it impedes duplex intercalation.132 Derivatization strategies around the terpyridine moiety has 

been explored.135,136 This ligand complex with a G-quadruplex has also been used, for 

completely different purposes, as a metalloenzyme for Diels-Alder reactions catalysis.136 

Other types of metallo-complexes have been employed to target DNA G-quadruplexes such 

as ruthenium and di-ruthenium complexes.137,138 The rationale was the use of a large aromatic 

plane in between the metal cores that bare the charges. The dinuclear {Ru(phen)2}2-tpphz binds 
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diastereoselectively to antiparallel human telomeric G-quadruplexes (only one of the 

diastereoisomers binds to the G-quadruplexes).139 These Ru-complexes have been proposed 

as light up probes for in vivo direct imaging studies because they incorporates well inside the 

cell.140 

BISQUINOLINE DERIVATIVES 

 

Figure 19. Examples of bisquinoline G-quadruplex ligands. 

Another family of very affine ligands is based on derivatives of the 2,6-pyrido-dicarboxamide 

(PDC) core.141,142 These ligands were shown to have a very good telomerase inhibition activity, 

correlated with an increase of more than 20 °C of the melting temperature of G-quadruplexes. 

The tritiated ligand 360A has been used to probe the presence of G-quadruplexes in cells: the 

ligand localizes preferentially at the human chromosome ends, which is another evidence for 

the existence of G-quadruplexes in vivo.143 It has however been shown that 360A could induce 

the folding of G-quadruplexes144 and therefore the conclusion whether the G-quadruplexes 

are present in vivo remains unclear. Interestingly, the combination of 360A with Cu(II) has been 

tested but the Cu-360A complex had a very poor affinity for G-quadruplexes.145 The 

explanation lies in the conformational change of the 360A induced by the copper: the crescent 

shape of the ligand is lost and its configuration becomes more linear (the oxygens of the amide 

groups and the nitrogen of the pyridine bind to the Cu center). 

Knowing that the crescent shape scaffold is required, Teulade-Fichou’s group extended the 

family to phenanthroline derivatives such as Phen-DC3.146 This ligand stabilizes the G-

quadruplex even in the presence of high amount of duplex competitor, demonstrating its 

selectivity. Because the size of the G-quartet and of the ligand are comparable, it was initially 

suggested that Phen-DC3 stacks upon an external G-quartet. Recently, this binding mode was 

confirmed by NMR on a parallel c-myc promoter G-quadruplex.147 Due to its good affinity and 

selectivity, Phen-DC3 has become one of the benchmark tests for ligand binding assay 
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development.115,148 Biological assays have shown that this ligand could lead to genomic 

instability.149,150 

Similar stabilization effects and selectivities were found for the pyridostatin ligand 

(abbreviated PDS).151 Thanks to its high affinity (~500 nM range),152 this ligand was used for 

determination of G-quadruplex forming sequences in vivo using a high-throughput 

sequencing approach30 and a fishing approach.153 Both methods suggest that G-quadruplexes 

are present in vivo, notably in the telomere regions. However, it has not yet been documented 

if PDS induces the folding of G-quadruplexes, as well as for 360A.144 

MACROCYCLES 

 

Figure 20. Examples of macrocycles G-quadruplex ligands. 

Another completely different scaffold, initially discovered in 2001 with telomestatin,154 

consists in macrocycles. The macrocyclic shape of telomestatin is perfect for π-π interaction 

with an external G-quartet, and it also makes the telomestatin a bad duplex ligand. Molecular 

dynamics simulations also suggest that telomestatin and macrocycle analogs recruit metal 

ions upon binding on an G-quartet,155 which was also observed experimentally by mass 

spectrometry.156 The good affinity of this macrocycle for G-quadruplexes is suggested by the 

increase of melting temperature induced for G-quadruplexes (ΔTm = 24 °C)98 and by mass 

spectrometry that showed the delayed unwinding of the G-quadruplex in presence of the 

ligand.157 Additionally, the selectivity for the human telomeric G-quadruplex d(TTAGGG)4 in 

potassium (hybrid G-quadruplexes) over the sodium conditions (antiparallel G-quadruplexes) 

also suggests a structural preference for hybrid conformations compared to antiparallel 

ones.158 It is also possible that the binding site between the ligand and the G-quadrulpex is 

cation-dependent, with a preference for potassium, which could explain the preferential 

binding in potassium conditions. The biological effect of telomestatin was shown notably by 
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Riou and his team. They found that the telomeres of human tumor cells treated by the ligand 

eroded faster than normal cells, which was explained by the uncapping of the proteins on the 

chromosomal ends.159 

Similarly, an oxazole based nonmacrocyclic ligand, TOxaPy, has been developed.160,161 It 

exhibited a strong preference for G-quadruplexes over duplexes and more interestingly, 

stabilizes exclusively the human telomeric sequence folded in sodium conditions compared 

to potassium, suggesting a better affinity for antiparallel G-quadruplexes. To this day, it is still 

one of the most inter-G-quadruplex selective ligand. Its binding mode may not be as 

straightforward as telomestatin (considered as a π-π stacker). Indeed, TOxaPy can rearrange 

to linear folds and potentially fit in the G-quadruplexes grooves.160 

Additional coulombic interactions on macrocyclic ligands were brought by the amino side 

chains of the L2H2 derivatives.162 This ligand has a size and shape similar to telomestatin 

except that, unbound, it is not planar. When bound, NMR studies showed that L2H2 was able 

to become flatter and accommodate to the G-quartet, without influencing the overall human 

telomeric G-quadruplex folding.163 This study also strongly suggested the cation-mediated 

binding of the ligand. Derivatives of this ligand were recently synthesized and found to induce 

the folding of human telomeric G-quadruplexes without added salt.164 A dimeric derivative 

(two L2H2 ligands linked covalently by an alkyl chain) has also been synthesized and shown to 

bind to long repeats of the human telomeric sequence supposedly by π-π stacking, each L2H2 

part of the ligand to each end G-quartet.165 

 

In conclusion, several families have been synthesized with sometimes very different chemical 

scaffolds.98,99 The common point is the aromatic region presumably used to stack on top of G-

quartets. However, when no atomic structure is published one can only guess the binding 

mode for those ligands and simple stacking is sometimes not sufficient to explain the 

selectivity observed for different G-quadruplexes. More assays have to be developed to study 

not only the affinity of a ligand for a G-quadruplex but also to assess its binding mode. This 

question is treated in the Chapter VI.  
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II.2.7 HOW TO STUDY G-QUADRUPLEX FOLDING AND LIGAND BINDING MODES? 

In this work, we want to answer several questions. What is the structure of the G-quadruplex? 

Can we elucidate G-quadruplex folding mechanism? What is the affinity of a ligand to a 

particular G-quadruplex? How does the ligand bind to G-quadruplexes? How many ligands? 

Are there conformational changes upon ligand binding? 

Plenty of different biophysical methods are available, each of the techniques has pros and 

cons. Some can be used to determine binding affinities, others to study structural changes, 

others to elucidate atomic structures… This section focuses on the introduction of the most 

commonly used biophysical techniques to study G-quadruplex structures and G-quadruplex-

ligand interactions. 

STRUCTURAL CHARACTERIZATION 

To characterize the structures of the G-quadruplexes and ligand induced-structural changes, 

several techniques can be used, depending whether or not the structure has to be 

characterized with atomic resolution. 

Circular dichroism (CD). Circular dichroism is a chiroptical technique developed to assign the 

configuration of chiral molecules.166 It has been popularized over the last fifty years to become 

one of the most widely used techniques to characterize conformational changes and 

supramolecular interactions. The origin of CD is due to the presence of absorbing 

chromophores in a chiral environment.167 Depending on the chiral orientation, the 

chromophore absorbs differently the light of a given polarization. The difference in 

absorbance between left and right circularly polarized light gives the CD signal. 

In the case of G-quadruplexes, a typical approximation considers the guanines as the only 

contributing chromophores (the absorbance of the other bases is considered negligible).167 

Guanines have two absorption bands at 248 and 279 nm.168 In a G-quadruplex, the molecular 

orbitals involved in electronic transitions are delocalized on several guanines and G-

quartets.169 G-quartets are stacked and rotated one upon each other (Figure 21).14,170 Because 

of the usual way to represent schematically the structures (as stacked squared boxes),15 the 

rotation can be easily forgotten but is the key to the understanding of the origin of the CD 
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signal. Indeed, the position of the band is dependent on the stacking type (syn-anti, anti-syn, 

anti-anti or syn-syn) of the guanines and on this rotation. For those reasons, markedly different 

CD spectra can be obtained for different families of G-quadruplexes.170–172 More details on 

how to assign the topology of G-quadruplexes are provided in the experimental approaches 

section, in Chapter III. 

 

Figure 21. Transition dipole moments at 248 and 279 nm in green and red, respectively, for stacked 
guanines. Illustration reproduced from Webba da Silva.170 

 

Nuclear magnetic resonance spectroscopy (NMR). To obtain atomic details on a structure, 

NMR is also commonly used.173 A 1D 1H NMR experiment can be run to determine whether or 

not the chosen sequence is folded into a G-quadruplex. Peaks between 10.5 and 12 ppm are 

typical of guanine imino-protons embedded in a G-quadruplex structure (the proton on the 

N1 of the guanines). If the structure is not symmetrical, the number of peaks in this region can 

give access to the number of G-quartets (4 peaks per G-quartet). The guanine’s imino-protons 

are quickly exchanged when they are in contact with the solvent and are therefore invisible in 

the spectrum. 2D and 3D experiments allow the determination of the atomic structure. 
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The main drawback of the technique is the difficulty to interpret the data when several 

conformers coexist in the solution (a priori one does not know from which structure a peak 

comes from). Very often, NMR specialists mutate the sequences to drive the equilibria towards 

one well defined conformation.174 Moreover, highly concentrated solutions are needed and 

increase the cost of the experiment. 

X-ray diffraction. X-ray diffraction of crystals allows the atomic resolution of structures. 

Unfortunately, this technique is limited by the likelihood of complexes to crystalize. 

Additionally, not all G-quadruplex structures crystalize well: parallel G-quadruplexes tend to 

crystalize more easily.92 Indeed, the external G-quartets of parallel G-quadruplexes are free, 

which allows the crystallization due to a better stacking of G-quadruplexes in the 

crystallographic lattice. So, even though X-ray diffraction provides atomic details on a complex, 

it does not necessarily reflect the possible heterogeneity of the complexes in solution. 

CHARACTERIZATION OF REACTION EQUILIBRIA 

To get insight into the binding affinity or folding mechanism of G-quadruplexes (Figure 22), 

several techniques can be employed. The requirement is that the technique measures, as a 

function of concentration, time or temperature, a signal that is proportional to the 

concentration of the complex formed. For example, spectroscopic techniques such as CD, UV 

absorbance, fluorescence… are commonly used to determine equilibrium constants or to 

monitor kinetics. In addition to the structure, NMR spectroscopy can also assess kinetics and 

dynamics of G-quadruplexes, determine molecular interactions or melting temperature…174 

Thermal denaturation experiments. A simple method to determine the stability of G-

quadruplexes and compare ligand-induced stabilization is to measure the melting 

temperature, the temperature at which 50% of the complexes in solution are folded/unfolded. 

The temperature-induced unfolding of G-quadruplexes is typically monitored by UV-vis 

absorbance175,176 but other methods measuring any property sensitive to folded/unfolded 

ratio, such as circular dichroism (CD), fluorescence (using Förster Resonance Energy Transfer, 

FRET)177 or nuclear magnetic resonance (NMR), can also be used.178  
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Figure 22. Schematic representation of the solution equilibria at stake when a ligand bind to a G-
quadruplex-forming sequence. The green balls are cations and the black disk is a ligand. 

In practice, determination of the melting temperature of a G-quadruplex can give access to 

the folding equilibrium constant (linked to ∆𝐺𝐺1, in Figure 22), without the possibility to obtain 

individual K+ binding constants. Comparison of the melting temperatures of a G-quadruplex 

with a variety of ligands is a classical ligand screening method. A common interpretation is 

that the higher the melting temperature stabilization (ΔTm), the better the ligand, because the 

ligand displaces more the equilibrium towards the formation of the G-quadruplex.146,178,179 

However, in this case, only two ensembles are defined: the unfolded species and the G-

quadruplexes. Only an apparent equilibrium constant can be determined with those 

techniques: no information on the equilibria of ligand binding to the G-quadruplex (linked to 

∆𝐺𝐺2, in Figure 22) and of ligand binding to unfolded species (linked to ∆𝐺𝐺3, in Figure 22) can be 

accessed. The equilibria can be even more complicated if multiple G-quadruplex 

conformations coexist in solution (such as for the human telomeric sequence). To characterize 

more deeply those equilibria, Chaires and coworkers have deconvoluted spectroscopic signals 

(CD, UV absorbance, Fluorescence) using singular value decomposition (SVD) to enumerate 

the number of significant species and intermediates required to properly analyze thermal 

denaturation experiments.180–182 

Surface plasmon resonance (SPR). Quantification of the affinity constants and binding 

kinetics can be provided by surface plasmon resonance. Briefly, a target is bound to a surface 

and the analyte solution is flushed on the surface. The SPR machine detects the change in 

amount of ligand bound to the surface using the total internal reflection of a light beam on 

the surface. When the ligand binds to the target, a change in the refraction index close to the 

surface occurs and the angle at which there is plasmon resonance changes. The system is 

sensitive to the changes in refraction index and in the mass of the binding ligand. This property 
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can be used to monitor the interaction of ligands with G-quadruplexes according to the time 

to obtain steady state and kinetic parameters.183,184 Because SPR is sensitive to the mass of 

the ligand, it is possible to deduce the number of bound ligands. 

However, because a change in mass is theoretically needed to monitor reactions using SPR, 

the study of G-quadruplex folding is not possible (the mass of two K+ cations is not sufficient). 

Another drawback is that one of the partners has to be immobilized on a surface and this 

immobilization could affect the structure of the G-quadruplex and/or the interaction with 

ligands. 

Förster Resonance Energy Transfer (FRET) and Single-molecule FRET (smFRET). FRET is a 

mechanism of energy transfer between two chromophores. One of the chromophores, the 

donor, is irradiated and becomes electronically excited. The donor is relaxed and the second 

chromophore, the acceptor, is excited by resonance energy transfer. The energy transfer 

efficiency is inversely proportional to the sixth power of the distance between the donor and 

the acceptor. The experiment consists in measuring the acceptor relaxation by fluorescence. 

The distance between the two chromophores, measured by FRET, could in principle give 

information on the structure of the complex. However, if performed in bulk solution, the signal 

is averaged on the ensemble of structures. 

To get access to binding constants and folding landscapes, smFRET can be employed. The 

same principle is used but one of the two binding partners is immobilized on a surface and 

observed under the microscope. Signals from individual pairs of chromophores are recorded 

as a function of time. The assay consists in measuring changes in distances between the dyes, 

and correlating these distance changes to the dynamics between different structures.185,186 

Folding landscape of G-quadruplexes were obtained by smFRET.187 smFRET can provide 

structural details because the dyes may be positioned at different distances in different G-

quadruplex conformations. This can provide information on the interconversion between 

different structures. Ligand-induced structural changes can possibly be recorded providing 

that the dyes positions are affected by the binding.186,188,189 

The smFRET technique has two drawbacks. First, the binding constants could be influenced by 

the fact that one of the partners has to be immobilized on a surface. Second, the molecule is 
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tagged with chromophores, which could influence the binding site and/or the conformations 

of the G-quadruplexes. 

Fluorescent Intercalator Displacement (FID). Another fluorescence-based method to 

screen for ligands is the fluorescent intercalator displacement assay, FID.190,191 The technique 

consists in displacing a molecule, which is fluorescent when bound to the G-quadruplex, with 

the target ligand and measuring the decrease in fluorescence. As opposed to FRET, the G-

quadruplex does not need to be labelled. However, the ability to displace the fluorescent 

molecule is probably binding mode-dependent: both the fluorescent molecule and the ligand 

have to compete for the same binding site. The reliability of the assay has been confirmed by 

FRET-melting and MS experiments for some ligands,192 and assumed to be valid for any ligand. 
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II.3.  MASS SPECTROMETRY 

The previously described techniques are mainly good at determining either the binding 

constants, or the structures. In this section, mass spectrometry will be described focusing on 

its potential in addressing the two types of questions (structural and quantitative). 

Mass spectrometry allows the identification of the chemical constituents of a solution by 

separating them according to their mass to charge m/z ratio. This allows qualitative and 

quantitative analysis. To achieve this, the molecules are ionized and desolvated. In the gas 

phase, the ions are guided inside the mass spectrometer by electric fields applied between 

electrodes. Ions are then separated according to their m/z ratio by the analyzer, and detected. 

Different types of ionization sources and mass analyzers exist. Additionally, some devices can 

be coupled with the mass analyzers to increase the information obtained using mass 

spectrometry, notably about structures. 

II.3.1  NATIVE MASS SPECTROMETRY 

Mass spectrometry is a research field that has grown a lot since its invention 110 years ago.193 

The mass spectrometry paternity is usually attributed to J. J. Thomson who was one of the first 

to separate particles of different m/z ratio. For this work, he obtained the Nobel Prize in 

Physics in 1906.194 In 1953, Stephens used time dispersion to separate ions according to their 

m/z.195 He invented the first time-of-flight (TOF) mass spectrometer, whose principle is 

described in the next section. In the same decade, several mass analyzers were developed 

such as the ion cyclotron resonance (ICR) MS196 or the quadrupole (Q) MS.197 

Before the 1980s, the electron impact ionization was the most common way to desolvate and 

ionize molecules. It was impossible to transfer intact molecules from the solution to the gas 

phase and therefore it was impossible to analyze large biomolecules and biomolecule 

complexes. Indeed, this technique was not a soft ionization method as most chemicals were 

fragmented. A significantly softer ionization technique was invented first by Dole et al. in 

1968198 and adapted for the use of macrobiomolecules in 1984 by Fenn and called 

electrospray ionization (ESI).199  
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Over the years, electrospray ionization has become the most widely spread ionization method 

to gently desolvate large molecules. John B. Fenn was awarded the Nobel Prize in Chemistry 

in 2002 for his contribution to the field.200 In 1984 in his first paper about electrospray 

ionization,199 Fenn described ESI as a way to desolvate and analyze bigger complexes, too 

fragile for ionization with other methods and “non-volatile”. In his 1989 Science paper,201 he 

describes the use of ESI to obtain MS spectra of biopolymers of masses up to 130 kDa. 

Nowadays, noncovalent complexes with masses higher than the MDa202 including whole 

ribosomes203,204 or viruses,205 can be electrosprayed. Thanks to this ionization source mass 

spectrometry can be used for studying very large noncovalent complexes.206  

Native mass spectrometry allows the investigation of noncovalent complexes interactions. 

Note that the “native” term might be excessive because the mass spectrometry experiments 

are carried out on ions in the gas phase and structural rearrangement may occur when the 

ions go from the polar water solution (relative permittivity 𝜀𝜀𝑟𝑟 = 78) to the very apolar gas 

phase (𝜀𝜀𝑟𝑟 = 1). This specific point is addressed in a dedicated section, in Chapter II.3.3. 

The main advantage of native mass spectrometry is its ability to unambiguously detect 

simultaneously several species in a heterogeneous mixture of complexes. Unlike NMR 

spectroscopy and X-ray diffraction of the studied structures, mass spectrometry cannot 

provide atomic details and is a destructive method. However, it requires small amount of 

sample (< nmol for classical electrospray of nucleic acids) and provides key information on the 

binding partners: nature, stoichiometries, and insight into the quaternary structures.207 

Compared to NMR spectroscopy, mass spectrometry does not require expensive labeling. In 

addition, there is no mass limitation and very labile complexes can be analyzed.208  

The main disadvantage of mass spectrometry interaction studies is the expensive 

instrumentation required. In addition, depending on the mass spectrometer specifications 

different types of information can be obtained (information about the shape, the sequence…). 

Yet, native mass spectra can be obtained even on old cheap second-hand mass 

spectrometers.209 

Native MS is an extremely powerful biophysical technique for equilibrium characterization. 

The information provided by native MS is: Does a ligand bind? What is the ligand 

stoichiometry? The cation stoichiometry? Is it possible to obtain information on the affinity 
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constants and binding kinetics? Being able to distinguish the number of ligands on a target, 

the stoichiometry, and to quantify the amount of each of those stoichiometries is very 

important for biophysical studies. 
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II.3.2  ION MOBILITY SPECTROMETRY (IMS) 

On the structural point of view, the higher resolution techniques are the x-ray crystallography 

and the NMR spectroscopy as described previously. Those techniques require to invest a lot 

of time and sample. Furthermore, mixtures of products are difficult to analyze: the samples 

have to be purified and concentrated, which might affect their structure. The NMR-compatible 

complexes are additionally limited to a range of a few tens of kiloDaltons. For X-ray 

characterization of the complexes, the crystallogenesis might be reluctant depending on the 

lability of the complexes.  

Several techniques were developed in order to obtain structural information from mass 

spectrometry experiments. Indeed, techniques such as chemical cross linking (CX-MS)210 and 

hydrogen-deuterium exchange211 (HDX) techniques gave to the mass spectrometry 

researchers tools to reach up to 20-30 Å² resolutions.207 Those are techniques developed and 

used for proteins and protein complexes, not directly applicable to nucleic acids. They could 

be adapted but with significant efforts. 

The recent development of ion mobility coupled to mass spectrometry (IMS-MS) gave mass 

spectrometry the lacking structural information.212 In addition with the m/z separation, ions 

are separated according to their shape.212,213 Because this additional separation is due to an 

intrinsic property of the ion, IMS-MS is directly amenable to study nucleic acids. There are 

several families of IMS instruments: field-asymmetric ion mobility spectrometry (FAIMS),214 

travelling-wave ion mobility spectrometry (TWIMS),215 transversal modulation ion mobility 

spectrometry (TMIMS),216 trapped ion mobility spectrometry (TIMS),217,218 drift tube ion 

mobility spectrometry (DTIMS).219 

Because a DTIMS instrument is available in our laboratory, a fundamental theory and 

functioning of the DTIMS (Figure 23) are described hereafter. DTIMS is a temporal dispersive 

method in which the more compact ions reach the detector before the more extended ones. 

Therefore, ions with the same m/z ratio can now be separated according to their shape, which 

is of great interest to separate two conformers and to study structural changes. 

One of the greatest advantages of DTIMS compared to the other IMS devices is that it allows 

to obtain collision cross sections values (a physical parameter that is linked to the size and 
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shape of the ion) without calibration of the mobility cell.220 In DTIMS, under the effect of a 

uniform linear electric field, ions pass through a gas-filled cell. In this cell, the ions are 

accelerated until their velocity is constant (𝑣𝑣𝑑𝑑), as the friction forces counterbalance the 

electric force: 

𝑣𝑣𝑑𝑑 = 𝐾𝐾 × 𝐸𝐸 

Equation 1 

Where 𝐾𝐾 is the mobility and 𝐸𝐸 the electric field. The velocity (and hence the mobility) depends 

on the gas pressure and the temperature. The mobility value is related to the orientationally 

averaged momentum transfer collision integral, also called the collision cross section or CCS. 

It is a physical parameter corresponding to the surface area that makes collisions with the gas 

in the cell. The larger the value, the more extended the conformation of the ion. 

 

Figure 23. Illustration of the principle of ion mobility spectrometry. 

The CCS value does not directly give access to the structure. To obtain structures, molecular 

dynamics simulations are made and the theoretical CCS value is calculated. The best 

molecular structures that fit to the experimental CCS are used as potential atomic models. 

Several groups correlate ion mobility results and CCS with structural models either for small 

molecules,221 large protein complexes222 or nucleic acids.223 

In summary, native mass spectrometry can be used to determine stoichiometries and ion 

mobility spectrometry coupled to mass spectrometry can provide an additional refinement in 

characterization of the structures that are present.  
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II.3.3  MASS SPECTROMETRY AS TOOL TO STUDY SOLUTION PHASE REACTIONS 

Although mass spectrometry experiments are conducted in the gas phase, if conducted 

carefully, they can reflect solution equilibria. To study equilibria or kinetics of solution 

reactions by using a gas phase technique, four main conditions have to be respected (Figure 

24).224  

-  

Figure 24. Schematic representation of the Hess cycle of the binding of a small molecule (black and 
yellow disk) to a duplex DNA. 

Desolvation. To go from the solution to the gas phase, electrospray ionization (ESI) was 

employed and is described hereafter (Figure 25). The solution containing the analyte is 

injected inside a capillary. A voltage is set between the extremity of the capillary and the 

entrance of the mass spectrometer. The solution forms a Taylor cone that emits solution 

droplets. This region of the mass spectrometer is at atmospheric pressure. The droplets 

evaporate thanks to a coaxial gas flux (nitrogen), and the droplets of the desired polarity are 

attracted to the mass spectrometer. 

From those droplets, two ion production mechanisms are discussed in the literature:225 the 

ion evaporation model (Figure 25B)226 and the charged residue model (Figure 25C).198 In the 

ion evaporation model, as the droplets shrink, the charge density increases and at some point 
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the molecule with charges is ejected from the droplet. In the charged residue model, the large 

droplets emit daughter droplets containing only one ion. Those droplets are emitted when the 

mother droplet’s size reaches the Raleigh limit. This is the size limit at which the Coulomb 

repulsion is too high for further evaporation, and leads to the explosion of the droplet. 

While the ion evaporation model is commonly accepted for small molecules, the charged 

residue model is commonly accepted for large molecules. Indeed, it involves a last step of 

declustering, during which the removal of exceeding solvent and buffer molecules from the 

analyte is achieved. This specific step can be observed experimentally (see Chapter III). This 

last step is important to obtain mass spectra reflecting stoichiometries of complexes in 

solution. Furthermore, if structural information is desired, it is important not to denature the 

ions in the gas phase in order to keep their native-like folding. 

 

Figure 25. Principle of electrospray ionization. (A) Schematic representation of the source working in 
negative ion mode, (B) the ion evaporation model and (C) the charge residue model. 

Because the volume of the droplet decreases, one can expect to shift the equilibria toward 

the formation of the complexes (the concentrations increase). This is, however, the case only 

if the rate of binding is much faster than the shrinkage of the droplets. In 2004, Kebarle and 
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coworkers showed that the droplets emit daughter droplets in the microsecond time scale 

and that the amount of complexes formed is negligible for reactions as fast as 25 µs.224 Thanks 

to the very rapid evaporation, this contribution on the error on the quantifications of the 

species is very likely negligible.  

Transfer from the solution to the gas phase. Secondly, the ionization efficiency may be 

different for the different species. Indeed, the number of ions produced is not necessarily 

directly proportional to the number of ions in solution. Therefore, the gas phase ion intensities 

are not necessarily directly proportional to the concentrations in solution. However, a 

mathematical correction involving response factors, the proportionality factors between 

intensities and concentrations, has been previously developed.227 Thanks to internal 

standards it is possible to calculate the relative response factors for each species in a titration 

or a kinetic experiment. To know whether the correction is needed, the mass balance upon 

titration (or as a function of time) is checked thanks to the internal standards. This specific 

point is described in more details in Chapter III.  

Equilibrium in the gas phase. Finally, one could think that the equilibrium studied is related 

to the equilibrium in the gas phase (∆𝐺𝐺𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐺𝐺 , top equilibrium in Figure 24), the dissociation of 

the complex in the gas phase. However, because of the small amount of ions sprayed, once in 

the gas phase the partners will never meet and the association does not happen. On the other 

hand, the instrument is parametrized at best to conserve the noncovalent complexes. A soft 

tune allows to keep intact noncovalent complexes (instrument tuning is described in Chapter 

III). 

In addition, for the binding of oppositely charged partners (such as positive small molecules 

binding to negatively charged nucleic acids), the interaction is enhanced in the gas phase. 

Indeed, in the gas phase, coulombic interactions are reinforced: repulsion of charges of the 

same sign and attraction of particles of opposite charges are strengthened. Therefore, the 

dissociation does not occur for such ion pairs.228 However, it is possible that the binding of 

some neutral ligands is too weak in the gas phase and therefore the method is not suited. To 

ensure that we are not in such a case, the experiments are usually run at several activation 

voltages to check its influence on the proportions of the different species. 
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In conclusion, even if the mass spectrometry implies the desolvation of mixtures and the 

quantification of the species in the gas phase, the nature of species and their abundances are 

related to those in solution. Therefore, the intensities of the species detected can be linked 

with their concentrations in solution and the study of reactions happening in solution. 

Gas phase structural rearrangement. If the goal is to obtain structural information, an 

additional point has to be considered: structural rearrangements may occur. Even when doing 

everything to keep as close as possible the structures from the solution, the structures of the 

complexes may be affected by the desolvation. In the gas phase, we want to kinetically trap 

the complexes in metastable states, reflecting their initial states in solution. To study the 

conformations of biocomplexes in the gas phase (with IMS, for example) and trace back their 

structures in solution, one has to understand the desolvation process.  
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III. EXPERIMENTAL APPROACHES 

III.1.  MASS SPECTROMETRY 

The aim of this section is to discuss how to prepare the solutions, choose the mass 

spectrometer, set up the instrumental parameters and process and analyze the data. 

Technical details are found in the respective articles. 

III.1.1  SAMPLE PREPARATION 

To study noncovalent complexes interactions, the first condition is to find solution conditions 

in which the complexes may fold. Usually, a solvent is MS-compatible if it is volatile: its boiling 

point is not too high (~100 °C). Here, we studied interactions in biologically relevant aqueous 

conditions. The solvent is pure water. Mixtures of solvent are also possible (for example to 

increase the signal). Note that for G-quadruplexes, addition of alcohols may favor the folding 

but also alter the topology of the G-quadruplexes.78 

Additionally, for nucleic acids folding, a high ionic strength (~100 mM anions and cations)74 is 

required in order to decrease the repulsion of charges of the same sign. In the nucleic acids 

field, the ionic strength is commonly fixed to 100-150 mM monovalent cations and anions 

which is also relevant monovalent salt concentration in the nucleus.73 In mass spectrometry, 

the most commonly used electrolyte is ammonium acetate (NH4OAc) at pH 7. (Note that in 

this pH range, the ammonium acetate does not act as a pH buffer. To buffer at pH 7, imidazole 

can be used). However, because our complexes often interact with other cations than 

ammonium, we developed a sample preparation method thanks to which other cations, such 

as potassium or strontium, up to the 1 mM concentration can be added. This particular 

method is described and discussed in more details in Chapter IV. 

In addition, we systematically add dT6 (a hexamer of deoxythymines) and use it as internal 

standard. The purpose of this internal standard is described in the response factors section 

(Section III.1.5). It is also used as control for the IMS cell. 
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III.1.2  WHICH MASS SPECTROMETER SHOULD BE USED? 

To perform mass spectrometry experiments in native conditions, there is no particular 

instrument required. In this paragraph, pros and cons of using each of four mass 

spectrometers, among those available in the institute, are discussed. 

WATERS LCT PREMIER 

 

Figure 26. The Waters LCT Premier mass spectrometer. 

This instrument is composed of a source (in our case an ESI or nanoESI source) and a time-of-

flight (TOF) analyzer connected with ion guides. The TOF measures the time taken by the ions 

to go in the vacuum from the pusher, where ions of the same charge receive the same amount 

of kinetic energy (thanks to a voltage push), to the detector (a multichannel plate). Because 

the ions with lower m/z ratios go faster than the bigger ones, they reach the detector sooner. 

A calibration curve is typically done with Na-Cs-I clusters. From the curve, the m/z ratio of the 

ions of interest can be retrieved.  

We modified this instrument in order to be able to increase the pressure in the source up to 

45 mbar. This high pressure coupled with relatively low voltages allowed to preserve intact 
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the noncovalent complexes from the solution to the gas phase and to the analyzer. In-source 

collision induced dissociation can be conducted by increasing the voltages applied at the 

entrance of the mass spectrometer (Sample Cone and Ion Guide 1 Voltages). 

This instrument was used because we were able to tune it to be extremely soft. It is easy to 

handle and a large number of experiments can be done in a small amount of time. The 

extraction of the data for further analysis is also very simple thanks to the MassLynx software. 

However, it has a low resolution because of its short TOF tube and does not possess an ion-

mobility device. It also cannot perform MS/MS experiment on mass or mobility selected ions. 

THERMO EXACTIVE 

 

Figure 27. The Thermo Exactive mass spectrometer. 

This instrument is almost as simple as the LCT Premier. An ESI source is connected with 

transfer optics to the analyzer, an orbitrap. The orbitrap technology allows to reach very high 

mass resolutions. Indeed, the analysis is done on ions oscillating between electrodes. The 

measurement of the image current and the Fourrier transform of the signal give the mass 

spectrum.229 Due to the high coherence of the ions inside the orbitrap, which is possible 

thanks to the extremely low pressure (≈10-10 mbar), very high resolutions are obtained.  

In addition with the in-source collision induced dissociation (CID), it is possible to send the ions 

in a cell where the pressure is a little bit higher (HCD cell). The ions are trapped in a potential 
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energy well that can be adjusted to perform ion fragmentation. However, no mass selection 

is possible. 

BRUKER AMAZON SL 

 

Figure 28. The Bruker Amazon SL mass spectrometer. 

This mass spectrometer is a quadrupole ion trap used with an ESI source. It allows mass 

selection and fragmentation of selected ions as well as MSn if needed. First, the ions will be 

stored inside the trap using potential energy on the electrodes that allow the trapping of ions 

from 400 to 2200 m/z. Later, in the scanning mode, the voltage on the trap electrodes makes 

the ion trajectories become less and less stable, ejecting the ions according to their m/z. It is 

also possible to destabilize the trajectories of the ions except those of one defined m/z. 

Accelerating the ions in the Helium filled trap allows the fragmentation. Further selection of 

fragments and activation is called MSn. 

In our laboratory this instrument is modified allowing the coupling of a laser to perform laser-

based MS/MS which leads to other types of fragmentation.230 The trap is therefore a great 

advantage. However, the quantification is less robust because the number of each ions kept 

in the trap is biased: all the ions cannot be in the center of the trap and being trapped with 

the same efficiency. Nevertheless, we managed to perform quantitative experiments on this 

mass spectrometer. 
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AGILENT 6560 IMS-Q-TOF 

 

Figure 29. The Agilent 6560 IMS-Q-TOF mass spectrometer. 

This instrument’s TOF is much longer than the LCT’s, which increase the instrumental m/z 

resolution. It also has a quadrupole to select ions followed by a collision cell to perform MS/MS 

of mass selected ions. However, it is not possible to fragment beyond MS/MS, unlike with the 

ion trap. 

This mass spectrometer also has a drift tube mobility cell (DTIMS) which allows the separation 

of ions based on their shape and develops the mass spectra on a supplementary dimension: 

the time spent by the ions to go through the cell. Mobility-selected fragmentation is therefore 

possible. In addition with proper tuning of the voltages to desolvate and guide the ions gently 

to the analyzer, it is also mandatory to monitor and regulate the pressure inside the mobility 

cell with a very high precision and therefore, more precaution is needed.222 The extraction and 

treatment of the heavier data makes using this mass spectrometer more time consuming. 

Therefore, this instrument was chosen only when IMS was potentially useful. 
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In summary, those instruments were used for different parts of the work depending on their 

advantages: native mass spectra were obtained either with the LCT Premier or the Agilent 

6560 IMS-Q-TOF, depending if the IMS dimension was needed. The Amazon XL was used for 

MS/MS experiments of the complexes and the Exactive was used to measure accurate masses 

of synthesized compounds.  
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III.1.3  MS INSTRUMENTAL SETTINGS 

To work in native-like conditions, the mass spectrometer tuning is important. When the ions 

are accelerated in the mass spectrometer, they receive energy upon collisions with the gas. 

This energy could cause structural rearrangement or lead to fragmentation. Those effects 

have to be avoided or minimized. Unfortunately, there is no clear-cut recipe of how to tune a 

mass spectrometer in soft conditions. To set up the instrument, a reference compound can 

be used. 

The characteristics of a good reference compound are: bieng of close nature and size 

compared to the complexes of interest and being sensitive to the tuning of the instrument. 

Our reference compound for tuning is a dimer of dG4T4G4. In 100 mM NH4OAc, this DNA 

sequence folds into a bimolecular G-quadruplex that contains three ammonium cations 

between the G-quartets and two more labile cations on the top of each terminal G-quartet.231 

The ammonium cations are easily released (as neutral ammonia) upon activation. The 

softness of a set of instrumental parameters can be evaluated by the number of cations 

retained in the G-quadruplex in the gas phase (as illustrated for the LCT Premier on Figure 30).  

Several charge states are usually observed. The instrumental conditions depend on the charge 

state of the ions (because the acceleration of the ions is proportional to their charge). The 

instrument is tuned for one charge state, generally the most intense one. In our case, nucleic 

acids of about 20 to 26 bases show a major peak intensity for the 5- charge state (which is also 

the charge state shown for most of the figures in this document). Zooms on the 5- charge state 

are also represented on the right hand side of Figure 30. The source voltage clearly affects the 

preservation of ammonium ions in the gas phase. On the right, a schematic representation of 

the gas-phase unfolding of the complex shows the loss of ammonium (red and green balls) as 

a function of the voltage. Further activation leads to fragmentation into two monomers. 
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Figure 30. Effect of source voltages on the ammonium cation preservation in the gas-phase. ESI-MS of 
10 µM dG4T4G4 in 100 mM NH4OAc from A to D increasing sample cone voltage (30, 50, 70 and 90 V). On 
the left, the full scale spectrum is represented, and on the right, the zooms on the dimer D5- peak. 

Once the mass spectrometer is tuned in the softest conditions possible as displayed in Figure 

30A, the voltages and pressures can be used for similar complexes. The mass spectra are 

typically recorded in at least two voltage conditions to check for any activation-related 

effects.228,232 
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III.1.4  ION MOBILITY SPECTROMETRY (IMS) 

IMS allows the separation of the ions according to their shape. How to obtain experimentally 

the CCS value is explained in this section. The CCS values of biomolecular complexes are 

determined in Chapter VI. 

Under the effect of a uniform linear electric field, ions will pass through a gas-filled cell. In this 

cell, the ions are accelerated until their velocity is constant (𝑣𝑣𝑑𝑑), when the friction forces 

counterbalance the electric force: 

𝑣𝑣𝑑𝑑 = 𝐾𝐾 × 𝐸𝐸 

Equation 2 

Where 𝐾𝐾 is the mobility and 𝐸𝐸 the electric field. 

The electric field is the applied voltage 𝑉𝑉 divided by the distance, here, the length of the tube 𝐿𝐿: 

𝐸𝐸 =
𝑉𝑉
𝐿𝐿

 

Equation 3 

The reported parameter is the reduced mobility 𝐾𝐾0, the mobility normalized at 𝑃𝑃0 = 760 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 

and 𝑇𝑇0 = 273.15 𝐾𝐾: 

𝐾𝐾0 = 𝐾𝐾
𝑃𝑃
𝑃𝑃0
𝑇𝑇0
𝑇𝑇

 

Equation 4 

In those conditions, the drift time 𝑡𝑡𝑑𝑑 depends on its mobility 𝐾𝐾 and the length of the cell 𝐿𝐿: 

𝑡𝑡𝑑𝑑 =
𝐿𝐿
𝑣𝑣𝑑𝑑

=
𝐿𝐿

𝐾𝐾 × 𝐸𝐸
=

𝐿𝐿 × 𝑃𝑃 × 𝑇𝑇0
𝐾𝐾0 × 𝑃𝑃0 × 𝑇𝑇 × 𝐸𝐸

=
𝐿𝐿2 × 𝑃𝑃 × 𝑇𝑇0

𝐾𝐾0 × 𝑃𝑃0 × 𝑇𝑇 × 𝑉𝑉
 

Equation 5 

Rearranging this equation gives the reduced mobility, 𝐾𝐾0: 

𝐾𝐾0 =
𝐿𝐿2

𝑉𝑉
1
𝑡𝑡𝑑𝑑

𝑃𝑃
760

273.15
𝑇𝑇

 

Equation 6 
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The reduced mobility of an ion drifting through a buffer gas can be related to its collision cross 

section using the gas kinetic theory. This is the Mason-Schamp233,234 equation: 

𝐾𝐾0 =
3

16
�

2𝜋𝜋
𝑘𝑘𝐵𝐵𝑇𝑇

�1
𝑀𝑀

+
1
𝑚𝑚

×
𝑧𝑧𝑧𝑧
𝑁𝑁0

×
1

𝛺𝛺𝑎𝑎𝑎𝑎𝑎𝑎
 

Equation 7 

This equation involves 𝑘𝑘𝐵𝐵 the Boltzmann constant, 𝑇𝑇 the temperature, the masses of the 

analyte 𝑀𝑀 and of the gas 𝑚𝑚, the charge in Coulomb 𝑧𝑧𝑧𝑧, the gas number density at 𝑃𝑃0 and 𝑇𝑇0 

(𝑁𝑁0 = 2.687 × 1025𝑚𝑚−3) and 𝛺𝛺𝑎𝑎𝑎𝑎𝑎𝑎, the orientationally averaged momentum transfer collision 

integral, also called the collision cross section, CCS. 

In practice, the arrival time 𝑡𝑡𝑎𝑎 is measured instead of the drift time. The arrival time is the sum 

of the drift time 𝑡𝑡𝑑𝑑 and the time spend by the ions elsewhere in the mass spectrometer (after 

the drift tube), 𝑡𝑡0. 

𝑡𝑡𝑎𝑎 = 𝑡𝑡𝑑𝑑 + 𝑡𝑡0 

Equation 8 

Combining Equations 6 and 8 Equation 8gives the following relation.  

𝑡𝑡𝑎𝑎 =
𝐿𝐿2

𝑉𝑉
1
𝐾𝐾0

𝑃𝑃
760

273.15
𝑇𝑇

+ 𝑡𝑡0 

Equation 9 

To obtain the CCS, the IMS experiment is recorded at several voltages 𝑉𝑉 and plotting 𝑡𝑡𝑎𝑎 as a 

function of either 1
𝑉𝑉
 or 𝑃𝑃

𝑉𝑉
 giving access to 𝐾𝐾0 (via the slope) and therefore to 𝛺𝛺𝑎𝑎𝑎𝑎𝑎𝑎. In our group, 

the drift tube of the instrument is 78.1 cm and we work with helium pressures of 3.89 Torrs 

at 293 K. Usually the regression using five different voltages between 390 and 790V is used. 
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III.1.5  DATA TREATMENT 

NONSPECIFIC ADDUCTS 

In order to distinguish potassium ions specifically bound to the G-quadruplex structure, we 

applied a method described by Klassen,235 graphically summarized in Figure 31. Briefly, in a 

set of conditions (ionic strength and KCl concentration) the nonspecific adducts distribution is 

given by the distribution obtained in the same conditions for a non-G-quadruplex forming 

sequence that contains the same number of bases and of guanines. Generally, an increasing 

amount and number of adducts is observed with decreasing charge state. 1, 2 and 3 

nonspecific adducts are taken into account for the 6, 5 and 4- charge states, respectively. 

Using the equations below (example for 2 nonspecific adducts, 5- charge state) the specific K+ 

distribution for each sequence in each condition is recalculated: 

𝐼𝐼0𝐾𝐾 = 𝑖𝑖0𝐾𝐾 ∗  (1 + 𝑥𝑥 + 𝑦𝑦) 

Equation 10 
𝐼𝐼1𝐾𝐾 = (𝑖𝑖1𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑥𝑥) ∗ (1 + 𝑥𝑥 + 𝑦𝑦) 

Equation 11 
𝐼𝐼2𝐾𝐾 = (𝑖𝑖2𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑦𝑦 − (𝑖𝑖1𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑥𝑥) ∗ 𝑥𝑥) ∗ (1 + 𝑥𝑥 + 𝑦𝑦) 

 Equation 12 
𝐼𝐼3𝐾𝐾 = (𝑖𝑖3𝐾𝐾 − (𝑖𝑖1𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑥𝑥) ∗ 𝑦𝑦 − (𝑖𝑖2𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑦𝑦 − (𝑖𝑖1𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑥𝑥) ∗ 𝑥𝑥) ∗ 𝑥𝑥) ∗ (1 + 𝑥𝑥 + 𝑦𝑦) 

 Equation 13 
𝐼𝐼4𝐾𝐾 = (𝑖𝑖4𝐾𝐾 − (𝑖𝑖2𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑦𝑦 − (𝑖𝑖1𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑥𝑥) ∗ 𝑥𝑥) ∗ 𝑦𝑦

− (𝑖𝑖3𝐾𝐾 − (𝑖𝑖1𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑥𝑥) ∗ 𝑦𝑦 − (𝑖𝑖2𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑦𝑦 − (𝑖𝑖1𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑥𝑥) ∗ 𝑥𝑥) ∗ 𝑥𝑥) ∗ 𝑥𝑥)  ∗ (1

+ 𝑥𝑥 + 𝑦𝑦) 

Equation 14 
𝐼𝐼5𝐾𝐾 = (𝑖𝑖5𝐾𝐾 − (𝑖𝑖3𝐾𝐾 − (𝑖𝑖1𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑥𝑥) ∗ 𝑦𝑦 − (𝑖𝑖2𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑦𝑦 − (𝑖𝑖1𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑥𝑥) ∗ 𝑥𝑥) ∗ 𝑥𝑥) ∗ 𝑦𝑦

− (𝑖𝑖4𝐾𝐾 − (𝑖𝑖2𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑦𝑦 − (𝑖𝑖1𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑥𝑥) ∗ 𝑥𝑥) ∗ 𝑦𝑦

− (𝑖𝑖3𝐾𝐾 − (𝑖𝑖1𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑥𝑥) ∗ 𝑦𝑦 − (𝑖𝑖2𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑦𝑦 − (𝑖𝑖1𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑥𝑥) ∗ 𝑥𝑥) ∗ 𝑥𝑥) ∗ 𝑥𝑥) ∗ 𝑥𝑥)

∗ (1 + 𝑥𝑥 + 𝑦𝑦) 

 Equation 15 

Where 𝐼𝐼0𝐾𝐾, 𝐼𝐼1𝐾𝐾, 𝐼𝐼2𝐾𝐾, 𝐼𝐼3𝐾𝐾, 𝐼𝐼4𝐾𝐾 and 𝐼𝐼5𝐾𝐾 reflect the specific K+ intensity distribution. 𝑖𝑖0𝐾𝐾, 𝑖𝑖1𝐾𝐾, 𝑖𝑖2𝐾𝐾, 

𝑖𝑖3𝐾𝐾, 𝑖𝑖4𝐾𝐾 and 𝑖𝑖5𝐾𝐾 are the integrals directly obtained from the MS spectrum for the 0, 1, 2, 3, 4 

and 5 K+ stoichiometries respectively. 
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𝑥𝑥 and 𝑦𝑦 are the values of the normalized integrals of the 1 and 2 nonspecific K+: 

𝑥𝑥 = 𝑅𝑅𝑅𝑅𝑅𝑅1𝐾𝐾+
𝑅𝑅𝑅𝑅𝑅𝑅0

 & 𝑦𝑦 = 𝑅𝑅𝑅𝑅𝑅𝑅2𝐾𝐾+
𝑅𝑅𝑅𝑅𝑅𝑅0

 

Equations 16 

 

Figure 31. Schematic representation of the mathematical treatment done to take into account the 
nonspecific adducts. 

The subtraction of the contribution of nonspecific adducts gives comparable results from 

different charge states. Consequently, each charge state can be treated separately, then the 

results of recalculated concentrations of each specific K+ stoichiometry can be combined, and 

the error bar can be calculated as the standard deviation of the average value. 

In practice, the data treatment is relatively simple (and recently automated in our group). The 

main challenge is to find the right reference sequence. For G-quadruplexes and potassium, 

any sequence similar in composition compared with the sequence of interest can be used. We 
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systematically use reference sequences with the same number of guanines and bases as the 

sample.  

RESPONSE FACTORS 

The desolvation and ionization occurring in electrospray do not necessarily occur with the 

same efficiency for each species in solution: some of them will have a better response in 

electrospray than others. Before converting the relative intensities into relative 

concentrations, we also considered the possibility that all complexes may not be 

electrosprayed with the same response. To verify that the response factors are not influenced 

by the addition of a compound in the solutions we used an internal standard (dT6) as 

reference.227 The response factor is the proportionality factor between the concentration and 

the mass spectrometry intensity:  

𝐼𝐼𝐴𝐴 = 𝑅𝑅𝐴𝐴[𝐴𝐴] 

Equation 17 

𝐼𝐼𝐴𝐴 is the intensity of the species 𝐴𝐴. It is linked to its concentration [𝐴𝐴] thanks to its response 

factor 𝑅𝑅𝐴𝐴. If the mass balance as a function of a variable (KCl concentration, ligand 

concentration, time…) do not deviate systematically, the response factors are equal and the 

detected signals are directly proportional to the concentrations. In practice, the relative 

intensity of the detected complexes and dT6 is used as indicator. Most of the time, this 

treatment was not necessary, presumably because the masses of the electrosprayed 

complexes were only weakly affected (either by the binding of K+ or the ligand). However, 

sometimes it might be very important to consider that all the species might not fly 

equivalently, mostly when multimers are formed from monomers.78  

KD DETERMINATION, KINETIC MODEL EVALUATION AND SIGNAL DECONVOLUTION 

After the previously described corrections (nonspecific adducts and response factors), it is 

possible to obtain the concentration of the different species as a function of the concentration 

(ligand or K+) or time. Those data can, then, be evaluated using the DynaFit software (4.05.103, 

BioKin Ltd Watertown, MA).236  
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Equilibrium constants determination. The input is the concentration in each complex as a 

function of the ligand (or K+) concentration. By defining the equilibrium constants using 

chemical equations, the software fits the data by iteration and the output is the value of the 

equilibrium constant(s) and the fit(s). An example of the script is given hereafter: 

[task] 

   data = equilibrium 

   task = fit 

[mechanism] 

   DNA + L <==> DNAL1        :  K1 dissoc 

   DNAL1 + L <==> DNAL2      :  K2 dissoc 

[constants] 

   K1 = 1 ? 

   K2 = 1 ? 

[concentrations] 

   DNA = 10 

[data] 

   variable  L 

   file ..\O.txt        |  response DNA = 1  

   file ..\O+1L.txt     |  response DNAL1 = 1  

   file ..\O+2L.txt     |  response DNAL2 = 1  

[output] 

   directory  ..\Output-Kd 

[end] 

In the task section, the types of data (equilibrium data) are indicated. The mechanism section 

is the place where the equilibrium constants are defined. Writing the equilibrium as chemical 

equations allows the software to define the equilibrium constants. In the constants section, 

are written the initial parameters of the constants (starting point of the iteration process). A 

question mark after the value means that this value will be adjusted by the software. In 

concentrations, the starting total concentration in DNA is indicated. In data, the variable (in 

this case, the ligand concentration) and the data are indicated. The data files contain two 

columns, one with the total ligand concentration and another with the concentration in the 

species defined right after the “response” word. Note that the responses are equal to 1 

because the intensities obtained from the MS data were previously converted into 

concentrations. 

Kinetics experiments. In this case, the data are as a function of time instead of a 

concentration. 
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[task]  

   data = progress  

   task = fit  

[mechanism]  

   DNA + K <==> DNA.K1       : ka kb  

   DNA + K + K <==> DNA.K2   : kx ky 

[constants]  

   ka = 0.1 ?, kb = 0.1 ? 

   kx = 0.1 ?, ky = 0.1 ? 

[concentrations]  

   DNA = 10 

[progress]  

  global  

   file ..\0K-K200.txt |  conc K = 200 | response DNA = 1 

   file ..\1K-K200.txt |  conc K = 200 | response DNA.K1 = 1  

   file ..\2K-K200.txt |  conc K = 200 | response DNA.K2 = 1 

 

   file ..\0K-K500.txt |  conc K = 500 | response DNA = 1 

   file ..\1K-K500.txt |  conc K = 500 | response DNA.K1 = 1  

   file ..\2K-K500.txt |  conc K = 500 | response DNA.K2 = 1 

 

   file ..\0K-K1000.txt |  conc K = 1000 | response DNA = 1 

   file ..\1K-K1000.txt |  conc K = 1000 | response DNA.K1 = 1  

   file ..\2K-K1000.txt |  conc K = 1000 | response DNA.K2 = 1 

[output] 

   directory  ..\Output 

[end] 

Inside the task section, the keyword “progress” is written instead of “equilibrium”. The chosen 

mechanism is written, in this example, the formation of the 1-K+ and 2-K+ complexes are on 

different pathways (parallel reactions). The differential kinetic equations for this particular 

case are the following: 

𝑑𝑑[𝐷𝐷𝑁𝑁𝐴𝐴]
𝑑𝑑𝑡𝑡

=  −𝑘𝑘𝑎𝑎[𝐷𝐷𝑁𝑁𝐴𝐴][𝐾𝐾] + 𝑘𝑘𝑏𝑏[𝐷𝐷𝑁𝑁𝐴𝐴.𝐾𝐾1]− 𝑘𝑘𝑥𝑥[𝐷𝐷𝑁𝑁𝐴𝐴][𝐾𝐾]2 + 𝑘𝑘𝑦𝑦[𝐷𝐷𝑁𝑁𝐴𝐴.𝐾𝐾2] 

Equation 18 
𝑑𝑑[𝐷𝐷𝑁𝑁𝐴𝐴.𝐾𝐾1]

𝑑𝑑𝑡𝑡
= 𝑘𝑘𝑎𝑎[𝐷𝐷𝑁𝑁𝐴𝐴][𝐾𝐾]− 𝑘𝑘𝑏𝑏[𝐷𝐷𝑁𝑁𝐴𝐴.𝐾𝐾1] 

Equation 19 
𝑑𝑑[𝐷𝐷𝑁𝑁𝐴𝐴.𝐾𝐾2]

𝑑𝑑𝑡𝑡
= 𝑘𝑘𝑥𝑥[𝐷𝐷𝑁𝑁𝐴𝐴][𝐾𝐾]2 − 𝑘𝑘𝑦𝑦[𝐷𝐷𝑁𝑁𝐴𝐴.𝐾𝐾2] 

Equation 20 

Those equations are used by the software to produce the fit. In this case, we fitted together 

the kinetics experiments done at different K+ concentrations (200, 500 and 1000 µM). The 
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same equations are used and the software fit the data to obtain the same kinetics parameters. 

The value of the total potassium concentration is taken into consideration in each case for the 

global fit. 

In this case, the responses are equal to 1 because the intensities obtained from the MS data 

were previously converted into concentrations. 

Several models can be evaluated at the same time and the goodness of the fit is compared 

automatically by calculating the BIC, Bayesian Information Criterion and the AIC, Akaike 

Information Criterion. Those criteria penalize models as a function of their number of 

parameters: the goal is to obtain the best fit with the lowest number of parameters. 

Signal deconvolution. From the known concentrations of each species, it is possible to 

deconvolute signals coming from other techniques (for example spectroscopic techniques). 

From the measured total signal intensity, the response of each species is calculated. The data 

are fitted according to the following equation: 

   

⎝

⎜
⎛

𝑆𝑆0
𝑆𝑆1
𝑆𝑆2
…
𝑆𝑆𝑛𝑛⎠

⎟
⎞

= 𝑅𝑅𝑥𝑥 ×

⎝

⎜
⎛

𝐶𝐶0𝑥𝑥

𝐶𝐶1𝑥𝑥
𝐶𝐶2𝑥𝑥
…
𝐶𝐶𝑛𝑛𝑥𝑥⎠

⎟
⎞

+ 𝑅𝑅𝑦𝑦 ×

⎝

⎜⎜
⎛
𝐶𝐶0
𝑦𝑦

𝐶𝐶1
𝑦𝑦

𝐶𝐶2
𝑦𝑦

…
𝐶𝐶𝑛𝑛
𝑦𝑦⎠

⎟⎟
⎞

+ ⋯  

Equation 21 

Where 𝑆𝑆0 to 𝑆𝑆𝑛𝑛 is the recorded signal intensity as a function of ligand (or K+) concentration or 

of time with 𝑛𝑛 the total number of points in the titration or kinetics. 𝑅𝑅𝑥𝑥, 𝑅𝑅𝑦𝑦,… are the responses  

of the species 𝑥𝑥, 𝑦𝑦,…, and 𝐶𝐶0𝑥𝑥 to 𝐶𝐶𝑛𝑛𝑥𝑥, 𝐶𝐶0
𝑦𝑦 to 𝐶𝐶𝑛𝑛

𝑦𝑦,… are vector matrices of the concentrations of the 

species 𝑥𝑥, 𝑦𝑦,… as a function of concentration or time. 

For spectroscopic data, calculating the responses as a function of the wavelength gives the 

deconvoluted spectra, which can be reconstructed by linking the dots with a spline curve. In 

this work, this procedure was applied to CD data (titrations and kinetics). 

In the script, the question mark next to the equilibrium constant value is removed meaning 

this value is known. The unknowns are in the responses section. In the data file, two columns 

are present: the total concentration of the variable component (here K+).  
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 [task] 

   data = equilibrium 

   task = fit 

[mechanism] 

   DNA + K <==> DNAK1        :  K1 dissoc 

   DNAK1 + K <==> DNAK2      :  K2 dissoc 

[constants] 

   K1 = 271 

   K2 = 6500 

[concentrations] 

   DNA = 10 

[responses] 

   DNA = 1 ?, DNAK1 = 1 ?, DNAK2 = 1 ? 

[data] 

   variable  K 

   file ..\Titr-Signal.txt 

[output] 

   directory  ..\Output 

[end] 

The main difference between this deconvolution method and singular value decomposition 

(SVD)180 is that our approach determines first the number of species and their relative 

concentrations experimentally thanks to the mass spectrometry signals, and then the 

response of each species with DynaFit, whereas SVD determines the number of species and 

their response altogether. 
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III.2.  CIRCULAR DICHROISM 

G-quadruplexes are commonly classified into three groups according to their strand 

orientations and base stacking, which present specific CD signatures: 

Group-I: Parallel G-quadruplexes. Parallel G-quadruplexes have all strands pointing in the 

same direction. All guanine configurations are anti according to their glycosidic bonds, leading 

purely to anti-anti stacking. The CD spectra of group-I G-quadruplexes show a negative peak 

at 240 nm and a positive one at 260 nm. 

Group-II: Hybrid G-quadruplexes. Hybrid G-quadruplexes have three strands pointing in one 

direction and the fourth one pointing in the opposite direction. Linked to this strand 

orientation, the guanines present both types of stacks: homo- (anti-anti and syn-syn) and 

hetero-stacking (anti-syn and syn-anti). The CD signature of such G-quadruplexes presents a 

negative peak at 240 nm and two positive peaks at 260 and 290 nm. 

Group-III: Antiparallel G-quadruplexes. Antiparallel G-quadruplexes have two strands 

pointing one direction and two in the opposite one. Those G-quadruplexes have guanines 

configurations alternating between anti and syn, leading to anti-syn and syn-anti stacking. For 

antiparallel G-quadruplexes, two positive CD peaks are found at 240 and 290 nm and one 

negative at 260 nm. In this group-III, some differences can be observed in the CD signature for 

particular structures containing only two G-quartets, for example, the Giardia telomeric G-

quadruplex.170,237 

Typical CD spectra of the three groups are represented in Figure 32. However, particularities, 

such as bases pairs, additional base stacking, G-triplet… may influence the recorded spectrum. 
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Figure 32. Spectra recorded in house of typical G-quadruplexes of the three groups in conditions in 
which their folding is known. In green, the parallel Pu24, d(TGAGGGTGGIGAGGGTGGGGAAGG), in 100 
mM K+ (PDB ID: 2A5P)17; in red, the hybrid-1 human telomeric 24TTG, d(TT(GGGTTA)3GGGA), in 100 mM 
K+ (PDB ID: 2GKU)88 and in blue, the antiparallel human telomeric 22AG, d(A(GGGTTA)3GGG), in 100 mM 
Na+ (PDB ID: 143D).87 

In practice, in solution, the sample is irradiated with linearly polarized light that can be seen 

as the linear combination of opposite circularly polarized light of equal amplitude and phase 

(Figure 33A). If the sample absorbs more the left or right polarized light, the detected light that 

passed through the sample is not linearly polarized anymore but elliptically polarized (Figure 

33B). The 𝜃𝜃 angle is measured in millidegrees and corresponds to the ellipticity. It can be 

transformed into molar circular-dichroic absorption Δ𝜀𝜀 using the following equation: 

Δ𝜀𝜀 = 𝜃𝜃/(32980 × 𝐶𝐶 × 𝑙𝑙) 

Equation 22 

Where 𝐶𝐶 and 𝑙𝑙 are, respectively, the compound concentration in the solution and the optical 

path length. In this work, 𝜃𝜃 was systematically converted to Δ𝜀𝜀 in (𝑐𝑐𝑚𝑚2 𝑚𝑚𝑚𝑚𝑇𝑇𝑙𝑙−1). Scanning as a 

function of the wavelength gives the CD spectrum.  
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Figure 33. A, the polarization of the light before the sample absorbs and B, after partial absorption of 
the right polarized light. In practice, the 𝜽𝜽 angle is measured. This angle is different from zero when 
the light is elliptically polarized.  
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III.3.  THERMAL DENATURATION EXPERIMENTS 

Thermal denaturation experiments are monitored by any technique that gives a change in 

signal proportionally to the folded/unfolded ratio. A commonly used technique is UV-

absorbance, typically at 295 nm which shows the greatest change with the temperature, as 

illustrated in Figure 34A.  

For 2-state 1-step reactions (G-quadruplex versus unfolded species), the temperature-induced 

unfolding curve is a sigmoid (Figure 34B). From this sigmoid, the position of the inflexion point 

correspond to the melting point, 50% of the species in solution are folded/unfolded. It is 

possible to extrapolate the equilibrium constant at a given temperature because the fraction 

folded/unfolded is known as a function of temperature.175 The thermodynamic parameters 

∆𝐻𝐻 and ∆𝑆𝑆 can be obtained from the steepness of the sigmoid curve around the inflexion 

point.176 

 

 

Figure 34. UV-melting experiment of 24TTG in 100 mM TMAA and 1 mM KCl. (A) The absorbance spectra 
at 4 and 85 °C are slightly different and (B) the absorbance at 295 nm which shows the greatest change 
as a function of temperature. The melting temperature (41 °C) is indicated with a red dot. 
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IV. NATIVE MS FROM POTASSIUM SOLUTIONS 

IV.1. INTRODUCTION 

The first mass spectrum of a G-quadruplex was published in 1993 by Richard D. Smith’s 

group238, using an electrospray ionization source in negative ion mode. When 10 mM sodium 

phosphate buffer and 0.1 mM ethylenediaminetetraacetic acid solution were used, the mass 

of ions corresponding to a complex made of four strands of d(CGCG4GCG) was detected. This 

peak was attributed to a G-quadruplex. Because solutions containing high concentrations of 

sodium were injected, the complexes are detected with many adducts: in their case, up to 16 

Na+ adducts as compared to the three expected inter-G-quartet cations. Reputedly MS-

incompatible buffers were used in this study. Indeed, the sodium phosphate buffer tends to 

suppress the signal. To bypass this difficulty, the authors used very high DNA concentration 

(approximately 1 mM).  

To be able to study biomolecule complexes, decreasing the electrostatic repulsion between 

charges of the same sign, in order to allow the folding of the biomolecule, is achieved by 

increasing the ionic strength. To keep a physiological ionic strength (~100-150 mM range), the 

ammonium acetate (NH4OAc) buffer is commonly used. During the desolvation process the 

ammonium cations become neutral ammonia by losing protons and acetate anions become 

acetic acids capturing protons.231,239–241 

However, G-quadruplexes do not only require a certain ionic strength but also cations to fill 

their binding sites, between the G-quartets. Ammonium can bind and induce the folding of 

the G-quadruplexes.231 However, the nature of the salt, its concentration and the experimental 

conditions can influence the folding.242 In the cell nucleus, the salt concentrations are relatively 

high: about 10 mM of Na+ and 140 mM K+.73 However, in 100 mM KCl, and at low DNA 

concentration (micromolar range), only potassium chloride clusters can be observed by MS 

and the peaks of interest are masked (Figure 35). This salt is not MS-compatible because it is 

not “volatile”.  
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Figure 35. Mass spectrum of 10 µM 23TAG, d(TA(GGGTTA)3GGG), in 100 mM KCl. No ion of interest is 
detected, only KCl clusters. 

Obtaining mass spectra of nucleic acids (in particular G-quadruplexes) in the presence of 

relevant salt concentration and nature is of great interest but is still a challenge. Several 

groups worked on this problem. One of the easiest ways to obtain mass spectra of G-

quadruplexes folded in potassium conditions is to prepare the solution in presence of high 

KCl concentration before precipitation and re-dissolution in pure water.243,244 However, the 

method offers poor control on the final salt concentration and is therefore not suitable for 

biophysics quantitative analysis. Others have used gas additive to selectively eliminate the 

nonspecific adducts already desolvated in the gas phase.245 This technique was applied on 

DNA and RNA complexes in a hexapole just before the mass analyzer.246 Unfortunately, this 

requires a specific instrumentation and is probably not applicable on a daily basis.  

In this work, we combined two main ideas. The first one is the use of trimethylammonium 

acetate (TMAA). Indeed, alkyl-ammonium and -amine such as TMAA, triethylammonium 

acetate (TEAA) or triethylamine (TEA) were used by several groups of mass spectrometry 

researchers to remove nonspecific Na+ or K+ adducts.247–249 Longer alkyl chains on the 

ammonium allow one to obtain mass spectra with fewer adducts on the peaks of interest. 
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Therefore, for this purpose, the ammonium acetate is the less efficient buffer, increasing the 

length of the alkyl chain is the first step to get cleaner spectra. The second idea comes from a 

study of the potassium binding to G-quadruplexes,250 in which the authors used the 

tetrabutylammonium phosphate buffer to fix the ionic strength. The tetrabutylammonium 

cation is too bulky to fit between the quartets and to induce the folding of G-quadruplexes. In 

this work we showed that TMA+ is also too big to induce the folding of G-quadruplexes but a 

100 mM TMAA solution supplemented with up to 1 mM KCl gave good signal of the G-

quadruplexes containing potassium cations. 
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Native Electrospray Mass Spectrometry of DNA 
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Abstract. A commonly used electrolyte in electrospray mass spectrometry (ESI- 
MS) of biomolecules is ammonium acetate (NH4OAc). Although some nucleic 
acid structures such as duplexes require only proper physiological ionic strength 
(whatever the monovalent ions) to be properly folded in ESI-MS conditions, the 
folding of some other nucleic acid structures such as DNA G-quadruplexes also 
depends on direct binding of specific cations. Here, we developed ESI-MS 
compatible conditions that allow one to observe DNA G-quaduplexes with K ions 
specifically  bound  between  G-quartets.  NH4 OAc  was  replaced  with 
trimethylammonium acetate (TMAA), at concentrations up to 150 mM to provide 
physiological ionic strength, and the solution was doped with KCl at concentra- 

tions up to 1 mM. The trimethylammonium ion is too large to coordinate between G-quartets, where only K 
ions bind. Compared with the equivalent NH4OAc/KCl mixtures, the TMAA/KCl mixtures provide cleaner 
spectra by suppressing the nonspecific adducts, and favor the formation of similar stacking arrangements as 
in 100 mM KCl (physiologically relevant cation) for the polymorphic human telomeric DNA G-quadruplexes. 
This new sample preparation method can be exploited to determine the number of potassium binding sites in 
new sequences, to screen ligand binding to the structures favored in potassium, and to transfer potassium- 
bound G-quadruplexes to the mass spectrometer for gas-phase structural probing, as illustrated herein with 
ion mobility spectrometry experiments. 
Key words: DNA structures, G-quadruplexes, Native, Mass spectrometry, Ion mobility, Potassium, 
Trimethylammonium, Adducts, Cation binding 
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Introduction that G-quadruplex DNA structures are present in human 
cells [6]. Because of their supposed role in cancer, G- 
quadruplexes are often studied as targets for anti-cancer 
drugs [7–10]. 

The most studied G-quadruplex forming sequence is 
probably the human telomeric sequence, consisting of 
(TAGGGT)n repeats. Human telomeric G-quadruplexes 
present a high level of polymorphism in vitro depending 
on their core sequence, flanking bases, salt conditions, the 
nature of the sugar (DNA versus RNA),… [11]. For 
example, parallel G-quadruplexes have been reported by 
X-ray crystallography studies for d(A(GGGTTA)3GGG) in 
K conditions (Figure 1b) [12]. In contrast, by NMR in 
solution, an antiparallel basket-type form with three G- 
quar tets  was observed in Na+ condit ions for 
d(A(GGGTTA)3GGG) (Figure 1c) [13], and one with only 
two G-quartets in      conditions for d((GGGTTA)3GGGT) 
[14]. In K+  solution, a hybrid form can also be adopted by 
sequences  d(TT(GGGTTA)3GGGA)  (Figure  1d)  [15], 

Gtures consisting of stacked guanine quartets (G-quar- 
-quadruplexes are non-classical DNA or RNA struc- 

tets) made by Hoogsteen hydrogen-bonding between 
guanines (Figure 1a). Potassium, sodium, or ammonium 
cations also stabilize the structure by coordinating to the O6 
oxygen of guanines. Owing to their size, ammonium, and 
potassium ions are located in-between two G-quartets and, 
therefore, coordinate with eight O6 atoms, whereas smaller 
sodium ions can also access the center of G-quartets. G- 
quadruplexes can be found in vitro in the promoter regions 
of oncogenes [1–4] or in the human telomeric region [5]. 
Some recent work from Balasubramanian’s group showed 

+ 
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Figure 1. (a) A guanine quartet (G-quartet). (b) X-ray crystal structure of the parallel G-quadruplex form of d(A(GGGTTA)3GGG) in 
K+ conditions [12] (PDB ID: 1KF1). (c) NMR structure of the antiparallel G-quadruplex form of d(A(GGGTTA)3GGG) in Na+ solution [13] 
(PDB ID: 143D). (d) NMR structure of the hybrid G-quadruplex form of d(TT(GGGTTA)3GGGA) in K+ solution [15] (PDB ID: 2GKU). The 
schemes underline strand directionality, and base-sugar conformations (light grey for anti, dark grey for syn) 

d(TA(GGGTTA)3GGG) [16], or d(TA(GGGTTA)3GGGTT) 
[17]. 

Taking this high level of polymorphism into account 
is important to interpret experimental results obtained by 
different techniques, which sometimes impose using 
different solution conditions. G-quadruplexes are indeed 
often studied in different buffer conditions depending on 
the assay. Phosphate and Tris/HCl buffers are often used 
to obtain neutral pH, and are supplemented by sodium 
chloride or potassium chloride, usually at a concentration 
around 100 mM. When screening ligands towards G- 
quadruplexes, a sensible approach to acknowledge this 
polymorphism is to test ligand binding to different 
sequences and under a range of solution conditions. For 
example,  ligand  binding  assays  are  often  compared  in 

NH4OAc, specific ammonium cations are retained in the 
complexes. They are able to coordinate between the G- 
quartets [21, 22]. G-quadruplex structures made in ammo- 
nium acetate solution are, however, less stable and more 
polymorphic than those formed in potassium chloride 
solution [20]. 

Spraying nucleic acids in the presence of physiolog- 
ical cations is an important challenge that has been 
addressed  by  several  groups,  either  for  G-quadruplexes 
(K+)   (Mg2+). Previously, Evans et or   for RNA   structures   
al. [23] and the team of Brodbelt [24] reported 
tetramolecular G-quadruplexes electrosprayed with potas- 
sium adducts. In their respective works, the G- 
quadruplexes are preformed into potassium conditions 
before being partially desalted by ethanol precipitation or 
filtering, and resuspended in ammonium acetate for ESI- 
MS analysis. However, although this worked well for 
tetramolecular G-quadruplexes that are parallel-stranded 
whatever the cation, for polymorphic G-quadruplexes, 
ammonium acetate replacement will also displace the 
conformational equilibria. McLuckey’s group exploited ion– 
molecule reactions, and used vaporized acetic or formic acid 
inside the desolvation cell to displace metal counter-ions that 
stick to the phosphate groups [25]. This method allowed 
keeping native species in solution because the interaction with 
the acid is made in the gas phase and not in the solution phase. 
However, gas-phase structures may be disrupted. Fabris’ group 
exploited ion–ion reactions in FTICR-MS to clean up sodium 
and magnesium adducts from diverse DNA and RNA 
structures [26]. However these approaches are not practical 
on an everyday basis and require specialized instrumentation. 

Na+    and  in K+ to  probe  whether  a  ligand  has  any 
preference  for  antiparallel  forms  (in  Na+)  or  more 
parallel or hybrid forms (in K+). In indirect ligand 
binding assays such as changes in melting temperature, 
sometimes  the  concentration  is  decreased  to  10  or 
even 1 mM in order to destabilize the G-quadruplex, so 
as to be able to measure the effect of the ligand on the 
stability [18]. 

Mass spectrometry (MS)-based G-quadruplex drug bind- 
ing assays offer several advantages compared with other 
traditional methods [19] because it allows direct stoichiom- 
etry observation and quantification of each peak [20]. 
Nevertheless, none of the buffers mentioned above are 
compatible with native electrospray ionization because they 
are nonvolatile. To bypass this limitation, ammonium acetate 
(NH4OAc) is used to fix the ionic strength. When G- 
quadruplex  forming  sequences  are  electrosprayed  in 

K+ 
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Here, we show that trimethylammonium acetate 
(TMAA) can advantageously replace ammonium acetate 
(NH4OAc)  to  carry  out  ESI-MS  experiments  on  G- 
quadruplexes in the presence of K+. The key idea is that 
the trimethylammonium cation is too bulky to coordinate 
between quartets, and that only K+ can fill the inter-quartet 
sites. A similar approach was used by Gray and Chaires for 
solution spectroscopy-monitored G-quadruplex  titrations 
by KCl in the presence of tetrabutylammonium phosphate 
[27]. Trialkylamines or trialkylammonium buffers are 
commonly used in ESI-MS. In 1994, Bischoff’s group compared 
the efficiency of triethylamine (TEA), trimethylamine 
(TMA), and NH4OAc to remove sodium adducts on oligomers 
from 12- to 132-mer oligonucleotides [28]. They showed that 
ammonium acetate is the least efficient in reducing the amount 
of adducts. Ostrander’s group [29] proposed the 
triethylammonium acetate (TEAA) additive to clean up their 
mass spectra from sodium and potassium adducts. In their case, 
they fixed the pH to 7 thanks to imidazole. Lemaire et al. [30] 
also reported that triethylammonium bicarbonate is useful to 
study proteins and proteins complexes under non-denaturing 
conditions. They showed a charge state displacement to lower 
charges induced by this additive, and were able to distinguish 
NADH adducts on the dimer made by two alcohol dehydro- 
genase. The present study shows for the first time the 
advantage of using  TMAA for studying nucleic  acids  by 
electrospray mass spectrometry in native conditions (neutral 
pH, physiological ionic strength, and with sufficient amounts 
of KCl to form presumably native G-quadruplex structures). 

Fallavier, France). The solutions were prepared  at room 
temperature (no annealing), 2 to 3 h before the circular 
dichroism (CD) or MS measurements were performed. Some 
measurements were repeated after 1 wk, and no change in 
CD or MS results was observed. The pH of TMAA and 
DNA-containing TMAA solutions was in the 6.7–6.8 range. 
TMAA solution was therefore always used as received 
without complementary pH-adjustment. 

Mass Spectrometry (MS) 
All mass spectra were obtained in negative ion mode with 
injection concentrations of 5 μM in G-quadruplexes and 
5 μM internal standard dT6. Native electrospray mass 
spectra of oligonucleotides were obtained using several 
instruments, with similar results. (1) On an LCT Premier 
mass spectrometer (Waters, Manchester, UK), the ESI 
source voltage was set to 2.2 kV with a desolvation 
temperature of 60°C. Unless otherwise mentioned, the ion 
guide 1 voltage is 50 V. The source pressure was increased 
to 35 mbar. This pressure is measured using a Center Two 
probe (Oerlikon Leybold Vacuum, Cologne, Germany). The 
syringe  injection  flow  was  fixed  to  200  μL/h.  In  all 
experiment 5 μM   dT6  (monoisotopic mass 1762.318 Da) 
was used as internal standard. (2) An Exactive ESI-Orbitrap 
mass spectrometer (Thermo Scientific, Bremen, Germany) 
was also used to monitor the titration of TG4T by KCl. In 
this  case,  ESI  spray  voltage  and  capillary  voltage  are 
2.75 kV and –20 V, respectively. Capillary temperature is 
set to 150°C. Tube lens and skimmer voltage are fixed to 
–180 V and –10 V. In order to help the desolvation process 
to occur, the HCD cell voltage is set to 10 eV and the cell 
pressure is 2.5×10   mbar. 

Experimental 
Materials 
Oligonucleotides were 

–5 

purchased lyophilized and RP-car- Ion Mobility Spectrometry (IMS) 
The collision cross sections of NH4

+-containing and K+- 
containing G-quadruplexes were determined using a Synapt 
G2S mass spectrometer (Waters, Manchester, UK). The 
electrospray capillary was at 2.04 kV, the source and 
desolvation temperatures were 30°C and 40°C, respectively, 
and the sampling cone was at 28 V. The trap and transfer 
collision energies were 2 and 4 V, respectively. All these 
parameters ensured minimal fragmentation outside the IMS 
cell. The helium gas flow in the pre-IMS cell was 200 mL/min, 
and the nitrogen gas flow in the IMS cell was 90 mL/min. The 
IMS T-wave was operated at 40 V and 600 m/s. The CCS was 
calibrated following the procedure of Ruotolo et al. [32] using 

tridge purified from Eurogentec (Seraing, Belgium). In this 
work, the following nomenclature will be used: the hybrid 
G-quadruplex forming sequence d(TT(GGGTTA)3GGGA)= 
24TTG; the hybrid G-quadruplex forming sequence 
d(TA(GGGTTA)3GGG)=23TAG; a 22-mer control oligo- 
nucleotide with twelve guanines but incapable of forming a 
G-quadruplex:     d(GGG-ATG-CGA-CAG-AGA-GGA-CGG- 
G)=22non-G4; a tetramolecular parallel G-quadruplex made 
by four d(TGGGGT) strands=TG4T; and a bimolecular G- 
quadruplex made by two d(GGGGTTTTGGGG) strands= 
G4T4G4. Stock solutions were first prepared at 0.5 to 1 mM 
in water. The stock concentrations were determined by UV 
absorbance at 260 nm, with extinction coefficients calculated 
using Cavaluzzi-Borer Correction [31], and measured on an 
Agilent Cary 100 UV spectrophotometer. Water was 
nuclease-free grade from Ambion (Applied Biosystems, 
Lennik, Belgium). Ammonium acetate (NH4OAc, Ultra for 
Molecular Biology, Fluka), trimethylammonium acetate 
(TMAA,  Ultra  for  UPLC,  Fluka),  potassium  (KCl, 
999.999%, Sigma) and sodium chloride (NaCl, 999.999%, 
Sigma) were purchased from Sigma-Aldrich (Saint-Quentin 

dT6
2– (306  Å2), dT6

3– (333  Å2),  [dTG4T]4
4–  (730  Å2), 

5– 2 6– 2 [dTG4T]4 (775 Å ) [33], and [dTG4T]4 (795 Å ). These 
five collision cross sections were measured in a helium drift 
tube mass spectrometer [34]. For the telomeric G- 
quadruplexes, collision activation upon entrance in  the 
IMS cell is promoted by changing the trap DC bias from 
18 to 30 V. The helium cell DC is 30.2 V and the IMS 
DC entrance is 7.3 V. 
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Circular Dichroism (CD) 
CD experiments were performed to obtain information on 
the DNA strands orientation. Experiments were run on a 
Jasco J-815 spectrophotometer using a quartz cell of 2 mm 
path length. All spectra shown here are the sum of three 
scans, acquired at 20°C with a scan speed of 50 nm/min and 
a 2 nm bandwidth. The CD data were normalized to molar 
circular-dichroic absorption (Δε) based on DNA concentra- 
tion using the following Equation, 

θ ð1Þ Δε ¼ 
32980 X c X l 

where  θ  is  the  CD ellipticity in milidegrees,  c is DNA 
concentration in mol (5 ×10–6   mol.L–1),  and  l  is  the L–1 

pathlength in cm (0.2 cm). 

Results and Discussions 
G-Quadruplexes from TMAA/KCl Solutions Show 
a Specific Number of K+ Adducts Corresponding 
to Coordination Between the G-Quartets 
The mass spectrometer is tuned so that when the ion guide 1 
is 50 V, the native structure is kept in the gas phase, as tested 
with the sensitive G-quadruplex [dG4T4G4]2 in 100 mM 
NH4OAc (Supporting information S1) [22]. Figure 2a shows 
a mass spectrum of the human telomeric sequence 23TAG in 
100 mM NH4OAc in native conditions (low ion guide 1 
voltage: 50 V) (Figure 2a, top). G-quadruplexes chelating 
two ammonium cations constitute the most abundant 
species, but a distribution of adducts is nevertheless 
observed (from 0 up to 5 or 6 ammonium cations). If the 
structure was unknown, it would actually be difficult to 
conclude on the preferred ammonium binding stoichiometry, 
as there is no clear bias in the ammonium ion distribution at 
any voltage. When the ion guide 1 voltage is increased from 
50 to 70 V (Figure 1a, bottom) the complex is disrupted, the 
ammonium ions are released as NH3 and the most abundant 
species becomes the free oligonucleotide. 

In order to examine the effect of adding potassium to the 
solution, we doped the ammonium acetate solution by 1 mM 
potassium chloride (Figure 2b). In these conditions, the 
resulting mass spectra are noisy at low m/z range (not 
shown) due to clusters formation, and there are numerous 
adducts on the G-quadruplexes peaks. As only two specif- 
ically bound K+ ions are anticipated, additional adducts are 
therefore nonspecific external adducts. Therefore, in ammo- 
nium acetate solutions doped with KCl, it is not possible to 
deduce the number of specifically bound potassium ions in 

Figure 2.  ESI-MS of 5 μM 23TAG into (a) 100 mM NH4OAc, 
(b) 100 mM NH4OAc+1 mM KCl, (c) 100 mM TMAA, and (d) 
100 mM TMAA+1 mM KCl. The top mass spectra were 
recorded with an ion guide 1 voltage of 50 V and the bottom 
ones with 70 V. The annotations represent the number of 
adducts on the 5- charge state. The peak series with stars 
corresponds to mixed NH4

+/K+  adducts 

buffer. ESI-MS recorded in TMAA alone show predomi- 
nantly no TMA adduct (Figure 2c), in line with the fact that 
the trimethylammonium cation is too bulky to fit between G- 
quartets. At low ion guide 1 voltage (50 V, top) some TMA 
adducts can be observed but the shape of the distribution is 
typical of nonspecific adducts. This was confirmed with a 
control single strand incapable of forming a G- 
quadruplex in solution (Supporting Information S2). 
When the ion guide 1 voltage is set to 70 V (bottom) 
the only resulting peak is the DNA alone. 

Figure 2d shows 23TAG electrosprayed in TMAA doped 
by 1 mM KCl. The most abundant species is the G- 
quadruplex chelating 2 potassium cations. This stoichiome- 
try was expected because the structure adopted by 23TAG 
contains three G-quartets, and because K+ specific binding 
sites are located between quartets, there are two potassium 
binding  sites  per  G-quadruplex.  When  the  voltage  is 

the G-quadruplexes. Besides, two series of 
observed at low source voltage, indicating 
inter-quartet  binding  site  may  be  occupied 

peaks are 
that each 
either  by 

NH4
+   or by K+. 

To drive K+ ions to occupy inter-quartet sites specifically, 
we used trimethylammonium acetate (TMAA) as volatile 
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increased to 70 V, the remaining trimethylammonium 
(TMA) adducts are expelled, but the K+ adduct distribution 
remains identical, and clearly biased towards the 2-K+ 

adduct. The monovalent ion binding stoichiometry can be 
obtained with much more confidence in the TMAA/KCl 
conditions, and evidence of intramolecular G-quadruplex 
formation can be concluded with more confidence than in 
pure NH4OAc. 

potassium cations. What changes is the number of 
additional, nonspecific K+ adducts. When TMAA con- 
centration is increased, nonspecific adducts are increas- 
ingly suppressed to give almost exclusively the G- 
quadruplex with 2 potassium ions. 

In the case of sodium (Figure 3d, e, and f), the same 
effect was observed. However the final distribution is biased 
towards zero Na+ adduct, suggesting that no G-quadruplex is 
formed. This was confirmed by CD spectroscopy (Figure 4  
and section below). The nonspecific adduct suppression 
effect was also confirmed with other DNA structures (see 
Supporting Information S3). The maximum KCl or NaCl 
concentration amenable to electrospray in 100 mM TMAA 
is about 1 mM. Above this concentration the signal/noise 
ratio decreases significantly and the formation of clusters at 
lower m/z becomes predominant. This concentration is 
sufficient for potassium, but not sodium, to induce the 
formation of the G-quadruplexes studied here. The lesser 
affinity of the G-quadruplexes for sodium than for potassium 
is well documented [35]. The remaining portion of the 
present paper focuses on G-quadruplexes formed in potas- 
sium conditions. 

Besides displacing nonspecific adducts, increasing the 
TMAA concentration has also another effect: the charge 
states are displaced to lower values (Supporting Information 
S4). The lower charge states presented more numerous 
nonspecific adducts than the 5- presented here. Keeping the 

TMAA Suppresses Nonspecific Alkali Adducts 
More Efficiently than NH4OAc, Including 
in Native Conditions 
The comparison between Figure 2b and d illustrates that 
using TMAA instead of NH4OAc as electrolyte at pH=7 

K+ allows  the  elimination  of  undesirable  nonspecific 
adducts. This may be due  to the fact that the 
trimethylammonium ion has greater affinity than ammonium 
ion for the external nonspecific binding sites, so that it is 
more efficient in competing with alkali cations. To test that 
hypothesis, we investigated the effect of the TMAA 
concentration on potassium and sodium adducts in the 
24TTG human telomeric sequence (Figure 3). For all tested 
TMAA concentration (50 mM, Figure 3a; 100 mM, 
Figure 3b, and 150 mM, Figure 3c) in the case of potassium 
the most abundant species is the G-quadruplex with two 

Figure 3. ESI-MS of 5 μM 24TTG into increasing amount of 
TMAA. Left: 1 mM KCl with (a) 50 mM, (b) 100 mM, and (c) 
150 mM TMA, respectively.  Right:  1  mM  NaCl  with  (d) 
50 mM, (e) 100 mM, and (f) 150 mM TMAA, respectively. 
Mass spectra were recorded with an ion guide 1 voltage of 
70 V. The annotations represent the potassium (a)–(c) or 
sodium (d)–(f) adducts on the 5- charge state 

Figure 4. CD spectra of 5 μM 24TTG (a) and 23TAG (b) in 
different solution conditions (see also annotation in panel (b): 
20 mM KH2PO4/K2HPO4 +70 mM KCl at pH 7 (purple), in 
100 mM NH4OAc (blue), in 100 mM NH4OAc+1 mM KCl 
(green), in 100 mM TMAA (grey), in 100 mM TMAA+1 mM 
KCl (red), or in 100 mM TMAA+1 mM NaCl (black) 
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TMAA concentration at 100 mM allowed a good compro- 
mise to determine stoichiometry thanks to 5- charge state 
without losing too much signal. Triethylammonium acetate 
(TEAA) was also tested because it was reported to displace 
alkali ions even better than TMAA [28]. However, TEAA 
displaced totally the charge state 5- to 4-, and the adduct 
suppression effect of TEAA was less efficient on the 4- 
charge state than TMAA on the 5- charge state (data not 
shown). TMAA is the best compromise to obtain clean ESI 
mass spectra at low ion internal energies, which is important 
to preserve the gas-phase structure (see below). 

etry and favor the formation of structures that possess almost 
identical proportion of homo-stacking versus alternate 
stacking as in 100 mM K+ solutions. Further studies, for 
example by NMR in deuterated TMAA, will be needed to 
determine if the structures are indeed identical. 

Ion Mobility Spectrometry Experiments Indicate 
a Similar Shape for Telomeric G-Quadruplexes 
Preserving Two K+ or NH4 

In MS experiments on G-quadruplex in NH4OAc, ammoni- 
um ion preservation in the gas phase structure is believed to 
ensure the preservation of the solution-phase structure [22, 
38]. Is that the same in the case of K ions? To probe the 
gas-phase structure of the G-quadruplexes, we used ion 
mobility spectrometry coupled to mass spectrometry (IMS- 
MS). This experiment links the arrival time of an ion inside 
the mobility cell to a shape factor called collision cross 
section (CCS). Figure 5 shows the results: two conditions 
are  compared,  100  mM  TMAA+1  mM  KCl  (red)  and 
100 mM NH4OAc (brown and blue) for the sequence 
24TTG. Very similar results were obtained for 23TAG 
(Supporting Information S5). The top graphs show the 
results for the 6- charge state [TMAA/KCl in (A), NH4OAc 
in (B)] and the bottom graphs are for the 5- ions. The bias 
voltage right before the mobility cell entrance was varied 
(18 V, 25 V, or 30 V). The NH4

+-binding stoichiometries 
vary with the bias voltage, in a similar way as they vary with 
source voltages (see Figure 2 and discussion thereof). For 
that reason, we represented the integrated CCS of all adduct 
species (0, 1, and 2 NH4

+ adducts summed, in brown, and 
the CCS integrated only over the mass spectral peak 
corresponding to two NH4

+ ions bound (blue). CCS 
distributions were normalized to their total area in order to 
reflect the proportion of folded or unfolded G-quadruplexes 
with two ammonium ions. 

At low bias voltage (18 V) the CCSs were similar in both 
conditions: one peak around 800 Å2 for 24TTG for the 6- 
ions (Figure 5a and b). For the 5- ions (Figure 5c and d) the 
CCS peak appears at smaller values; which is typical in ion 
mobility spectrometry because the overall structure is less 
charged and then less dilated. In native conditions, the 
structures are very close in term of CCS in NH4

+ (light 
brown) or K+  (light red). Interestingly, the Gaussian curve 
that fits the data is a little bit broader in ammonium ion 
conditions. This can be due to a greater floppiness or to a 
greater polymorphism in ammonium ion solution. When the 
bias voltage increases (from light to dark colors) the peaks at 
the initial CCS value decrease and at the expense of peaks at 
higher CCS (for 6- charge state) or lower CCS (for 5- charge 
state). Expansion of high charge states and compaction of 
lower charge states upon energy increase was noted for other 
G-quadruplexes in ammonium conditions [38]. 

In the case of ammonium ions, the gas-phase structure is 
changing when the voltage is increased, and ammonia loss 
observed in the mass spectra gives a hint that denaturation 

+ 

The G-Quadruplex Structures Formed in 100 mM 
TMAA+ 1 mM KCl Are Similar to Those Formed 
in 100 mM KCl/Phosphate Buffer 
To check whether the structures of the G-quadruplexes 
formed in TMAA/KCl are closer to those formed in pure 
NH4OAc or in pure KCl, circular dichroism (CD) spectros- 
copy was used. This technique is sensitive to the orientation 
of the strands in G-quadruplexes studies [36]: a maximum at 
260 nm and a minimum at 240 nm indicate the presence of 
parallel G-quadruplex with homo-stacking between all-anti 
guanine quartets. A maximum at 290 nm and a minimum at 
260 nm indicate the presence of antiparallel G-quadruplex 
with alternate syn-anti guanine stacking motifs. Hybrid G- 
quadruplexes will show two maximum peaks at 260 and 
290 nm, as they possess both types of stacking. A mixture of 
structures in solution will result in a CD spectrum containing 
the weighted average of each contribution. 

In Figure 4, we compare the CD spectra of the human 
telomeric DNA sequences in ammonium acetate, in phos- 
phate buffer conditions (20 mM KH2PO4/K2HPO4 +70 mM 
KCl, the buffer in which the NMR structures were 
determined), and in the different solution compositions 
tested here by ESI-MS (24TTG, Figure  4a and 23TAG, 
Figure 4b). The fact that the structures differ in KCl and in 
NH4OAc (Figure 4, purple and blue, respectively) was 
already known [20]. The structure of G-quadruplexes 
formed  in  ammonium  acetate  are  generally  intermediate 

+ 

between  the  ones  formed  in  KCl 
nucleus) [37] and in NaCl [20]. 

In  TMAA  without  KCl  (Figure 

(predominant  in  the 

4,  grey),  both  DNA 
sequences adopt the same kind of CD spectra, characteristic 
of unfolded DNA. When 1 mM NaCl is added to TMAA 
(Figure 4, black), the species remains unfolded, confirming 
the anticipation from the absence of specific 2-Na+ adduct 
observed in the MS experiments in the same conditions 
(Figure 3e). However, when 1 mM KCl is added in the 
TMAA solution (Figure 4, red) the G-quadruplexes formed 
adopt almost exactly the same CD spectra as the ones in the 
phosphate buffer conditions. KCl-doped ammonium acetate 
solutions (Figure 4, green) showed CD spectra closer to the 
purely KCl form, but not as close as the KCl-doped TMAA 
conditions. In conclusion, the 100 mM TMAA/1 mM KCl 
conditions are compatible with electrospray mass spectrom- 
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two potassium ions bound. Mass spectra at 200 and 300 μM 
unambiguously demonstrate cooperativity in K+ binding: the 
cation adducts distribution is non-statistical and depleted in 
1-K+ adduct. This is very important to understand the 
folding mechanism of G-quadruplexes, and mass spectrom- 
etry experiments allow to unambiguously visualize the 
concerted incorporation of two potassium ions. 

The second example is the titration of the single strand 
dTG4T, which forms a tetramolecular G-quadruplex with 
three coordinated monovalent ions. The titration is made on 
a lower concentrations range, as the G-quadruplex formation 
is already complete at 80 μM in KCl. Despite the fact that 
ammonium ions were not added intentionally, some ammo- 
nium adducts appear here at low KCl concentrations, and 
mixed NH4

+/K+ adducts appear at intermediate KCl concen- 
trations (the sum of adducts always being three cations, i.e., 
one between each G-quartet). Ammonium traces come from 
the oligonucleotide synthesis and, therefore, traces of 
ammonium-ion bound tetramers are preformed in the 
lyophilized oligonucleotides. However the single strand is Figure 5. Collision cross section distribution of 5 μM 24TTG 

into 100 mM TMAA+1 mM KCl (a) and (c) or 100 mM 
NH4OAc (b) and (d). (a) and (b) represent the 6- ions and (c) 
and (d) the 5- ions. Bias voltage increases from light to dark 
colors (18, 25, and 30 V, respectively). Brown colors 
represent the collision cross section reconstructed from the 
sum of the G-quadruplexes with zero, one, and two 
ammonium cations and blue ones are the collision cross 
section of the G-quadruplexes with two ammonium ions 
exclusively. Red colors are the G-quadruplexes with two 
potassium ions 

prevalent (see full 
Information S6). 

scale mass spectra in the Supporting 

happens in the gas phase. When two potassium ions are 
trapped inside the G-quadruplex formed from TMAA/KCl, 
the collisional activation has the same unfolding effect, 
although the potassium ion adducts are not lost. Therefore, 
although the voltage at which unfolding occurs is higher in 
the presence of potassium than ammonium, gas-phase 
unfolding still occurs. Importantly, these changes in ATD 
are not accompanied by visible changes in the mass spectra 
for the TMAA/KCl conditions: the K+ ions cannot escape 
from the multiply charged anions. 

The KCl Concentration Required for G-Quadruplex 
Formation in TMAA Depends on the Sequence 
Above, we showed results with the maximum concentration 
we could  electrospray while keeping clean  mass spectra 
(1 mM). Here we describe KCl titration experiments that 
probe the minimum KCl concentration required to fold the 
G-quadruplexes. Figure 6 shows two  KCl  titrations  in 
100 mM TMAA for the intramolecular telomeric sequence 
23TAG (Figure 6a) and for the tetramolecular G-quadruplex 
[dTG4T]4    (Figure  6b).  At  100  μM  KCl,  23TAG  G- 
quadruplexes are not formed: only a very small amount of 
potassium adducts are observed. When the KCl concentra- 
tion is increased, the adduct distribution is shifted towards 

Figure 6.   KCl titration of (a) 5 μM 23TAG and (b) 20 μM 
TG4T single strand into 100 mM TMAA. The annotations 
indicate the number of adducts on the 5- charge state. In 
titration (a), the single strand was allowed to react for 4 h at 
room temperature before the mass spectra were recorded 
using the LCT mass spectrometer. In titration (b), the 
solutions were prepared with 100 μM in TG4T single strand 
for 24 h before being diluted to 20 μM, and the mass spectra 
were recorded on the Exactive mass spectrometer 
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The mechanism of formation of the tetramolecular G- 
quadruplex formation is very different from the formation of 
the intramolecular quadruplex. Adding a very small amount 
of potassium into the solution induced the cooperative 
tetramerization of TG4T. To be stabilized, the tetramer must 
always contain total of three cations in its central channel. 
Then, because potassium has a higher affinity for G- 
quadruplexes than ammonium, the equilibrium is displaced 
specifically towards the 3-K+ adduct by addition of higher 
KCl amounts. This example further illustrates the correlation 
between the observation of n K+ adducts and the presence of 
n+ 1G-quartets [21]. 

Conclusions 
We reported here for the first time that by using 
trimethylammonium acetate (TMAA) as electrolyte, 
electrospray mass spectra of G-quadruplexes can be obtained 
in the presence of the likely physiologically relevant 
potassium cation. Moreover, circular dichroism experiments 
indicate that the guanine stacking motifs and, therefore, 
relative strand orientations are very similar in 100 mM 
TMAA/KCl and 100 mM KCl, so the presence of TMAA in 
the ESI-MS compatible solution does not affect the overall 
structure of the DNA G-quadruplexes studied here. This is 
particularly important for polymorphic G-quadruplexes such 
as those formed by the human telomeric sequence. Also, our 
conditions make it easier to determine the number of 
potassium ions specifically coordinated to the  structure 
and, hence, to ascertain the presence of a G-quadruplex in 
solution and how many G-quartets are involved. 

The perspectives open by the present work are numerous. 
First, as in TMAA/KCl solutions the K+-binding stoichiom- 
etry is determined easily. In NH4OAc conditions, the ESI- 
MS determination of cation binding stoichiometry was clear 
only for parallel G-quadruplexes, which robustly preserved 
their ammonium ions in the gas phase, whereas the 
antiparallel structures did not. The new method can be used 
to probe the number of specific binding sites in other 
sequences, for example issued from bioinformatics studies. 
Second, as TMAA allows spraying potassium-bound G- 
quadruplexes in soft conditions, this opens the way to 
probing preserved structures in the gas phase, as shown by 
our preliminary experiments with ion mobility spectrometry. 
Third, the TMAA/KCl conditions are interesting for ligand 
screening, in order to test the binding stoichiometry and 
affinity for potassium-bound structures. ESI-MS can also be 
used to understand the G-quadruplex folding mechanism 
and, more specifically, the interplay between cation binding 
and folding. Detailed investigation of the folding of various 
human telomeric sequences upon K+ or ligand titration is 
currently under way in our laboratory. Finally, it would be 
interesting to test whether the use of TMAA can be extended 
to other systems than DNA G-quadruplexes, for example to 
RNA-magnesium complexes, or to protein complexes. 
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IV.3. ADDITIONAL WORK 

IV.3.1 ADDITIONAL STRUCTURAL AND QUANTITATIVE INFORMATION FROM MS  

While testing this sample preparation on several other G-quadruplex forming sequences, we 

systematically found that the main stoichiometry observed corresponded to the expected 

number of G-quartets in the G-quadruplex, minus one. This had already been observed and 

used in previous studies in ammonium acetates conditions.78,242,251–255 The Figure 36 illustrates 

this principle: n cations = (n+1) quartets. 

 

Figure 36. 𝒏𝒏 cations =  (𝒏𝒏 + 𝟏𝟏) quartets. Illustration of the principle with examples. Mass spectra, 
zoomed on the charges states 4 or 5-, of 10 µM DNA G-quadruplex in 100 mM TMAA + 1 mM KCl 
corresponding to the structures obtained by NMR spectroscopy, indicated at the bottom (2-quartet G-
quadruplex, d(GGTTGGTGTGGTTGG), PDB ID: 1RDE,16 3-quartet G-quadruplex, 
d(TGAGGGTGGTGAGGGTGGGGAAGG), PDB ID: 2MGN,147 4-quartet G-quadruplex, 4x (dTGGGGT), PDB ID: 
352D,10 and 4-quartet G-quadruplex, 2x d(GGGGTTTTGGGG), PDB ID: 156D.256 The expected cation 
binding sites are highlighted in red and correspond to the main stoichiometry detected by MS 
(indicated in red on the spectra, the additional adducts are nonspecific). 

101 

 



The main stoichiometry corresponds to the one expected if the cations are trapped between 

the G-quartets. However, additional cation stoichiometries were observed and correspond to 

nonspecific cations, not G-quadruplex specific. Indeed, a potassium ion distribution on each 

DNA peak is observed by MS when a KCl-containing solution is injected. The detected 

potassium binding distribution is not the same for each charge state. Therefore, necessarily, 

a part of the binding detected is nonspecific and happens along the ESI process. It is also 

possible that a fraction of these adducts comes from K+ binding to external phosphate groups, 

and these are also not G-quadruplex specific. The goal of subtraction of nonspecific 

contribution is to deduce the fraction of K+ coming from specific binding, in-between G-

quartets. In a set of conditions, the nonspecific distribution is given by the distribution 

obtained for a non-G-quadruplex forming sequence (Figure 37, for technical details see 

section III.1.5). The mass spectrometry is therefore a technique giving very important 

structural and quantitative information that could be complementary to those obtained with 

other techniques. 

 

Figure 37. Schematic representation of the procedure done to take quantitatively into account the 
nonspecific adducts contribution. 

On the other hand, a limitation of this sample preparation method was observed for dimers 

of G-quadruplexes. Indeed, the dimerization of G-quadruplexes by end-stacking was observed 

for parallel G-quadruplexes by mass spectrometry in ammonium acetate241 but was not 

occurring in TMAA conditions. One explanation for the suppression of this interaction is that 

the dimerization of G-quadruplexes occurs thanks to the presence of more ammonium 

cations, presumably trapped between the two G-quadruplex units or shielding the negative 

phosphates. In TMAA + KCl conditions, the K+ concentration is too low to populate the cation 

binding site between the two G-quadruplex units, probably of lower affinity, preventing 

dimerization. This effect could be wanted if the monomeric G-quadruplex is of interest.  
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IV.3.2 HIGHER SALT CONCENTRATIONS 

In this work, the highest K+ concentration used is typically 1 mM. This is not a strict limit. 

Indeed, the signal drops continuously with increasing KCl concentration until the signal is 

completely lost among the clusters peaks. This means that higher KCl concentrations than 1 

mM could, in principle, be reached by paying the price for the signal-to-noise ratio.  

At concentrations as high as 10 mM KCl, signals corresponding to the DNA were still 

detectable, despite being masked by the clusters peaks (Figure 38A). Zooming on the region 

of interest allowed to distinguish the peaks of the DNA from the clusters but the mass 

spectrum is noisy and the identification of the peaks might be difficult and the quantification 

impossible (Figure 38C). 

Thanks to ion mobility spectrometry coupled with mass spectrometry, it was possible to 

separate G-quadruplexes from the clusters (Figure 38B). Reconstruction of the mass spectrum 

corresponding to the IMS region of the G-quadruplexes (Filtered out area in Figure 38B) allows 

to obtain mass spectra of G-quadruplexes in up to 10 mM KCl (Figure 38D). However, for 

instrument preservation reasons, the limit was usually fixed to 1 mM. In addition, higher 

concentrations increase the amount and number of nonspecific adducts, which could lead to 

more difficult stoichiometry determination, eventually without providing more information. 

Therefore, it is useful to detect what is the first peak of the distribution (here 2-K+) but not 

practical to quantitate precisely. 
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Figure 38. Mass spectra of 10 µM 22AG, d(A(GGGTTA)3GGG) in 100 mM TMAA + 10 mM KCl. (A) Full scale 
mass spectrum, (B) the 2D heatmap of the arrival time in function of the m/z, (C) zoom on the region 
of interest of the mass spectrum and (D) the mass spectrum reconstructed from the area indicated in 
B.  
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IV.3.3 OTHER CATIONS THAN K+ 

In principle, any cation can be used with this methodology. However, the upper limit 

concentration could be different for each cation. Indeed, each salt could make clusters more 

or less easily when electrosprayed.  

Another intensively used cation in the G-quadruplex field is the sodium. Indeed, Na+ induces 

the folding of G-quadruplexes with sometimes a different structure (for example, the human 

telomeric sequence80). Mass and CD spectra of G-quadruplexes were obtained in TMAA + 1 

mM NaCl (See Article 1, Figure 3 & 4). However, in those conditions, G-quadruplexes presented 

the characteristics of unfolded structures: the main detected stoichiometry is 0 and the CD is 

typical of unfolded. Usually, G-quadruplexes are less stable in presence of sodium than 

potassium.72 1 mM NaCl is not sufficient to fold these G-quadruplexes and a higher 

concentration, not attainable using MS, is required. It was therefore not possible to study 

sodium binding to G-quadruplexes using the TMAA conditions. 

Finally, TMAA doped with strontium dichloride salt was also tested. The Sr2+ cation is a good 

G-quadruplex stabilizer.72 Indeed, only 50 µM Sr2+ sufficed to fold 10 µM of G-quadruplex 

(Figure 39A). Interestingly, we found differences in terms of cation stoichiometry from the 

potassium conditions (Figure 39B & C). Indeed, for this sequence, G-quadruplexes are formed 

with two preferential potassium cations but only one strontium. Unfortunately, we could not 

subtract the nonspecific contribution with the method previously described. Indeed, we found 

that the strontium cation binds with a very good affinity to the guanines-rich single stranded 

reference.257 This is an example where there are more nonspecific adducts on the reference 

than on the G-quadruplex (Figure 39B & D) and therefore, only qualitative analysis could be 

performed. 
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Figure 39. Mass spectra of 10 µM 222T, d(T(GGGTT)3GGGT), in 100 mM TMAA supplemented with, (A) 50 
µM SrCl2, (B) 1 mM SrCl2, (C) 1 mM KCl. (D) mass spectrum of the reference shuf1, 
d(TGTGGTGTGTGGTGTGTGG), in 100 mM TMAA with 1 mM SrCl2. 
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IV.4. CONCLUSIONS 

In this chapter, we have shown that mass spectrometry of potassium containing G-

quadruplexes can be easily obtained using trimethylammonium acetate as electrolyte. Up to 

a millimolar concentration of potassium cation was co-injected with G-quadruplex forming 

sequences. This new sample preparation method offers several advantages: 

1) The potassium cation is more physiologically relevant than ammonium. Because some 

polymorphic sequences can fold into different structures in different salt conditions, 

the ability to obtain mass spectra of G-quadruplexes in presence of potassium is of 

greater biological interest. It is now possible to correlate the mass spectrum of 

detected species to their respective structures, obtained in potassium conditions by 

high resolution techniques such as NMR spectroscopy or x-ray diffraction. 

2) The potassium cation interacts very strongly with DNA in the gas phase thanks to 

Coulomb attractions. This provides an advantage compared to the ammonium 

conditions in that it is impossible to dissociate K+ from the complex in the gas phase 

(whereas ammonium could be released as ammonia by proton transfer). Therefore, 

the tuning of the mass spectrometer is a little bit more forgiving.  

3) The potassium stoichiometry can be used to deduce structural details: n cations = (n+1) 

G-quartets. The determination of the G-quartet number thanks to the cation 

stoichiometry was also valid for ammonium but the ability to subtract the contribution 

of nonspecific adducts allows extraction of quantitative information. The 

determination of the number of G-quartets and their stacking types given by CD 

combine very well for topology characterization of G-quadruplexes. 

4) The polymorphism of some sequences can be studied using mass spectrometry, 

allowing one to separate different potassium binding stoichiometries and quantify 

them. Ion mobility coupled to mass spectrometry can also give information about the 

polymorphism of one defined stoichiometry. 
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V. POTASSIUM BINDING TO G-QUADRUPLEXES 

V.1.  INTRODUCTION 

Even though cations are required for folding G-quadruplexes, few studies take into account 

the number of ions bound, probably because no technique (other than MS) can determine 

directly this stoichiometry. Measuring the free K+ concentration allowed previously to 

determine indirectly the number of cations bound: Chaires found that up to ten cations 

binds,250 some being possibly nonspecific.258 

 

Figure 40. Proposed folding landscape for the human telomeric G-quadruplexes. Illustration 
reproduced from Chaires et al.259 and Mashimo et al.260 

The folding pathway of G-quadruplexes (and, in particular, of the human telomeric sequences) 

is currently studied by several groups. One proposed folding pathway of the human telomeric 

sequence (Figure 40) involves first the collapse of the unfolded species in hairpin-like 

structures, involving G:G base pairs.260,261 Those species then fold into antiparallel G-

quadruplexes259,262 before folding into the hybrid structure, one of the possible intermediates 

being a triplex species.263–265  
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Mass spectrometry has previously been used to study the folding pathway of tetramolecular 

G-quadruplexes, in ammonium acetate conditions without and with addition of co-solvents.253 

We previously (Master 2 thesis) showed that the formation of bimolecular human telomeric 

G-quadruplexes could be induced by the addition of co-solvent.78,255 We partitioned the 

complexes formed thanks to their ammonium distribution and were able to distinguish four 

ensembles: one unfolded, one misfolded with one NH4
+ and two G-quadruplexes with 2-NH4

+, 

one antiparallel and one parallel. Interestingly, the data suggested that those two species were 

on different branches in the mechanism. 

In the present work, we focused on the folding of intramolecular human telomeric G-

quadruplexes formed in KCl containing solutions. We performed equilibrium experiments to 

determine the equilibrium binding constants of K+ to different human telomeric sequences 

(differing only by a few flanking bases). We found that the shortest sequences (with few or no 

flanking bases) were prone to fold into a 1-K+ antiparallel G-quadruplex whereas longer 

sequences bound K+ in a more cooperative manner. Kinetic experiments showed that the 

folding occurs through a multiple pathway mechanism and that the structures that fold first 

are antiparallel. Those complexes are on a dead-end in the reaction mechanism. To fold into 

the thermodynamically most stable hybrid G-quadruplexes, these antiparallel G-

quadruplexes first have to unfold. It is then possible to generalize this mechanism to other G-

quadruplexes as we also show in this work that antiparallel species were folded at short time 

scales for the parallel Pu24 sequence. 
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ABSTRACT 

G-quadruplexes adopt various folding topologies, 
but information on their folding pathways remains 
scarce. Here, we used electrospray mass spectrom- 
etry to detect and quantify the specifically bound 
potassium ions, and circular dichroism to charac- 
terize the stacking topology of each ensemble. For 
human telomeric (hTel) sequences containing the 
d((GGGTTA)3GGG) core, K+ binding affinity and co- 
operativity strongly depends on the chosen con- 

11). Recently G-quadruplexes have been revealed in hu- 
man cells using an antibody (12). G-quadruplexes are tetra- 
helical structures formed by guanine-rich sequences (13). 
Four guanines, interacting via Hoogsteen hydrogen bonds, 
form a G-quartet. Structures with at least two stacked G- 
quartets are called G-quadruplexes. G-quadruplex stabi- 
lization is ensured by monovalent cations such as Na+, K+ 

or NH4+ (14,15), which they intercalate between consecu- 
tive G-quartets and are octa-coordinated by the O6 of the 
guanines (16). G-quadruplexes can adopt different topolo- 
gies (Figure 1) (17), and this structural polymorphism is 
exploited in applications such as DNA functionalization 
and nanodevices (18–20). The topology is defined by which 
bases are engaged in G-quartets, the orientation of the 
strands in the stem, the position of the loops connecting the 
four parts of the stem, and the stacking mode of the bases 
in the stem (all four characteristics being inter-related) (17). 
Many parameters influence the adopted topology: the na- 
ture of the monovalent cation, the concentration, the ionic 
strength, the pH, the presence of crowding or dehydration 
agents, and the sequence. 

The human telomeric sequence, with the repetitive 31-end 
sequence d(TTAGGG)n, is one of the most studied bio- 
logically relevant G-quadruplexes. Incidentally, this is also 
one of the most polymorphic G-quadruplex forming se- 
quences (21). Here, we investigated the intramolecular fold- 
ing of telomeric sequences with four tracts of guanines, in 
the presence of K+ cations. All sequences contain the central 
d((GGGTTA)3GGG) core, but the final topology depends 
on the flanking bases. 

In 100 mM K +  (NMR conditions), a hybrid-1 type 
G-quadruplex structure was observed for the sequence 
d(TT(GGGTTA)3GGGA) (abbreviated 24TTG, PDB ID: 
2GKU (22), Figure 1A, see  Table  1  for  abbreviations) and 
for d(TA(GGGTTA)3GGG) (23TAG, PDB ID: 2JSM 
(23)), the latter being slightly more polymorphic. The se- 
quence  d(TTA(GGGTTA)3GGGTT)  (26TTA,  PDB  ID: 
2JPZ (24), Figure 1B) folds into a hybrid-2 type G- 
quadruplex. The hybrid topologies  differ  by  the  or- der 
of the loops: in the hybrid-1 the loops are respec- tively 
51-propeller-lateral-lateral-31 type. For the hybrid-2 the 
loops are 51-lateral-lateral-propeller-31. The sequence 

K+ struct. The shortest sequences bind only one 
at low KCl concentration, and this 2-quartet G- 
quadruplex is antiparallel. Flanking bases increase 
the       binding cooperativity. To decipher the fold- K+ 

K+ ing pathways, we investigated the kinetics of 
binding to telomeric (hybrid) and c-myc (parallel) 
G-quadruplexes. G-quadruplexes fold via branched 
pathways with multiple parallel reactions. Up to six 
states (one ensemble without K+, two ensembles 
with 1-K+  and three ensembles with 2-K+) are sep- 
arated based on their formation rates and ion mobil- 
ity spectrometry. All G-quadruplexes first form long- 
lived misfolded structures (off-pathway compared to 
the most stable structures) containing one K+ and 
two quartets in an antiparallel stacking arrangement. 
The results highlight the particular ruggedness of 
G-quadruplex nucleic acid folding landscapes. Mis- 
folded structures can play important roles for design- 
ing artificial G-quadruplex based structures, and for 
conformational selection by ligands or proteins in a 
biological context. 

INTRODUCTION 
G-quadruplex nucleic acid structures can form in impor- 
tant regions of the human genome such as telomeres, genes 
promoters or transcription start sites (1), and are involved 
in several cellular regulation pathways such as regulation 
of gene expression (2–8) and telomere maintenance (9– 
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d((GGGTTA)3GGGT)) (22GT, PDB ID: 2KF8 (25), Fig- A major hurdle in studying the folding mechanisms ex- 
perimentally is the difficulty in defining the different states 
(or ensembles) contributing to the mechanism. In the stud- 
ies cited above, the ensembles were defined based on bulk 
spectroscopic properties or from single-molecule measure- 
ments. In the present study, we used mass spectrometry to 
separate and quantify the DNA complexes in a different 
way: with no cation, one potassium ion or two potassium 
ions specifically bound (56). We studied the equilibrium 
dissociation constants and the kinetics (on the minute to 
hour time scale) of K+  binding to several variants of the 
human telomeric sequences and one c-myc promoter G- 
quadruplex, at up to 1 mM final KCl concentrations (57). 
Each ensemble defined based on the potassium binding sto- 
ichiometry was then sub-divided based on kinetic behavior, 
and confirmed by ion mobility spectrometry separation of 
the mass spectral peaks (IMS-MS). The topology of the en- 
sembles defined are also characterized by CD spectroscopy. 

Although we are blind to the details of the early fold- 
ing events, our experiments allowed to uncover important 
slow events. While a 1-K+  structure with antiparallel base 
stacking always forms quickly, hybrid conformations take 
much longer to form. Branched folding pathways prevail, 
and the folding energy landscapes are so rugged that mis- 
folded states can linger for several minutes. These results 
highlight that 2-quartet topologies are worthy of consider- 

ation among the biologically relevant ones. 

ure 1C) folds predominantly (∼70%) into another topology, 
called the hybrid-3. Here, only two quartets are formed. 
The structure is further stabilized by a triplet of gua- 
nines, and the circular dichroism spectrum therefore re- 
sembles that of the other hybrid structures (26). 22AG 
(d(A(GGGTTA)3GGG)), a sequence very frequently used 
for drug binding assays, folds in an antiparallel structure 
in sodium (Figure 1D) (27) but is polymorphic in KCl (28– 
30). The structure of 21G (d((GGGTTA)3GGG)) has not 
been solved by NMR, most likely because it is also poly- 
morphic. It is the shortest possible human telomeric se- 
quence containing four tracks of guanines, and it is fre- 
quently used in FRET (Fö rster Resonance Energy Trans- 
fer) melting assays with the FAM and TAMRA dyes at 
the 51 and 31 ends (31). 21G, with and without the fluo- 
rescent tags, have also been included in the present study, 
as well as the FRET homologue of 26TTA. The modified 
human telomeric DNA 22CTA (d(A(GGGCTA)3GGG), 
PDB ID: 2KM3 (32), Figure 1E) was also included. This 
G-quadruplex structure contains two G-quartets plus a 
G:C:G:C platform. 

Telomeric sequences form intramolecular parallel folds 
only in the crystal state or in molecular crowing condi- 
tions, but this species is not significantly populated in di- 
lute aqueous solution (33,34). To include a parallel quadru- 
plex in our panel, we also studied the sequence Pu24 
(d(TGAG3TG4AG3TG4A2G2), PDB ID: 2A5P (35), Fig- 
ure 1F), a variant of the c-myc oncogene promoter nuclease 
hypersensitivity element. 

The structural polymorphism of G-quadruplexes compli- 
cates their biophysical studies. The thermodynamically sta- 
ble folds of telomeric G-quadruplex structures have been 
well characterized (21) but there is yet no consensus on the 
folding pathway (36–38). Spectroscopic techniques such as 
UV-absorbance or UV-melting (39), fluorescence or FRET- 
melting (40), and circular dichroism (CD) are commonly 
used. Gibbs free energy of folding can be obtained by as- 
suming a 1-step (2-state) folding (41). However, singular 
value decomposition (SVD) analysis revealed that thermal 
folding and unfolding of G-quadruplexes was not 2-state 
(29,42), and that the isothermal cation-induced folding in- 
volves at least three states (37,43). The nature of these states 
is however still debated. The folding pathway may include 
a collapse of the unfolded species into hairpin-like struc- 
tures with G:G base pairs (44–47), which then fold into an 
antiparallel G-quadruplex (37,48), then interconvert pro- 
gressively into triplexes intermediates (49–51) before folding 
properly into a G-quadruplex (37). This model is sequential, 
and therefore does not consider side-reactions in the mech- 
anism, i.e. ‘parallel’ or ‘branched’ pathways (note that for 
avoiding confusion between ‘parallel’ G-quadruplex struc- 
tures and ‘parallel’ reactions in chemical kinetics, we will 
use the term ‘branched’ instead of ‘parallel’ when talk- 
ing about mechanisms). Others have proposed branched 
mechanisms where both the unfolded species, an interme- 
diate (triplex or other) and the G-quadruplex are in equi- 
librium, with (52) or without intermediates (38,53). Molec- 
ular dynamics simulations also suggest that the folding of 
the human telomeric sequences proceeds through a complex 
branched mechanism (49,54,55). 

MATERIALS AND METHODS 
Materials 
Oligonucleotides were purchased in lyophilized and RP- 
cartridge purified form from Eurogentec (Seraing, Bel- 
gium). They were solubilized in nuclease-free grade wa- 
ter from Ambion (Fisher Scientific, Illkirch, France) at ap- 
proximately 1 mM. The stock concentrations were deter- 
mined using the Beer-Lambert law, using absorbance at 260 
nm on a Uvikon XS, and molar extinction coefficients cal- 
culated using the IDT website using the Cavaluzzi-Borer 
Correction (58). The  stock  solutions  were  then  diluted 
to exactly 200 µM. Trimethylammonium acetate (TMAA, 
Ultra  for  UPLC,  Fluka)  and  potassium  chloride  (KCl, 
>99.999%) were purchased from Sigma-Aldrich (Saint- 
Quentin Fallavier, France). The pH of the final solutions is 
6.9. Table 1 lists the sequences and the abbreviations used 
in this work. 

Electrospray mass spectrometry (ESI-MS) 
All equilibrium (ESI-MS) titration experiments were per- 
formed in negative ion mode on a LCT Premier mass 
spectrometer (Waters, Manchester, UK). The titration ex- 
periment on the 21G sequence was also repeated on a 
Bruker Amazon SL mass spectrometer (Bruker, Bremen, 
Germany). All tuning parameters are given in Supporting 
Information. Each titration point was obtained from an in- 
dependent solution (no sequential dilution). The solutions 
at 10 µM DNA, 100 mM TMAA and the proper amount 
of KCl were annealed at 85◦C for 5 min and cooled at room 
temperature in the dark for at least one night before mea- 
surement in order to avoid any kinetic effect. 
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Table 1. KD values at 20◦C of first and second K+ binding to G-quadruplex forming sequences (results of the fitting of the ESI-MS titration curves using 
DynaFit, with the errors from the fits) 

G4 structure obtained by NMR in 100 
mM K+ KD1 (×10−6 M) KD2 (×10−6 M) KD-Glob (×10−9 M2 ) Abbreviation Sequence KD1 /KD2 

21G 
22GT 
22CTA 
22AG 
F21T 
23TAG 
26TTA 
F26T 
24TTG 
Pu24 

(GGG TTA)3 GGG 
(GGG TTA)3 GGG T 
A (GGG CTA)3 GGG 
A (GGG TTA)3 GGG 
FAM-(GGG TTA)3 GGG-TAMRA 
TA (GGG TTA)3 GGG 
TTA (GGG TTA)3 GGG TT 
FAM-TTA (GGG TTA)3 GGG TT-TAMRA 
TT (GGG TTA)3 GGG A 
TGAG3 TG4 AG3 TG4 A2 G2 

Mixture 
Hybrid-3 (2-quartet antiparallel) (25) 
2-quartet antiparallel (32) 
Mixture 
n.d.a 
Hybrid-1 (23) 
Hybrid-2 (24) 
n.d.a 
Hybrid-1 (22) 
Parallel (35) 

18 ± 1 
22 ± 1 

271 ± 6 
60 ± 4 

177 ± 4 
310 ± 30 

1500 ± 100 
6500 ± 600 
270 ± 40 
550 ± 100 

1660 ± 40 
1050 ± 30 
6500 ± 600 
1170 ± 70 

700 ± 10 
170 ± 15 
190 ± 20 
560 ± 75 

10.4 ± 1.6 
3.8 ± 0.9 

0.01 
0.02 
0.04 
0.05 
0.25 
2 
8 
12 
26 
145 

30 ± 2 
23 ± 2 

1750 ± 200 
70 ± 9 

123 ± 5 
50 ± 10 

280 ± 50 
3700 ± 800 

2.7 ± 0.8 
2.2 ± 0.9 

a G-quadruplex structure, topology not documented. 
KD1 and KD2 are defined in Equations (2) and (3). The sequences are ranked with increasing KD1 /KD2 ratio. 

Figure 1. Structures and their respective schematic topologies of (A) the hybrid-1 24TTG, (22) (B) the hybrid-2 26TTA, (24) (C) the antiparallel 2-quartet 
22GT, (25) (D) the antiparallel in sodium 22AG, (27) (E) the antiparallel 2-quartet 22CTA, (32) and (F) the parallel Pu24.(35) These structures were 
obtained by NMR in 100 mM K+ except for 22AG whose structure was obtained in 100 mM Na+. 

The kinetics experiments were carried out on an Agilent 
6560 IMS-Q-TOF (Agilent Technologies, Santa Clara, CA, 
USA) with a dual ESI source in negative ion mode (see sup- 
porting information for the tuning parameters). This instru- 
ment allows one to monitor the drift time distributions of 
each m/z range, and this further helps discerning the exis- 
tence of several ensembles in species of a given stoichiome- 
try. One MS spectrum is accumulated every 1.1 s. The first 
two minutes are missed or discarded because it is the time 
lapse to manually mix the solutions and obtain a stable ESI- 
MS signal and flow rate. The solutions were prepared by 
mixing the proper volumes of stock solutions (previously 
annealed in pure water) to reach 10 µM DNA, 100 mM 
TMAA and the desired KCl concentration. dT6 was also 
added at 2.5 µM for the mass spectrometry experiments 
and used as an internal standard to validate that the rel- 
ative intensities reflect the relative concentrations in solu- 
tion (see Supporting Information for more detail) (59). The 
start time of the experiment is the KCl addition (t0). Identi- 
cal results were obtained whether we annealed the oligonu- 
cleotide or not in the TMAA buffer prior to KCl addition. 

K D determination and kinetic model evaluation 
The concentrations of the species detected by mass spec- 
trometry were obtained after integration of the peaks and 
subtraction of the nonspecific adducts. We also verified that 
all complexes have the same response factors. The detailed 
procedure is reported in the supplementary materials and 
methods (Supplementary Figures S1–S10). Both KD deter- 
mination and kinetic model evaluation were carried out us- 
ing the DynaFit software (4.05.103 BioKin Ltd Watertown, 
MA, USA) (60). The concentrations of specific complexes 
of each stoichiometry were fitted as function of the potas- 
sium concentration with the chemical Equations (1b) and 
(2b), correlated to the chemical equilibria (1a) and (2a), re- 
spectively. 

DNA + K+ ⇌ DNA•K 

   KD1  = [DNA][K+]/[DNA•K] 

DNA•K + K+ ⇌ DNA • 2K 

   KD2  = [DNA•K][K+]/[DNA•2K] 

(1a) 

(1b) 

(2a) 

(2b) 

The DynaFit software works by iteration on the two KD 
values in order to fit all the concentrations of the three sto- 
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ichiometries as a function of total KCl added. The KD-Glob 

is defined by the product of KD1 by KD2. 
RESULTS 
K+ binding equilibria 
Mass spectrometry titrations reveal a sequence-dependent K 2 + KD−glob  = KD1 × KD2  = [DNA][K+] /[DNA • 2K] (3) 
binding cooperativity.   Thanks to the mass resolution, an 

For the kinetics experiments, we fitted altogether the ki- 
netic data obtained for the 0-K+, specific 1-K+ and 2-K+ 

ensembles at four different KCl concentrations (100, 200, 
500 and 1000 µM), i.e. a total of 12 curves. The chemical 
reaction models are an input for Dynafit, and the software 
derives the kinetic differential equations linked with each 
chemical model, and fits the data. Over 20 different reaction 
models were tested and ranked using the Akaike informa- 
tion criterion (AIC) (61). The AIC is applicable when the 
experiments depend on a multitude of parameters, and one 
is searching for the most useful model to describe the ex- 
perimental set (62). Several starting initial parameters were 
tested, and converged to the same results. We also examined 
manually the fit quality, the errors on the rate constants and 
their correlation (see results and discussion). 

independent signal is detected for each potassium binding 
stoichiometry, allowing non-ambiguous stoichiometry de- 
termination. Figure 2A–C shows representative mass spec- 
tra (zoom on the 5- charge state) obtained upon KCl titra- 
tion of three human telomeric sequences, 24TTG, 23TAG 
and 22GT. Full titration experiments, full-scale mass spec- 
tra, zooms on other charge states, and results on other se- 
quences are shown in Supplementary Figures S11–S20. Af- 
ter subtracting the nonspecific adducts contribution (which 
account for ∼15%, ∼30% or ∼70% of the total signal for 
charge states 6-, 5- and 4-, respectively, see Supplemen- 
tary Figure S7), we quantify the concentration of specific 
K+ complexes of each stoichiometry for each point in the 
titration (Figure 2D–F, for the other sequences, see Sup- 
porting Supplementary Figure S21). After this subtraction, 
only 1-K+ and 2-K+ specific complexes remain. Interest- 
ingly, a 1-K+ complex predominates for the shortest se- 
quences (21G, 22GT and 22AG). Although this was ex- Circular dichroism (CD) spectroscopy 

CD  is  commonly  used  to  characterize  the 
pected for 22GT (∼70% is folded into a 2-quartet form), this 
was more surprising for 22AG and 21G, usually represented 
as 3-quartet hybrid G-quadruplexes in K+. The 22CTA se- 
quence presents almost exclusively the 1-K+ stoichiometry, 
as anticipated based on its 2-quartet structure (32). 

Figure 2D–F and Supporting Supplementary Figure S21 
show the best fits and the experimental data for each se- 
quence, and Table 1 summarizes the KD values. The exper- 
iments were successfully reproduced on another mass spec- 
trometer (Supporting Supplementary Figure S22). KD1 is 
smallest for the 21-mer and 22-mer sequences, and the op- 
posite is found for KD2. This indicates that, although these 
short sequences contain tracts of three guanines, they pre- 
dominantly adopt a 1-K+ binding stoichiometry in sub-mM 
KCl concentrations. The KD-Glob values allow to compare 
the sequences in terms of their propensity to form high 
amounts of 2-K+ species at equilibrium, whereas the ratio 
KD1/KD2 reflects the K+ binding cooperativity. As described 
previously (63), the 2:1 binding can be considered as posi- 
tively cooperative if KD1/KD2 > 1/4. Interestingly, all se- 
quences containing more than 22 bases (i.e. more than one 
flanking base) showed positive cooperativity in K+ bind- 
ing. 24TTG and Pu24 are the most cooperative. Note that 
24TTG is a mutated telomeric sequence, which is partic- 
ularly reputed for being monomorphic (22). The parallel 
Pu24 G-quadruplex has an even higher K+ binding cooper- 
ativity and in equilibrium conditions almost no 1-K+ com- 
plex is formed, whatever the KCl concentration. 

The effect of the FRET dyes (FAM and TAMRA) on the 
KD values was also investigated. For 21G, adding the dyes 
increases KD1 10-fold and decreases KD2 2.4-fold. Adding 
the dyes therefore increases the cooperativity by a factor 

stacking  of 
the guanines in a G-quadruplex, and therefore indirectly 
gives information on the strand orientations. Parallel G- 
quadruplexes have only anti-guanines, so anti/anti stacking 
motifs exist in the resulting topology, and the CD shows 
a maximum at 260 nm. Antiparallel G-quadruplexes have 
alternated stacking of the guanines (anti/syn and syn/anti) 
leading to a minimum in the CD spectrum at 260 nm and 
a maximum at 290 nm. Hybrid G-quadruplexes have both 
types of stacking in the same topology, and present two pos- 
itive peaks at 270 and 290 nm (26). Note that in some cases, 
2-quartet structures presenting antiparallel strand orienta- 
tion can display hybrid-type CD spectra, due to stacking of 
additional bases on the main two quartets (26). 

CD  experiments  were  carried  out  on  solutions  pre- 
pared exactly as for ESI-MS. Experiments were run on a 
Jasco J-815 spectrophotometer at 20◦C (unless otherwise 
mentioned)––see supporting information for the instru- 
mental details. CD data were normalized to molar circular- 
dichroic absoption (Δε) based on DNA concentration us- 
ing Equation (4), 

Δε = θ/(32980 × C × l) (4) 

where θ is the CD ellipticity in milidegrees, C is the DNA 
concentration in mol/l (in this work: 10−5 mol/l) and l is the 
pathlength in cm (0.2 cm). The concentrations used for CD 
are the same as those for MS, to allow direct comparison of 
the results. 

The DynaFit software was used to obtain the molar el- 
lipticity coefficient of each ensemble defined based on ESI- 
MS, as a function of the wavelength (here, each 5 nm). The 
software uses the equilibrium or rate constants to calculate 
the concentration of each ensemble, and then determines 
the molar response (here the molar ellipticity coefficient) of 
each ensemble (see supporting information for the data pro- 
cessing details). 

of ∼25. For 26TTA, the same effect is observed, but it is 
K+ less pronounced as this sequence binds already in a 

more cooperative manner than 21G. The KD-Glob is also af- 
fected by the addition of dyes, reflecting that the affinity 
for potassium (and hence the relative stability of the folded 
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Figure 2. (A–C) Mass spectrometry titrations (20◦C) of 10 µM (A) 24TTG, (B) 23TAG and (C) 22GT, in 100 mM TMAA with increasing amounts of KCl 
(zooms on the 5- charge state, see Supplementary Figures S11-S20 for the full scale mass spectra). (D–F) Concentration of the complexes with 0, 1 or 2 
specific potassium ions bound in green, blue and orange, respectively, as a function of total KCl concentration, for (D) 24TTG, (E) 23TAG and (F) 22GT. 
The error bars are the standard errors on the treatment of the three charge states. The solid lines represent the best fits of the models (Equations 2 and 3). 

form) of the labeled oligonucleotides decreases compared 
to the unlabeled analogues. These results highlight that G- 
quadruplex folding thermodynamics is modified by fluo- 
rophore  attachment. 

Plavec group (44). Here we observed the same CD spectra 
with and without pre-annealing of the solution. 

The CD spectra change upon KCl addition to the 
oligonucleotides, indicating a  structural  change  induced 
by K+ binding. For 24TTG, the folding into a hybrid G- 
quadruplex occurs at low KCl concentration, as anticipated 
based on the MS results. The isoelliptic point in the CD 
titration is in line with the cooperativity observed by ESI- 
MS: the 1-K+ species not being significantly populated, 
the transition is 2-state. For 23TAG and 26TTA, the CD 
spectrum of hybrid structure(s) is progressively formed, but 
there is no isoelliptic point, and this indicates the presence 
of more than two states. This is in line with the ESI-MS 
titrations that revealed three states, the 1-K+ population be- 
ing significantly populated at intermediate KCl concentra- 
tions (Figure 2). 

Interestingly, for 21- and 22-mer sequences (21G, 22GT, 
22AG and F21T), the amplitude of the CD signals at 260 

The 1-K+ complexes formed at equilibrium are antiparallel. 
To deduce the predominant topology of each ensemble dis- 
tinguished by ESI-MS (the specific 0-K+, 1-K+ and 2-K+ 

complexes), we monitored the same titration experiments 
by circular dichroism spectroscopy (Figure 3 and Support- 
ing Supplementary Figure S23). Without KCl in solution 
the DNA sequences are not folded into G-quadruplexes 
(green), except for 22GT and 21G whose bands at 295 
nm could be indicative of a small fraction of folded G- 
quadruplex. Because of the high ionic strength (100 mM 
monovalent cation and anion), it is possible that sequences 
starting with a 51-guanine tract form secondary structures 
not requiring K+  binding, similar to those reported by the 
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Figure 3. Circular dichroism titrations (20◦C) of 10 µM (A) 24TTG, (B) 23TAG and (C) 22GT in 100 mM TMAA with increasing amount of KCl (0 in 
yellow, 25, 50, 75, 100, 200, 500 in gray and 1000 µM KCl in red). (D–F), CD spectra reconstructed for the 0-K+ (green), 1-K+ (blue) and 2-K+ (orange) 
complexes, for sequences (D) 24TTG (the 1-K+ complex was not abundant enough to reconstruct a CD spectrum), (E) 23TAG and (F) 22GT. 

nm and 295 nm reaches a maximum at about 0.1 mM KCl 
(Figure 3C and Supporting Supplementary Figure S23C, D 
and G) and decreases at higher KCl concentrations. In or- 
der to obtain structural information for each ensemble de- 
tected and quantified by MS, we deconvoluted the CD spec- 
tra into those of the 0-K+, 1-K+ and 2-K+ ensembles, using 
the abundances deduced from ESI-MS. The generated CD 
spectra are shown in Figure 3D–F and Supporting Supple- 
mentary Figure S24. 

For 24TTG and Pu24, the CD spectra for the 1-K+ struc- 
tures were not deconvoluted because of the low population 
of 1-K+ ensemble (see for example Figure 3A for 24TTG). 
Also, given that the titration involves only two main states, 
the CD titration data can be fitted using Equation (3). The 
KD-Glob obtained by fitting the CD titration agrees with the 

arrangements is required between the 1-K+  and the 2-K+ 

structure, the K+ binding events could be sequential. 
The 21G and 22AG sequences have similar  bind- ing 

characteristics as 22GT, suggesting potentially similar 
folding pathways. Interestingly, the sequence 
d(A(GGGTTA)3GGGT), a close derivative of both 
22GT and 22AG, was also shown to form an antiparallel 
G-quadruplex with two quartets in potassium (64). So, 
although the 22AG sequence folds into an antiparallel 
3-quartet G-quadruplex in NaCl (27), it may form a 
2-quartet, antiparallel structure at low KCl concentrations. 
A very similar CD spectrum has previously been deconvo- 
luted by Bončina et al. for 22AG in presence of a ligand 
(65). The 22CTA sequence behaves differently from 21G, 
22AG and 22GT, in that the 1-K+ stoichiometry is the only 
one significantly populated (with an antiparallel signature 
in CD, see Supporting Supplementary Figure S24H). The 
22CTA NMR structure does not involve G-triplets, and 
this could prevent the creation of additional K+ binding 
sites. 

In summary, an antiparallel 1-K+ complex, presumably 
containing two G-quartets, exists at equilibrium, particu- 
larly for human telomeric sequences with no or few flank- 
ing bases. In such case, a second K+ cation can subsequently 
bind with lower affinity and without structural change, and 
a sequential binding pathway is plausible. For sequences 
containing longer overhangs, the 1-K+ complex is formed 
only at low KCl concentration and sometimes with low 
abundance. For those sequences we therefore wanted to de- 
termine whether the 1-K+ structure was transiently popu- 
lated along the folding pathway, and if yes, whether the fold- 
ing pathways are sequential or branched. To elucidate the 
pathways, we studied the kinetics of potassium binding to 
those sequences. 

K+ 

one obtained by fitting the ESI-MS titration (2.69 × 10−9 
M2 versus 2.70 × 10−9 M2, respectively) (Table 1), and this 
also validates the quantitative mathematical treatment of 
the ESI-MS data. 

For all the human telomeric sequences in which it is 
significantly populated,  the  1-K+  ensemble  has  clearly 
an antiparallel-type CD spectrum.  For  22GT,  based  on the 
published structure (PDB ID: 2KF8 (25)), we inter- pret 
the results as follows. The final structure contains two 
G-quartets and a triplet of guanines, so the two ex- pected 
cation binding sites are therefore not equivalent. The 
highest-affinity binding site is most likely the one in- 
between the two G-quartets, while the lower-affinity bind- 
ing site is the one between the G-quartet and the G-triplet. 
One cation suffices to stabilize a 2-quartet G-quadruplex 
structure, which is antiparallel. Upon addition of higher 
amounts of KCl and population of the second binding site, 
the negative band at 260 nm becomes less negative, due to 
the triplet stacking, resulting in a hybrid-like CD spectrum 
(26). Mechanistically, given that no dramatic topology re- 
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Kinetics of K+ binding 

The 1-K+ stoichiometry is transiently populated, even for se- 
quences that bind 2 K+ very cooperatively. On the minute to 
the hour time scale, we followed the potassium binding 
stoichiometry by ESI-MS at room temperature (20◦C). The 
recording is started when KCl is added to the solution (t0). 
After subtraction of the nonspecific adducts, we distinguish 

have three quartets (2-K+), and the triplex ensemble was 
proposed to bind 1 K+. This model works better, but does 
convincingly fits of our data even if it contains more species 
and more adjustable parameters (Supplementary Figure 
S37). However, if we assume that the antiparallel structures 
of Chaires’ mechanism have only one K ion bound, we re- 
duce the number of species in the mechanism and the fit- 
ting becomes more satisfactory (Figure 4D and Supplemen- 

+ 

and quantify three different stoichiometries (0-K+,  
and 2-K+) as a function of reaction time. 

1-K+ 
tary Figure S38, 0×((1-2)|(1-2)) model). The residuals are 
good, but the CV values are large for most rate constants. 

Besides, this is not the only folding mechanism that might 
fit. Here we have to evaluate models in a framework where 
the data sets may not cover the whole parameter space of 
the model: our experiments cover a limited concentration 
range and time scale, and we separate only three ensembles 
based on stoichiometry. In the Akaike framework, all tested 
models are to some extent wrong, but the AIC helps finding 
the model(s) that maximize predictive accuracy (62). After 
exploring over 20 binding models, we found that all mecha- 
nisms giving satisfactory AIC shared the following charac- 
teristics: they have are multiple branches, the two main ones 
leading respectively to a significantly populated 1-K+ en- 
semble, and to the final 2-K+ structures. For 24TTG, three 
ensembles with 2-K+ stoichiometries can be distinguished 
kinetically: two form slowly on the time scale of the exper- 
iment, and one is in fast equilibrium (hence the CVs of its 
kon and koff are high, and actually only the ratio kon/koff can 
be reliably determined). The best-ranked model for 24TTG 
is shown in Figure 4E and is compared with the other best 
ones in Supplementary Figures S39 and S40. 

We performed the same pathway analysis for the kinetics 
of K+ binding to 23TAG (Supplementary Table S2). The 
same set of mechanisms with multiple branched reactions 
were found to fit the best. The most satisfactory fit is ob- 
tained with one fewer 2-K+ ensemble (Supplementary Fig- 
ure S41), using the 0×((1-2)|(1-2)) model. This model is a 

The least cooperative sequences (21G to F21T in Table 1) 
form both 1-K+  and 2-K+  ensembles faster than the dead 
time of our experiment (Supporting Supplementary Fig- 
ures S25–S29). In contrast, K+ binding to 26TTA, 23TAG 
and 24TTG was slower (on 20-min to the hour time scale, 
26TTA being the fastest, Supporting Supplementary Fig- 
ures S30-S32). We investigated more in depth the sequences 
24TTG, 23TAG and Pu24, because they gave clearer varia- 
tions of the signals in the KCl concentration range accessi- 
ble here. Figure 4 shows the temporal evolution of the K+ 

binding stoichiometries for 24TTG (500 µM KCl) as well 
as the quantification of the three stoichiometries as a func- 
tion of time. Those experiments have been quantitatively 
reproduced on two different MS instruments (Supplemen- 
tary Figure S33). The transient 1-K+ ensemble is clearly de- 
tected even for the very cooperative K+-binding sequence 
24TTG (kinetics at other KCl concentrations are shown in 
supplementary Supplementary Figure S31). This ensemble 
also appeared for 23TAG and Pu24 (Supplementary Figure 
S34). 

G-quadruplexes fold via multiply branched pathways. The 
abundances of 0-K+, 1-K+ and 2-K+ ensembles, measured 
at four different KCl concentrations (i.e. a total of 12 
curves), were fitted globally using over 20 binding mod- 
els (listed in supporting information Scheme S1). We in- 
cluded some that had been already suggested in the litera- 
ture. The models, ranked based on the Akaike information 
criteria––AIC––calculated by DynaFit) are shown in sup- 
porting Supplementary Tables S1–S3 for sequences 24TTG, 
23TAG and Pu24, respectively. We also visually examined 
the residuals, and the coefficients of variation (CV) on the 
fitted rate constants. 

The 0-1-2 model, proposed based on UV spectroscopy 
(66), shows good CV on the rate constants, but very bad 

simplification of the best 0×((1-2)|(1×(2|2))) model, and 
corresponds to Chaires’ model, as discussed above. The co- 
efficients of variations were high for several rate constants, 
revealing that two species (1b and 2b) form fast on the time 
scale of our experiments. The fits using other satisfactory 
models are shown in supplementary Figures S42–S44. 

Finally, in order to test the general applicability of the 
highly branched pathways, we also studied the folding of the 
c-myc Pu24 sequence (Supplementary Table S3 and Supple- 
mentary Figure S45). The folding of Pu24 is even slower 
than that of 24TTG (>20 min at 1 mM KCl). Again, we ob- 
served clearly a transient 1-K+ complex. We found that the 
same family of branched mechanisms fits the data. Strik- 
ingly, the best-ranked mechanism for the c-myc Pu24 is the 
same as for the telomeric sequence 24TTG. The values of 
the rate constants tell us that the 1b and 2b ensembles are in 
fast equilibrium with the 0 and 1a ensembles, respectively. In 
summary, highly branched folding pathways with multiple 
branched reactions is valid for G-quadruplexes of parallel 
topology as well as for the telomeric sequences, and there- 
fore potentially constitute a tenet of G-quadruplex folding. 

residuals when used to fit our data (see Figure 4B   and 
Supplementary Figure S35 for 24TTG), indicating that this 
model does not properly account for the experimental data. 
The branched reaction model 0×(1|2|2) with two differ- 
ent 2-K+ complexes is derived from a recent paper from 
the Schwalbe group (67). The authors demonstrated by 
NMR that, for 24TTG and 26TTA, the hybrid-2 is formed 
first before unfolding to form the hybrid-1. We added a 
1-K+ ensemble (not mentioned in their study) as another 
branched reaction. The residuals are lower, but still clearly 
deviate from zero (Figure 4C and Supplementary Figure 
S36). We also fitted our data with the model proposed by 
Chaires (named here 0×((2-1-2)|(2-1-2))) (37), involving 
first the folding into antiparallel G-quadruplexes, which 
convert to G-triplexes, before proper folding into hybrid G- 
quadruplexes. The antiparallel structure was proposed to 

Ion mobility spectrometry confirms the presence of up to 
three distinct ensembles with two potassium cations bound. 
Separation  methods  such  as  size-exclusion  chromatogra- 
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Figure 4. Kinetics of K+-binding (20◦C) monitored by mass spectrometry of 10 µM 24TTG in 100 mM TMAA after adding KCl to reach a final concen- 
tration of 500 µM. (A) Mass spectra after addition of KCl at different time (integrated over 1 min accumulation). (B–E) Concentration of the complexes 
with 0, 1 or 2 potassium in green, blue and orange, respectively, as a function of time after K+ addition. The data were fitted using the models described 
above each graph. 

phy (SEC) are able to separate multimers but not G- 
quadruplexes of different topologies (68). For this reason, 
we used ion mobility spectrometry (56,69–71) to separate in 
the gas phase ions of a given mass-to-charge ratio accord- 
ing to a second dimension linked to their shape. For a given 
mass and charge, the time tD needed for the ions to drift 
through the helium-filled cell, in which a uniform electric 
field is applied, will be influenced by the ion shape: a more 
extended conformer will be subjected to more friction and 
will travel more slowly. For G-quadruplex structures, the G- 
stack core is preserved in the gas phase upon gentle ion- 
ization and ion transfer conditions (72). If several solution 
ensembles give rise to m/z ensembles of significantly differ- 
ent collision cross sections, these will be separated based on 
their drift time. 

A full scale IMS-MS spectrum is shown in the sup- 
plementary Figure S46. For each potassium binding stoi- 
chiometry, we integrated the ion mobility drift time distri- 
bution, at different reaction time intervals following KCl 
addition (Figure 5A and B for (24TTG)4− and (23TAG)4− 

respectively at different time points after addition of 500 
µM KCl; for the other KCl concentrations and for charge 
state 5-, see supplementary Figures S47–S49). The drift time 
distribution reflects the distribution of shapes for each K+ 

binding stoichiometry. For the 2-K+ complex of 24TTG, 
we observe very clearly three peaks at short reaction time 
scale, indicating three conformational ensembles for the 2- 
K+ stoichiometry. This observation validates a mechanism 
with three different species having 2-K+, and discards the 

0×((1-2)|(1×(2|2))) on 24TTG, and Supplementary Fig- 
ures S38–S40 for the other models). The three complexes 
with 2-K+ appear at different time scales. One is formed 
fastest then disappears (2c), one forms slowest (2a) and the 
last one forms with intermediate speed (2b). Consistent re- 
sults between simulated relative abundances and ion mobil- 
ity peak abundances are obtained at the other KCl concen- 
trations for the mechanisms. 

For 23TAG, the simpler 0×((1-2)|(1-2)) model is com- 
patible with the IMS data: only two ensembles are distin- 
guished by ion mobility on the 2-K+ stoichiometry (Fig- 
ure 5B Supplementary Figure and S49). For the 1-K+ stoi- 
chiometry, we observe only one broad mobility peak (Sup- 
plementary Figures S47–S49). This is also consistent with 
the abundances predicted by the best mechanisms: indeed, 
only one of the two 1-K+ species (1b) is significantly pop- 
ulated. For Pu24, ion mobility separation gives only one 2- 
K+ ensemble (not shown). Note however that, although sev- 
eral ion mobility peaks indicate several populations initially 
in solution, the reverse is not true: several populations can 
end up in structures of very similar collision cross sections, 
not separable by ion mobility spectrometry. 

Circular dichroism characterization of the transient species. 
To obtain more structural information on the sub- 
ensembles, we investigated their stacking arrangements by 
CD spectroscopy. The binding/folding kinetics were moni- 
tored by CD and correlated with the abundances predicted 
from ESI-MS (Supplementary Figures S50-58). Using a 
global fitting with the best models, we generated the CD 
spectra for each kinetically distinguishable species that is 
significantly populated (i.e. species 0, 1b, 2a, 2b and 2c for 
24TTG, see Figure 5E and Supplementary Figure S38-40, 

0×((1-2)|(1-2)) and 0×(1|1×(2|2)) models. 
Using the kinetic parameters obtained from the fitting 

we simulated the fraction of each of the ensembles as 
a  function  of  time  (see  Figure  5C  for  the  best  model 
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Figure 5. (A and B) Arrival time distribution in function of the time for the 4- charge state for the 2-K+  stoichiometry at 500 µM KCl from green (3 
min) to red (24h) through gray, respectively for 10 µM (A) 24TTG and (B) 23TAG. On each panel, arrival time distributions were area-normalized for 
visualization of the relative abundances. (C and D) Simulation of the concentrations of the species obtained using the best models at 500 µM KCl: (C) 
0×((1-2)|(1×(2|2))) for 24TTG and (D) 0×((1-2)|(1-2))) for 23TAG. (E and F) Deconvoluted CD spectra for the ensembles defined by the kinetics 
model, respectively for (E) 24TTG and (F) 23TAG. 

bottom panel). In practice, the lowly populated 1a species 
was discarded by setting its Δε to zero at all wavelengths. 
Similarly, we extracted the CD spectra of four species for 
23TAG (Figure 5F and Supplementary Figure S41), and 
five for Pu24 (Supplementary Figure S45). 

For all telomeric sequences, the 0-K+ species’ CD is the 
one at the starting point of the kinetic. Two species with 
2-K+ (2a and 2b) present CD spectra typical of hybrid G- 
quadruplex stacking (maxima at both 295 and 265 nm). 
They however differ around 245 nm. There is currently no 
interpretation of the 245-nm CD signal in terms of struc- 
ture, and this subject may be worthy of further investiga- 
tion. For 24TTG, the third 2-K+ species (2c), is never very 
abundant over time, so the molar ellipticity coefficients are 
entailed with larger errors and the reconstruction of its CD 
spectrum gave different results depending on the kinetic 

niscent of the recently published CD spectrum of a left 
handed G-quadruplex (73) (even though less intense in our 
case). Using the model 0×(1|2|(1×(2|2))) (Supplemen- 
tary Figure S40), however, two positive peaks between 250 
and 290 nm are obtained, reminiscent of the CD spectrum 
reported for the Giardia telomeric sequence d(TAGGG)4, 
which folds into an antiparallel 2-quartet form (26,74). 
Both structural hypotheses for these off-pathway 2-K+ folds 
are worthy of future investigation by higher-resolution tech- 
niques or by molecular modeling. 

The other major off-pathway structure of 24TTG, i.e. 
the 1-K+ ensemble ‘1b’, robustly presents an antiparallel- 
type CD spectrum, independently of the fitting model. For 
23TAG as well, species ‘1b’ shows a negative band around 
260–270 nm and a positive band around 290 nm (Sup- 
plementary Figure S41). This highlights again the preva- 
lence of 1-K+/2-quartet antiparallel structures in the fold- 
ing mechanism, which is off-pathway as compared to the 

model. Using the model 0×((1-2)|(1×(2|2))), a negative 
band at around 270–280 nm is obtained, which is remi- 
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most stable 2-K+ species. The deconvolution of the CD for 
Pu24 gave intriguing results as well (Supplementary Figure 
S45). Both off-pathway species (1b and 2c) display positive 
CD signals at 260 and 290 nm. The spectrum of 1b is again 
very similar to the CD spectrum reported for the 2-quartet 
antiparallel Giardia telomeric sequence d(TAGGG)4. The 
CD spectrum of 2c, which forms sequentially from 1b, is 
similar to that of 1b but with a higher intensity for the pos- 
itive peak at 260 nm, and this could be due to an additional 
homo-stacking on the ‘Giardia-like’ antiparallel 2-quartet 
structure. 

Finally, to check if the proposed mechanisms also hold 
for higher KCl concentrations and temperatures, we moni- 
tored the folding of 24TTG and Pu24 by CD at 37◦C with 1  
and 25 mM KCl (Supplementary Figures S55 and S58). For 
24TTG, the folding remained slow even at 25 mM KCl, as 
also shown by Chaires’ group (37). The spectrum recorded 
<0.8 min after the addition of KCl (highlighted in black in 
Supplementary Figure S55) presents a significant peak at 
295 nm, typical of antiparallel arrangements. At 37◦C, the 
folding of Pu24 is faster (Supplementary Figure S58), yet 
the short time scale spectrum presents a band at 298 nm 
as also monitored in the previous conditions. The folding 
kinetics monitored at 298 nm showed that this peak per- 
sists for about 5 min. These experiments confirm that off- 
pathway antiparallel structures linger for minutes, even at 
higher KCl concentration and physiological temperature. 

(d(TA(GGGTTA)3)) in which a low FRET ensemble is 
mainly present at low KCl concentration (76). In both 
studies, those ensembles were associated to parallel and 
antiparallel/hybrid structures. Based on our results, we 
would propose the ‘antiparallel’ species to be the 1-K+/2- 
quartet antiparallel G-quadruplex and the ‘parallel’ ones to 
be the folded hybrid G-quadruplexes. 

Using differential scanning calorimetry (DSC), the Ves- 
naver group proposed a folding mechanism for 22AG in 
which both a folded, an unfolded and an intermediate are in 
equilibrium (53). The authors also estimated the difference 
in number of cations bound to these three states, and found 
1.5 ± 0.1 cations for the intermediate and 3.2 ± 0.2 for 
the final folded structure. The numbers of cations bound, 
extracted from fitting, do not match the integer numbers 
detected directly by mass spectrometry, but the difference 
could again reflect the extra nonspecific adducts. The inter- 
mediate is often considered in the literature as a triplex, but 
in light of our results we rather propose the major interme- 
diate ensemble to be antiparallel structures with one K+ and 
two G-quartets, and the final form to be hybrid structures 
with 2-K+ and, depending on the sequences, either three G- 
quartets or two G-quartets and one G-triplet. 

Increasing the number of flanking bases decreases the 
population of the 1-K+ complex to the profit of the 2-K+ 

one. Vorlı̀čková’s group reported that if flanking bases are 
added the CD signature becomes less antiparallel-like and 
more hybrid-like (77). Here, we bring the crucial informa- 
tion that the antiparallel structures actually contain only 
one specifically bound potassium ion. DISCUSSION 

In summary, our results suggest a general G-quadruplex 
folding landscape in which 1-K+ complexes, having presum- 
ably antiparallel 2-quartet structures, form fast, but are off- 
pathway as compared to the final states. These antiparal- 
lel 2-quartet structures can therefore be considered as ‘mis- 
folded’ structures. 

The sequence-dependent K+ binding cooperativity 

Past reports based on DSC also showed that the f.,G◦ of 
folding of human telomeric G-quadruplexes could vary by 
up to ∼7 kcal/mol from one human telomeric sequence to 
another (78). The large differences can actually be corre- 
lated to the influence of a single nucleotide on the K+ bind- 
ing constants and binding cooperativity. Here, we show that 
the K+ binding constants (and therefore the f.,G◦ values) are 
highly influenced even by a single flanking base or by flank- 
ing fluorophores. 

In traditional spectroscopic methods, the binding coop- 
erativity can be assessed by the Hill coefficient (79). For the 
short variant 21G (d((GGGTTA)3GGG)) (66), a Hill coef- 

The 1-K+ antiparallel G-quadruplex structures 
Potassium ions can bind with very different cooperativity to 
different telomeric sequences. The shortest sequences have 
the lowest K+ binding cooperativity, and the 1-K+ struc- 
ture predominates at low KCl concentration. This was un- 
expected for sequences such as 21G and 22AG, but for 
sequences 22GT and 22CTA this observation is in line 
their 2-quartet structure (hence presumably one preferred 
inter-quartet binding site). The Chaires group mea- sured 
indirectly the K+/oligonucleotide stoichiometry by 
measuring the free concentration with a fluorescent 
probe, and deduced that a wide range of stoichiometries 
can be formed (75). By MS, we observe directly the com- 
plexes with only one or two specific potassium ions, the 
rest being nonspecific adducts that also form in non-G- 
quadruplex sequences. The Chaires group also observed a 
complete folding at 2–3 mM KCl, concentration at which 
the   binding stoichiometry is 2:1 (K:DNA) (43), and this 
fully agrees with our results. Higher stoichiometries de- 
scribed previously could therefore come from nonspecific 
interaction with the negatively charged backbone (14). Sin- 
gle molecule FRET imaging also revealed two folded en- 
sembles for 21G (d((GGGTTA)3GGG)) (52), or 23TAG 

ficient of 0.9 ± 0.1 was obtained by the Balasubramanian 
K+ group. This indicates a non-cooperative binding of K+, in 

agreement with our results on the shortest sequences. The 
authors also reported a positive cooperativity with a Hill K+ 

coefficient of 1.8 ± 0.1 for TERRA, a parallel RNA G- 
quadruplex. Our experiments on Pu24 show that the K+ 

binding to this parallel G-quadruplex is also very coopera- 
tive. The Chaires group also commented on potassium (and 
sodium) binding cooperativity, and showed that adding nu- 
cleotides increases the binding cooperativity (80). Our re- 
sults are in line with previous studies, but the ability to 
quantitatively determine the individual KD values for the 
first and second potassium binding event (Equations 2 and 
3, Table 1) refines the interpretation of equilibrium binding 
data obtained from calorimetric or spectroscopic studies. 
Similar effects have been reported when terminal thymine 

K+ 
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0-K+ ensemble. The G-triplex is also a commonly invoked 
intermediate (37,38,53). Our experiments could neither di- 
rectly confirm nor dismiss any triplex structure. However, 
taking into account that molecular modeling shows signifi- 
cant cation affinity for the triplets (49), and that the control 
sequences used to subtract nonspecific adducts contained 
fewer than three G-tracts, a G-triplex structure is a good 
candidate for our low-abundance 1-K+ intermediate 1a. 
Based on existing data (67), we attributed the firstly folded 
2-K+ hybrid G-quadruplex to the hybrid-2, whereas the 
hybrid-1 is formed at longer time scales. The rate constants 
then suggest that intermediate 1a is structurally closer to the 
hybrid-2 than to the hybrid-1 structure. Molecular model- 
ing shows that hairpins and G-triplexes are stable only when 
their strands are antiparallel (49,54). We therefore propose 
that for telomeric sequences, the 1a intermediate would have 
its 5t-end folded in an antiparallel manner. The fact that 
1a is not abundantly populated means that if its formation 
is the rate-limiting step en route to folding into perfect G- 
quadruplex structures. 

Interestingly, the folding landscape proposed here holds 
also for the Pu24 sequence (the only difference being that 
the final 2-K+ structures are parallel). A branched mecha- 
nism is needed to fit the data, and an antiparallel 2-quartet 
structure is consistently a prominent off-pathway species. 
The mechanism is also valid for the recently studied syn- 
thetic sequences d((G3T2)3G3) and d(T(G3T2)3G3T) (81), 
which were presented as artificial structural switches that 
respond to cation presence and cation concentration. 

residues are added to synthetic sequences (81), or when flu- 
orescent probes increase the K+  binding cooperativity and 
modify the folding thermodynamics (31). 

A generalized G-quadruplex folding pathway 

Several  G-quadruplex  folding  pathways  have been  pro- 
posed previously, including intermediates such as hairpins 
and triplexes. Thanks to the ability to separate populations 
based on the K+ binding stoichiometry and on distinct ki- 
netic ensembles, we can propose the generalized folding 
landscape shown in Figure 6. The kinetic data revealed a 
complex mechanism with several branched reactions result- 
ing in several ‘branches’ in the folding landscape. At least 
five groups of structures are involved for 23TAG and six for 
24TTG: one unfolded ensemble, two ensembles with only 
one potassium cation and two or three ensembles with two 
cations. 

The sequences fold into the 1-K+ antiparallel G- 
quadruplex (1b), then grab one more cation (2c) to form 
a 22GT-like structure (or a Giardia-like structure). The rea- 
son this pathway is the fastest may lie in probability: there 
are many more ways to form a misaligned (or ‘misfolded’) 
2-quartet quadruplex than ways to form a perfectly aligned 
3-quartet structure, so although the latter may be enthalpi- 
cally favorable, the former may be entropically favorable. 
Future temperature-dependent experiments or calorimetric 
experiments will help in validating this hypothesis. Impor- 
tantly, the 1-K+ antiparallel ensemble is significantly popu- 
lated at the beginning of the reaction and persists on time 
scales up to 20 min at 20◦C and 1 mM KCl (even though 
it is not a thermodynamically stable final state for all se- 
quences longer than 22-nt). It is still detected at 37◦C and 
25 mM KCl. These structures later rearrange into the proper 
hybrid-1 (2a) and/or -2 (2b), but to do so they must first 
completely turn back to unfolded forms without specifically 
bound cations. This turning back is complete for sequences 
23TAG and 24TTG. Previous kinetic studies indicated that 
the folding of 24TTG is about five times slower than for 
22AG when initiated with 25 mM KCl addition (80) and we 
observe the same trend. The turning back may however not 
always be complete, and some sequences may permanently 
have part of their population sampling the ‘misfolded’ path- 
way. Chaires also observed that the folding of 22AG is faster 
than sequences with flanking bases (37). It is possible that 
the lack of flanking bases lowers the steric hindrance, sta- 
bilizing the ‘2c’ complex and therefore stopping the folding 
in this state. The folding landscape proposed therefore also 
holds for those short sequences, which preferentially take 
the fastest branch (0-1b-2c). 

Previous works have been devoted to elucidating the fold- 
ing pathways of G-quadruplexes (82), and multi-pathway 
mechanisms were also predicted structurally by the exten- 
sive modeling work of the Sponer group (49,55). Hairpins 
and triplexes are commonly invoked reaction intermediates. 
Where would these intermediates fit within our classifica- 
tion according to the number of specific cations bound to 
each state? Mashimo et al. (83) proposes a collapse from 
the unfolded species to a hairpin ensemble, and the Plavec 
group has demonstrated cation-independent formation of 
GG base pairs (44). Hairpins would therefore belong to our 

CONCLUSION 
The detection and quantification of the 1-K+ and 2-K+ en- 
sembles, made possible by ESI-MS, provide novel insight 
into the folding pathway of DNA G-quadruplexes. Unlike 
the sequential folding pathway that is typically considered, 
we demonstrated that misfolded species may be formed, and 
significantly influence the global folding kinetics. In that re- 
spect, nucleic acids (and especially G-quadruplex folding) 
differs from proteins in that their folding energy landscape 
is roughened by numerous hydrogen bonds and ionic inter- 
actions, which create high barriers between ensembles. As 
a result, misfolded structure are not just a mere frustration 
along the folding pathway, but can persist on the second to 
the minute time scale. 

The importance of 2-quartet misfolded structures should 
therefore not be ignored. For example, 2-quartet structures 
have been found in the context of longer, more biologically- 
relevant sequences (84). In the oligonucleotide sequences 
studied here, often used for biophysical studies, the 1-K+ 

structures are not negligible. Our results also highlight the 
critical effect of choosing the exact sequence (terminal bases 
or mutations) and of labeling the sequences, as those modi- 
fications can drive the folding into different pathways. This 
aspect should be taken into account for future studies, and 
in comparing published results obtained on different se- 
quence variants. 

Admittedly the potassium concentration and tempera- 
ture of our experimental studies are not the physiologically 
relevant ones. Changing the concentrations will change the 
relative abundances of the different ensembles in the pop- 
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Figure 6. Proposed folding pathway. The number of cations is shown by the number of green circles, and the quartet guanine relative orientations are 
shown by arrows. Example topologies compatible with each ensemble are shown in gray (anti bases in light gray, syn bases in dark gray). 

ulation, yet the folding pathway is an inherent property of 
the system. Besides, even if 2-quartet ‘misfolded’ quadru- 
plexes are a minor part of the population, conformational 
selection processes may still fish them out. The implications 
of the proposed folding pathway are therefore also impor- 
tant in the field of G-quadruplex ligands design. Indeed, 
the characterization of ligand binding to G-quadruplexes 
should not be limited to binding affinity, but should also 
consider ligand-induced changes in the target conforma- 
tion. It was recently shown that the binding of some of the 
most potent ligands known to date (360A, Phen-DC3 and 
pyridostatin) was accompanied by the ejection of one cation 
(85,86), suggesting that the ligands preferentially bind to 2- 
quartet antiparallel structures. Species that are off-pathway 
in the folding of model oligonucleotides in vitro can be- 
come the predominant species in another environment. One 
should therefore not overlook that ligands and/or proteins 
may displace the equilibrium toward the ‘misfolded’ 1-K+ 
antiparallel structures. Better understanding of the fold- 
ing pathways, including minor branches, may help reveal- 
ing new structural targets and new strategies for inter-G- 
quadruplex selectivity. 
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86. Bončina,M., Podlipnik,Č ., Piantanida,I., Eilmes,J., 
Teulade-Fichou,M.-P., Vesnaver,G. and Lah,J. (2015) 
Thermodynamic fingerprints of ligand binding to human telomeric 
G-quadruplexes. Nucleic Acids Res., doi:10.1093/nar/gkv1167. 

 

 

125 

 



  

126 

 



V.3.  ADDITIONAL WORK 

V.3.1. K+ BINDING TO SYNTHETIC SEQUENCES  

In parallel with the work on the telomeric sequences, we have worked on K+ binding to 

synthetic sequences in collaboration with the group of Dr. Jean-Louis Mergny.266 Using 

potassium titrations, the presence of a 1-K+ complex at low concentration was evidenced also 

for the synthetic 222T (d(T(GGGTT)3GGGT)) and 222 (d((GGGTT)3GGG)) sequences (Figure 41), 

which suggest that the formation of a 1-K+ complex is not human telomeric G-quadruplex 

specific. Additionally, also for those sequences, the addition of flanking bases increases the K+ 

binding cooperativity. Indeed, the 1-K+ complex is more prominent at low KCl concentrations 

for 222 compared with 222T. The CD results also indicate a similar conclusion as for the human 

telomeric sequences: the 1-K+ complex is antiparallel. These discoveries expand the results 

obtained for the previously studied human telomeric sequences to other types of G-

quadruplexes forming sequences: the K+ binding is not cooperative for sequences without 

flanking bases whereas it is cooperative as soon as 3’ or 5’ bases are added and the 1-K+ 

complex is antiparallel. 

 

Figure 41. ESI-MS KCl titrations of 10 µM 222 (left) and 222T (right), zooms on the 4- charge state. The 
quantification of the species as a function of KCl concentration are also reported. The fitting and KD 
values were obtained using DynaFit. 

In this recently published work,266 we discuss the use of G-quadruplexes as double switches 

(meaning that the conformations of the G-quadruplex change with a given condition). The first 
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switch is the interconversion from an antiparallel 2-quartet G-quadruplex at low KCl 

concentration to a parallel structure with 2-K+ at higher KCl concentration. Mass spectrometry 

was a key technique to reveal the states involved. The second exploited condition is the cation 

nature structural dependency of G-quadruplexes: the selected sequences 222 and 222T 

interconvert from an antiparallel conformation in sodium conditions to a parallel conformer 

in potassium. 
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V.4.  CONCLUSIONS 

In this chapter, we have used advantageously the method developed in Chapter IV. We 

quantified the intensities of each of the detected complexes, containing different numbers of 

K+ ions, subtracting mathematically the nonspecific adducts contribution. 

a) We evaluated the binding constants of potassium to a variety of sequences including 

several human telomeric sequences previously described in the literature, a c-myc 

promoter forming a parallel G-quadruplex and two artificial sequences. Systematically, 

we found that the sequences with flanking bases bind potassium cooperatively 

whereas the 1-K+ complex is prominent at low KCl concentration for the shortest 

sequences. This new behavior could be of interest in nanotechnology as described in 

the double switch paper266 but it also gives new information about the folding of such 

sequences. Indeed, the potential to form G-quadruplexes containing only 1-K+ is 

general. This 1-K+ complex could be an interesting target for ligands. Model sequences 

such as 222 and 222T could be of interest to study G-quadruplex folding landscape or 

interactions with small molecules. 

b) To determine whether the 1-K+ 2-quartet species is an intermediate on the folding 

pathway towards the final 2-K+ structure, we studied K+ binding kinetics by ESI-MS, and 

used CD to obtain hints on the structures of the 1-K+ species. The kinetics of formation 

of the 2-K+ complex for the cooperatively binding sequences are much slower than for 

the non-cooperative families. We found that up to 6 ensembles are needed to account 

for all the kinetic data. All best kinetic models involve a "misfolding" pathway, in which 

the species are quickly folded into antiparallel G-quadruplexes with only two G-

quartets. The proposed model seems a general tenet of G-quadruplex folding. The 2-

quartet structures could play important roles in biological pathways, and could be the 

preferred target of some ligands or proteins.   
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V.5.  PERSPECTIVES 

To decompose the Gibbs free energy into enthalpy and entropy contributions and to 

characterize the energy barriers and build a complete folding landscape, temperature-

dependent experiments are needed. Additionally, it would be interesting to measure the 

melting temperature based on the potassium stoichiometry by mass spectrometry and 

identify potential unfolding intermediates.180,182 Unfortunately, in mass spectrometry the 

temperature of the experiment is room temperature (in our case 20 ± 1 °C) and is not variable. 

During a collaboration with Bob Hommersom from Dr. Ron Heeren’s group, we could test the 

nanoelectrospray ionization (nESI) source they had developed. The solution is heated (or 

cooled): the glass needle is held between metallic clamps, connected to a Peltier which 

regulates the temperature. The solution is slowly pushed in the thermostated glass needle 

and sprayed as in classical nESI source. This source was adapted on our Exactive mass 

spectrometer. 

In Figure 42A, the distribution of potassium cations is shown at 25 °C and at 70 °C. At 25 °C, 

the human telomeric G-quadruplex (24TTG, d(TT(GGGTTA)3GGGA)) is folded with two K+ (with 

additional nonspecific adducts) as obtained with a conventional ESI source. At 70 °C, the 

distribution is clearly shifted towards 0-K+ (free DNA), suggesting that it is unfolded. A 

temperature ramp of 1 °C/min from 25 to 70 °C was used to record the intensities of each 

stoichiometries as a function of temperature (Figure 42B). The transition from the 2, 3 and 4-

K+ stoichiometries to the 0 and 1-K+ occurs at about 50 °C. We also compared the melting 

temperature value obtained by CD in the same conditions (Figure 42C & D). The Tm value 

obtained by CD (43 °C) is not perfectly the same as the one obtained by MS but they are in 

good agreement. To get more precise and quantitative information from the MS data, further 

work on the contribution of the nonspecific adducts has to be done. 
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Figure 42. A, MS spectra of 10 µM 24TTG in 100 mM TMAA and 1 mM KCl, with 10% iPrOH added just 
before injection, at 25 or 70 °C. B, Quantification of the different stoichiometries as a function of the 
temperature. The temperature ramp was 1 °C/min. C, CD-melting experiment in the same conditions 
as for the MS, from 25 °C (in blue) to 64 °C (in red). D, Evolution of the CD signal as a function of 
temperature at the indicated wavelengths (290, 270 and 240 nm). 

Temperature-dependent mass spectrometry of G-quadruplexes was done for the first time 

and the (preliminary) results are promising: it is possible to use a thermostated ESI source to 

study the thermal denaturation of G-quadruplexes, investigating the number of bound 

cations. The perspectives linked with the temperature-dependent experiments are numerous. 

It could become possible to characterize the folding landscape of G-quadruplexes as a 

function of temperature and get access to the energy barriers or to investigate the unfolding 

intermediates of G-quadruplexes with and without ligand. The device could also be coupled 

with ion mobility spectrometry and study the conformational changes as a function of 

temperature.  
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VI. G-QUADRUPLEX LIGAND BINDING MODES 

VI.1. INTRODUCTION 

In Chapter II.2.6, plausible binding modes were presented (π-π stacking, groove binding, loop 

recognition or intercalation) and even if all these possibilities are theoretically possible, the 

most widely spread binding mode is the π-π stacking on external G-quartets. However, if this 

was the only binding mode, the ligands would bind with similar affinities to all G-quadruplexes 

(providing that the external G-quartets are exposed). G-quadruplex-selective ligands however 

exist.125,126,267 This highlights the needs of understanding binding modes of ligands to G-

quadruplexes. 

In addition, ligand-induced conformational changes had previously been evidenced, for 

example, for the human telomeric G-quadruplexes and the ligand TMPyP4. The G-quadruplex 

structures were influenced to form more hybrid G-quadruplexes.268 Similarly, NMM binds 

preferentially to parallel structures, which could drive the equilibrium to more parallel 

structures.125 Also, Platinum-tolylterpyridine complexes induce a shift from hybrid to 

antiparallel G-quadruplexes.269 It is now clear that ligands can influence G-quadruplex 

structures. 

To accurately characterize the binding of a ligand, we first need the stoichiometry of the 

complexes. Mass spectrometry is powerful to determine stoichiometries and has been used 

to evidence unexpected behavior for ligands binding to DNA. For example, Rosu et al. have 

shown that some ligands could bind with high cooperativity to a DNA duplex.270 Multiple 

stoichiometries are common, also for ligands binding to G-quadruplexes. Up to four Thiflavin 

T ligands were found to bind to human telomeric G-quadruplexes.271  ESI-MS demonstrated 

the importance of considering the stoichiometry for equilibrium constants measurement. 

In the first part of this chapter, copper-terpyridine (such as Cu-tolylterpyridine, Cu-ttpy) G-

quadruplex ligands were studied. Those metal complexes have been previously described as 

good binders, based on the increased melting temperature they induced for G-

quadruplexes.132 Using mass spectrometry, we were able to simultaneously detect the 

stoichiometries in term of number of DNA strands, ligands and cations. We evidenced a highly 
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cooperative binding to (and only to) the human telomeric G-quadruplexes. We also observed 

two potassium ion bound, suggesting a preferential binding to three G-quartets structures. 

Circular dichroism also indicated a conformational change to antiparallel G-quadruplexes. 

In the second part of this chapter, we investigated the binding of Phen-DC3, 360A and PDS 

(described in the introduction) to human telomeric G-quadruplexes. These ligands bind with 

high affinity to those G-quadruplexes as previously described.143,144,146,152 In addition, we 

found that these ligands were also able to induce the formation of an antiparallel G-

quadruplex with only one cation trapped and therefore presumably with only two G-quartets. 

This was the first description of cation released upon binding of a ligand.  

This whole chapter presents mass spectrometry as a useful tool to detect structural changes 

through a series of unexpected binding modes.  

  

134 

 



 

 

 

 

 

 

VI.2. ARTICLE 3 

Selective and Cooperative Ligand Binding to Antiparallel Human Telomeric DNA  

G-quadruplexes 

A. Marchand, D. Strzelecka & V. Gabelica 

Chemistry – A European Journal 2016, 22, 9551-9555 

For supplementary information, see Annex III.

135 

 



COMMUNICATION 

Selective and Cooperative Ligand Binding to Antiparallel Human 
Telomeric DNA G-quadruplexes 
A. Marchand[a,b,c], D. Strzelecka[a,b,d], V. Gabelica[a,b,c]* 

derivatives to several oligonucleotide sequences (listed in ESI 
Table S1). The Cu, Zn, Pt and Pd complexes were synthesized 
in-house by mixing the ligand and the metal salt (Cl- or NO3

-)[5a, 7] 

(ESI Section 2 and Figures S1-S10). We report herein that the 
binding of Cu-ttpy derivatives is very specific for telomeric DNA 
G-quadruplexes, and that  the ligand binding to telomeric 
sequences is accompanied by a striking 2:1 (ligand:DNA) binding 
cooperativity, which is correlated to changes of the telomeric 
structure to an antiparallel conformation with 3 G-quartets. 

Abstract: The quest for ligands that bind specifically to particular G- 
quadruplex nucleic acid structures is particularly important to conceive 
molecules with specific effects on gene expression or telomere 
maintenance, or conceive structure-specific molecular probes. Here, 
using electrospray mass spectrometry in native conditions, we reveal 
a highly cooperative and selective 2:1 binding of Cu(II)-tolylterpyridine 
complexes to human telomeric G-quadruplexes. Circular dichroism 
and comparisons of affinities for different sequences reveal a marked 
preference for antiparallel structures with diagonal loops and/or wide- 
medium-narrow-medium groove width order. The cooperativity is 
attributed to conformational changes in the polymorphic telomeric G- 
quadruplex sequences, which convert preferably to an antiparallel, 3- 
quartet topology upon binding two ligands. 

G-quadruplex structures formed by guanine-rich DNA and 
RNA sequences are stabilized by Hoogsteen hydrogen bonding 
between four  guanines (forming a G-quartet),  by cations 
coordination between the quartets, and by base stacking. G- 
quadruplexes in key regions of the genome can influence the DNA 
replication processes[1] or the telomere structure.[2] G-quadruplex 
binding ligands could influence oncogene expression and 
telomere maintenance, and are therefore considered as potential 
anti-cancer therapeutics.[3] 

Several families of ligands were reported to date.[4] Metal 
complexes of planar geometry can target G-quadruplexes: the 
positive core interacts favourably with the external quartets and 
the organic moiety stabilizes the G-quadruplex by π-π stacking.[5] 

Good selectivity for G-quadruplexes versus other DNA structures 
was reported, and planar complexes using copper, platinum and 
palladium show good affinity.[6] Copper is a good G-quadruplex 
stabilizer  when  bound  to  a  salphen[5c]   or  tolylterpyridine  ttpy 

Figure 1. Structure of the ligand Cu-ttpy (dinitrate salt). 

Electrospray   mass   spectrometry   (ESI-MS)    in   non- 
denaturing conditions was key to study the stoichiometries of the 
complexes and determine their individual K   values. Previous D 

studies by CD and UV-vis spectroscopy had indeed failed to 
detect the cooperative binding. The G-quadruplexes were 
prepared here in ESI-compatible 1-mM potassium conditions 
using trimethylammonium acetate (TMAA).[10]  To determine the 

1).[5a,  7] (Figure Metal  cations  were  also  used  in  porphyrin K  values (Eq 1-2), we used the peak areas of the 5- charge state D complexes, which showed telomerase[8] or oncogene expression 
inhibition.[9] 

Although specificity for  quadruplexes vs. other DNA 
structures has been achieved by several ligand families, a good 
selectivity between G-quadruplex families has been much more 
rarely reported. We studied here the binding of the Cu(II)-4'-(p- 
tolyl)-2,2':6',2''-terpyridine (Cu-ttpy) ligand (Figure 1) and of some 

of free DNA and DNA bound with 1 or 2 ligands, assuming that 
the response factors are equal for all the species (the verifications 
that validate this hypothesis are presented in Figure S11). 
Although this sounds surprising, equal response seems the rule 
rather  than  the  exception  in  DNA-ligand  complexes: the 
electrospray response depends more on the total charge than on 
how the individual charges are distributed over the molecule.[11] 

KD1 = [DNA][L]/[DNA•L] (Eq. 1) [a] A. Marchand, D. Strzelecka, Dr. V. Gabelica* 
Univ. Bordeaux, IECB, ARNA Laboratory 
Pessac, France 
E-mail: valerie.gabelica@inserm.fr 
A. Marchand, D. Strzelecka, Dr. V. Gabelica* 
Inserm, U1212, ARNA Laboratory 
Bordeaux, France 
A. Marchand, Dr. V. Gabelica* 
CNRS, UMR 5320, ARNA Laboratory 
Talence, France 
Current affiliation: Division of Biophysics, Institute of Experimental 
Physics, Faculty of Physics, University of Warsaw. 

KD2 = [DNA•L][L]/[DNA•L2] (Eq. 2) 

[b] 
Figure 2 shows the ESI-MS titrations of two G-quadruplexes by 
the Cu-ttpy ligand. The curves of DNA concentration vs total 
ligand concentration were fitted using the DynaFit software[12] to 
obtain KD1 and KD2. The DynaFit software works by iteration on 
the two KD values in order to fit all the concentrations of the three 
stoichiometries as a function of total ligand added. The inputs are 
the concentrations of each species obtained by MS (0:1, 1:1 and 
2:1 L:DNA stoichiometries) and the output consist in the values of 
the KD and the fits. We observed ligand binding, without nitrate 

[c] 

[d] 

Supporting information for this article is given via a link at the end of 
the document. 
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COMMUNICATION 
counter-ions, to both sequences. We quantified the complexes of 
each stoichiometry and fitted the titration data for  the human 

quadruplexes,  and  a  particular  selectivity  for  all  telomeric 
sequence derivatives. 

Indeed, even not all pre-formed G-quadruplexes are targets 
for this ligand. For example, the sequence ckit1 binds the ligand 
exclusively without trapping any potassium ion (the fraction 
unfolded in solution), but the quadruplex form (which contains 2 
potassium ions) does not bind the ligand (Figure S16A). The HIV- 
PRO1, a 2-quartet antiparallel G-quadruplex, is not folded in our 
MS conditions (the 0-K+ form predominates). When one ligand 
bind to the sequence, although the amount of 1-K+ complex is a 
little increased, the ligand binds mostly to the 0-K+ species (Figure 
S16B). Cu-ttpy did not bind either to the thrombin binding aptamer 
TBA (Figure S16C), an antiparallel G-quadruplex with only two G- 
quartets. 

telomeric G-quadruplex 22GT (dGGG(TTAGGG)3T),[13]
 for the 

parallel G-quadruplex from the c-myc promoter Pu24,[14] (Figure 
2), and for the bimolecular antiparallel G-quadruplex [dG4T4G4]2[15]

 

(Figure S12 for full titration). For the other sequences, the KD 

values were estimated using single-concentration 
measurements.[11a] In such case, the ligand free concentration is 
deduced   using   the   total   ligand 
concentration of all complexes. 

concentration and the 

Figure 3. Comparison of the log KD1 (orange) and log KD2 (green) and the 
percentage of ligand bound at 1 equivalent (10 µM) for the 21 sequences for 
Cu-ttpy. The sequences are ranked according to their KD1/KD2 ratio (Table S3). 

Figure 2. Top, MS titrations of 10 µM 22GT or Pu24 by Cu-ttpy in 100 mM TMAA 
+ 1 mM KCl. Zooms on the 5- charge state. Bottom, quantification and fitting. 

Equilibrium   dissociation   constants   for   21   sequences 
including   8   human   telomeric   sequences,   11   other   G- 
quadruplexes (both parallel and antiparallel), one hairpin and one 
single strand (see ESI Table S1 for the full list of sequences) are 
reported in Figure 3 (see ESI Table S3 for the values). The 
product KD1×KD2 represents the global constant for the binding of 
two ligands. The total amount of ligand bound was also calculated, 
and the percentage ligand bound in the 10µM:10µM (ligand:DNA) 
mixtures is shown in Figure 3. We observed a very good binding 
of Cu-ttpy to G-quadruplexes, with a high affinity for all the human 
telomeric ones. Remarkably, the amount of bound Cu-ttpy on 
telomeric sequences (>90%) is similar to what is obtained for 
some of the most potent G-quadruplex ligands reported to date 
(360A, Phen-DC3 or pyridostatin, see ESI Figure S15). Cu-ttpy 
binds with low affinity to the single stranded 24nonG4 and the 
hairpin ds26. This result confirms the selectivity in favour of G- 

For the telomeric sequences only, the distribution of ligand 
binding stoichiometries is strongly biased towards the 2:1 
complex. Upon titration the 1:1 (Ligand:DNA) complex is almost 
not populated, in contrast with the 2:1 complex (see Figure 2). 
The ligand binding is therefore highly cooperative. We also tested 
other electrolyte conditions (100 mM NH4OAc) to probe whether 
the low potassium conditions were responsible for the 
cooperativity, and the results were very similar to those obtained 
in TMAA + KCl (Figure S17). 

We ranked the sequences according to their ratio KD1/KD2, 
which indicates cooperativity (Table S3),[11a] and found a very high 
cooperativity (KD1/KD2 >  5)  for  almost  all  human  telomeric 
sequences (22GT, 25TAG, 23TAG, 24TTG and 26TTA) (Figure 
3). The highest cooperativity is obtained for 22GT, being KD1 

almost 2 orders of magnitude larger than KD2. Only the two human 
telomeric sequences beginning with an adenine (22AG and 
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23AG) were binding Cu-ttpy less cooperatively (5>KD1/KD2>0.7). 
No cooperativity is observed for any of the other sequences, for 
example all derivatives forming parallel G-quadruplexes (c-myc 

display  different  signatures  according  to  the  stacking  of  the 
guanines involved in G-quartets: a positive peak at 260 nm is 
indicative of parallel G-quadruplexes, a negative peak at 260 nm 
and a positive at 290 nm of antiparallel G-quadruplexes, and two 
positive peaks at 270 and 290 nm indicate hybrid G-quadruplexes. 
For 22GT, the starting structure has a CD spectrum close to the 
typical antiparallel one. Addition of Cu-ttpy influences the CD 
signature, making the negative band at 260 nm more negative. 
The presence of isodrichroic points at 254 and 286 nm indicates 
a single transition between two species, i.e. the free G-quadruplex 
and the 2:1 complex. Following the same trend, the CD titration of 
24TTG shows a transition from the hybrid structure to a more 
antiparallel one. On the other hand, the CD spectra of Pu24, a 
parallel G4, and [dG4T4G4]2, an antiparallel one, are not influenced 
by the binding of Cu-ttpy (Figure S20). Indeed, no change in the 
potassium stoichiometry was observed. Despite a small intensity 
decrease for Pu24’s CD signal, the fact that there is no change in 
the CD spectrum upon binding also rules out possible ligand- 
induced CD signal that could affect the CD signature. 

The structural preference for the antiparallel human 
telomeric G-quadruplex has been observed before for 
triarylpyridine-platinum complexes[16,19] or a dinuclear Ru- 
complex.[20] Other ligands were previously shown to alter the 
human telomeric G-quadruplexes, as for example TMPyP4, 
inducing the formation of more hybrid G-quadruplexes.[21] Another 
example is the N-methyl mesoporphyrin IX that binds 
preferentially to parallel G-quadruplexes.[22] Cu-ttpy is however 
the first example of a ligand for which this structural preference is 
accompanied by the cooperative binding of two ligands. 

promoter  sequences  Pu24,  CMA  and  CMT),  the [dTG4T]4 

tetramolecular parallel G-quadruplex and 26CEB, a parallel G- 
quadruplex with one very long loop). 

To  probe  which  ligand  properties  are  essential  to  the 
cooperativity, we synthetized two derivatives of the Cu-complexes 
(Scheme S1): Cu-tpy (lacking the tolyl group) and Cu-Clptp (Cu- 
Chlorophenyterpyridine, the methyl group being replaced by a 
chlorine, see ESI section 2). Cu-tpy was previously described as 
a poor binder[5a] and Cu-Clptp is reported here for the first time. 
ESI-MS confirmed the poor binding affinity of the Cu-tpy complex 
(Figure S14), and the small amount of ligand that binds does so 
non-cooperatively (Figure S18 and Table S3). In contrast, Cu- 
Clptp behaves exactly as Cu-ttpy, although being a little bit less 
affine for G-quadruplexes (see Figure S13 and Table S3 for the 
KD values). The presence of the fourth aromatic moiety therefore 
seems essential for both the high affinity and high cooperativity of 
ligand binding. Next, to test the effect of the metal centre, we 
replaced copper by Zn, Pd or Pt (Figure S18). As known already 
from past studies,[5a] Zn-ttpy is not a good ligand (it binds with poor 
affinity to all DNA sequences), due to the trigonal bipyramidal 
geometry adopted by Zn(II), which leads to steric hindrance. Pt- 
and Pd-complexes bind to the G-quadruplex[7]  but without any 
cooperativity: only a 1:1 complex is forming. For the Pt derivatives, 
the ligand first binds non-covalently, then loses chlorine and binds 
covalently to the DNA, as described previously.[7, 16] Changing the 
metal core of the ligand abolished the cooperative behaviour. We 
also synthesized and tested the chloride salt of the ligands. Like 
for NO3

-, the counter ion was not observed directly bound (the 
ligand binds as CuL2+). The nature of the anion did not influence 
the binding affinity or cooperativity of those ligands. In conclusion, 
both the extended aromatic moiety and  the preferred square 
pyramidal  penta-coordination   mode   enabled   by  Cu(II)   are 
essential both for the high binding affinity[6a]  and for the binding 
cooperativity. 

In  order  to  get  information  on  possible  conformational 
changes induced by the ligand, we examined the number of 
potassium  ions  bound,  as  detected  using  ESI-MS,  on  the 
complexes with and without ligands (Figure 4A). In our conditions, 
the free G-quadruplex of 22GT is formed with both  1 and 2 
potassium ions. The minor 1:1 complex presents a K+ distribution 
close to that of the free G-quadruplex. In contrast, the 2:1 complex 
is different: the 2-K+  stoichiometry is preferred. We previously 
reported potassium ions ejection from the human telomeric G- 
quadruplexes upon 1:1 complex formation with ligands 360A, 
Phen-DC3 or pyridostatin.[17]  Here with Cu-ttpy we observe the 
complete opposite. For all human telomeric sequences, the 2:1 
complex is binding 2-K+  even when the free sequence did not 
contain purely 2-K+: 23AG, 22AG and 22CTA (ESI Figure S19). 
Interestingly,  even  if  22CTA[18]   binds  the  ligand  in  a  non- 
cooperative manner on the population level (total 2:1 complex vs. 
total 1:1 complex), the second ligand binding event also induces 
the capture of one more potassium ion. Those hints of structural 
changes were observed only for the human telomeric sequence. 

Circular dichroism (CD) was also performed on the 22GT 
and 24TTG sequences to study the ligand-induced changes in 
preferential base-stacking (Figure 4C-D). The CD spectra indeed 

Figure 4. Topology characterization of the binding of Cu-ttpy. MS and 
determination of the number of potassium in the complexes for one Cu-ttpy 
equivalent A, for 22GT and B, for 24TTG. CD of C, 22GT and D, 24TTG with 
increasing amount of ligand. 

In order assess whether the ligands are bound to proximal 
or distant sites, we prepared an equimolar mixture of Cu-ttpy and 
Cu-Clptp ligands, which was added to the 22GT G-quadruplex 
(Figure S21). We found a maintained cooperativity, but a purely 
statistical distribution of each ligand, suggesting that the nature of 
one ligand bound does not condition the nature of the second 
ligand bound. The result of this competition experiment therefore 
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suggests that the ligands do not interact with the quadruplex as 
pre-formed dimers. 

A rather common ligand binding mode in G-quadruplexes, 
compatible with the 2:1 stoichiometry, is stacking of one ligand to 
each terminal G-quartet. To test that structural hypothesis easily 
with   mass   spectrometry,   we   used   the   bimolecular   G- 

ΔTm when  5  eq.  Cu-ttpy  are  added  to  the  human  telomeric 
sequence F21T in NaCl (+15.3°C)[5a] compared to in KCl (+6°C).[7] 

The binding of the two ligands to the human telomeric G- 
quadruplexes is accompanied by a conformational change. This 
conformational  change  could  occur  after  the  binding  of  the 
ligands: this mechanism is called induced fit.[23] For ligands prone 
to π -π sta ck on external G-quartets, this scenario is very unlikely 
because ligand binding should then be followed by an unfolding 
of the G-quadruplex. Indeed, to form the antiparallel, 3-quartet G- 
quadruplex starting from any  of the hybrid topologies, all  G- 
quartets must first be broken to release at least one strand,[24] and 
if  starting  from  hybrid  I  or  II,  to  allow  the  groove  widths  to 
rearrange in order to be compatible with the antiparallel strand 
arrangement.  We  therefore  favor  a  conformational  selection 
mechanism  (Figure  5),  in  which  the  antiparallel,  3-quartet 
structure,  although  minor  in  the  ligand-free  form,  becomes 
predominant upon binding of two ligands which stack on the top 

and bottom quartet. 
In conclusion, Cu(II)-tolylterpyridinium complex derivatives 

bind all the human telomeric G-quadruplex variants with high 
affinity, high specificity, and high cooperativity to form 2:1 
complexes. The cooperative ligand binding is accompanied by a 
conformational change to an antiparallel structure with three G- 
quartets. The cooperativity is due to a combined effect of (1) 
allosteric changes in the G-quadruplex upon ligand binding, (2) 
conformational preference of the ligand, and (3) the fact that one 
ligand is not sufficient to promote the conformational equilibrium 
displacement. This ligand binding mechanism points to a 
structural selectivity for one particular fold, and the ability to switch 
the conformational equilibria of all telomeric sequence variants to 
this fold. 

quadruplexes [dG4T4G4]2 [G4T3G4]2. and These  quadruplexes 
present identical environments on each terminal G-quartets, and 
the 2:1 Cu-ttpy complexes are formed with no marked 
cooperativity (Figure 3). The complexes were prepared in NH4

+, 
and the charge state 6- was selected so as to facilitate strand 
separation upon MS/MS. Upon collisional activation, the dimer6- 

breaks into its two strands (Figures S22-S23), each containing 
exclusively either one ligand or one Cu (neutral ttpy being ejected 
from the complex). This strongly suggests that the two ligands are 
bound at distal positions, so the ligands presumably bind to each 
of the two external G-quartets. 
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Figure 5. A) The various topologies that the human telomeric sequence can 
adopt in solution. B) One of the possible preferred topology of the 2:1 complex 
with Cu-ttpy: an antiparallel structure with 3 G-quartets. 

In summary, for the intramolecular telomeric G- 
quadruplexes, the preferred binding of Cu-ttpy is therefore to an 
antiparallel, three-quartet structure, presumably on each terminal 
G-quartet (Figure 5B). The ligand is also selective among several 
possible antiparallel structures. Indeed, the binding to the 
antiparallel quadruplexes HIV-PRO1 and TBA is extremely poor. 
These G-quadruplexes are characterized by lateral-lateral-lateral 
loop arrangement and a wide-narrow-wide-narrow groove width 
order. This is also in line with the higher binding  affinity for 
[dG4T4G4]2 and dG4(T4G4)3 as compared to [dG4T3G4]2. Among 
antiparallel structures, the ligand Cu-ttpy apparently prefers 
structures with diagonal loops and/or wide-medium-narrow- 
medium groove width order. In the human telomeric sequences, 
the preferred quadruplex fold would therefore be the antiparallel 
with lateral-diagonal-lateral loops, i.e. the same fold as formed in 
Na+ by 22AG. Interestingly, past results showed a higher FRET- 
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■ Hybrid-3 structure13 formed by 22GT (dGGG(TTAGGG)3T, 
Figure 1C). 

Some ligands were previously reported to bind better to the 
Na structure or to the K structure, as deduced from thermal 
denaturation and fluorescence displacement assays,14 but these 
studies did not discuss possible ligand-induced changes in G- 
quadruplex conformation. Other groups documented ligand- 
induced formation of particular G-quadruplex structures,15−18

 

but with few exceptions19 most of these studies were carried 
out in the absence of salt, so the relevance to physiologically 
relevant conditions remains unclear. 

We studied here the interaction of ligands Phen-DC3,20
 

INTRODUCTION 
There is now strong evidence that guanine-rich sequences can 
form G-quadruplex (G4) structures in human cells,1 including 
in  the  regions  of  telomeres  that  comprise  a  3′-overhang 

+ + 

consisting  of  d(TTAGGG)n   repeats. 
telomeric G-quadruplexes are developed 

Ligands  targeting 
as anticancer ther- 

apeutics,  and  some  were  shown  to perturb  telomere 
structure.2−5 Current screening assays usually probe the ligand 
ability to bind to prefolded G-quadruplexes with both high 
affinity and high selectivity as compared to double stranded 
DNA. 

The rational design of telomeric G4 ligands is however 
further complicated by the polymorphism that these sequences 
adopt in vitro6 and the ensuing uncertainties about which 
structures are relevant in vivo.7−10  For example, four-repeat 
sequences containing the central core d(GGG(TTAGGG)3) 
have been shown to be able to form three different G- 
quadruplex structures in 100 mM K+: Hybrid-1 formed by 
sequences 24TTG11 (dTTGGG(TTAGGG)3A, Figure 1A) or 
23TAG (dTAGGG(TTAGGG)3), Hybrid-2 formed by 
26TTA12 (d(TTAGGG)4TT, Figure 1B), and the two-quartet 
 

© XXXX American Chemical Society 

360A,21,22 pyridostatin23  (abbreviated PDS), TrisQ,24  L2H2- 
6M(2)OTD25    (abbreviated  L2H2),  and  TMPyP4  (ligand 
structures in Chart 1, molar extinction coefficients in 
Supporting Information S1) with the different human telomeric 
sequences 26TTA, 24TTG, 23TAG, and 22GT. Some of these 
ligands were previously shown to be very potent G4 binders 
and therefore have been used as G4 probes in a variety of 
   
Received: September 26, 2014 

ABSTRACT: The rational design of ligands targeting human telomeric 
DNA G-quadruplexes is a complex problem due to the structural 
polymorphism that these sequences can adopt in physiological conditions. 
Moreover, the ability of ligands to switch conformational equilibria between 
different G-quadruplex structures is often overlooked in docking 
approaches. Here, we demonstrate that three of the most potent G- 
quadruplex ligands (360A, Phen-DC3, and pyridostatin) induce conforma- 
tional changes of telomeric DNA G-quadruplexes to an antiparallel 
structure (as determined by circular dichroism) containing only one 
specifically coordinated K+ (as determined by electrospray mass 
spectrometry) and, hence, presumably only two consecutive G-quartets. 
Control ligands TrisQ, known to bind preferentially to hybrid than to 
antiparallel structures, and L2H2-6M(2)OTD, known not to disrupt the 
hybrid-1 structure, did not show such K+ removal. Instead, binding of the cyclic oxazole L2H2-6M(2)OTD was accompanied by 
the uptake of one additional K+. Also contrasting with telomeric G-quadruplexes, the parallel-stranded Pu24-myc G-quadruplex, 
to which Phen-DC3 is known to bind by end-stacking, did not undergo cation removal upon ligand binding. Our study therefore 
evidences that very affine ligands can induce conformational switching of the human telomeric G-quadruplexes to an antiparallel 
structure and that this conformational change is accompanied by removal of one interquartet cation. 
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used to trigger quadruplex-dependent genetic instability in 
yeast32,33 and subsequently was shown to inhibit the unwinding 
activity of FANCJ helicase.34

 

Despite their wide use, the exact binding mode of these 
ligands to telomeric G-quadruplex is not known. Indeed, only a 
few structures of the human telomeric sequence in the presence 
of ligands have been released. Except for L2H2 for which NMR 
revealed binding to the 24TTG sequence without changing the 
hybrid-1 G-quadruplex topology,25 all reported structures of the 
human telomeric DNA interacting with ligands are parallel G- 
quadruplexes obtained by X-ray crystallography.35−41 Unfortu- 
nately, crystallization is known to bias the structural population 
by selecting the parallel topology.42

 

There is therefore a strong need for in-solution assays able to 
quickly assess ligand binding affinity and binding mode in 
polymorphic G-quadruplexes such as the human telomeric 
sequence. Here we used native electrospray mass spectrometry 
(ESI-MS) to assay ligand ability to bind to G-quadruplexes. 
Thanks to the mass separation, single cation binding can be 
distinguished in the free and bound quadruplexes. Our 
experiments revealed ligand-induced cation ejection upon 
binding, thereby providing novel insight into the ligand binding 

Figure  1.  (Top)  Structures  of  human  telomeric  G-quadruplexes 
obtained by NMR in 70 mM and 20 mM K2HPO4/KH2PO4. 
(Bottom) Their respective schematic view with expected cation 
binding sites in-between successive G-quartets. (A) Hybrid-1 formed 
by 24TTG, PDB ID: 2GKU. (B) Hybrid-2 formed by 26TTA, PDB 
ID: 2JPZ. (C) Hybrid-3 formed by 22GT, PDB ID: 2KF8. For full 
sequences, see main text. 

K+ 

11 

12 13 

mode. 

■ Chart 1. Ligand Structures 

RESULTS AND DISCUSSION 
Ligand  and  Cation  Binding,  Simultaneously  Probed 

by ESI-MS, Reveals K+  Ejection upon Binding of 360A, 
Phen-DC3, or PDS to Telomeric DNA G-Quadruplexes. 
We recently reported a sample preparation method in 100 mM 
trimethylammonium acetate (TMAA) and up to 1 mM KCl, 
which allows recording ESI-MS spectra in conditions where the 
solution fold is very similar as in 100 mM K+, as indicated by 
circular dichroism (CD) spectroscopy,43 although the fraction 
folded at room temperature is somewhat lesser in 1 mM KCl/ 
100 mM TMAA than in 100 mM K+ (see melting experiments 
in Figure S2 and separate discussion of 22GT below). This is 
due to the K+ concentration effect on the folding equilibrium. 
Comparison between LiCl/KCl and TMAA/KCl mixtures with 
different K+ concentrations confirm that TMAA acts merely as 
a spectator electrolyte (Table S1 and Figure S3). In TMAA/ 
KCl conditions, ESI-MS allows the direct simultaneous 
measurement of ligand  and cation binding stoichiometries 
from KCl solutions. On the contrary to the commonly used 
ammonium acetate conditions,44 the determination of 
potassium ion binding stoichiometry by ESI-MS from 
TMAA/KCl preparations is robust and independent of 
instrument choice or tune.43

 

Figure 2 shows the ESI-MS spectra of 5 μM 24TTG in 100 
mM TMAA and 1 mM KCl without ligand (Figure 2A), a 
reference single-strand 24nonG4 (dTGGGATGCGACAGA- 
GAGGACGGGA) without ligand (Figure 2B), and 5 μM 
24TTG incubated for 3 days at room temperature in the 
presence of 5 μM ligand (Figure 2C−H) (1 day to 1 month, or 
annealing did not make any difference). Figure 2 shows the 
mass spectral region corresponding to free G4 and the 1:1 
complex in the 5-charge state. Full-scale spectra in Figure S4 
illustrate that the 2:1 complex abundance is very minor. Ligand 
relative affinities are estimated from the relative intensities of 
the peaks without and with ligands. The relative abundance of 
1:1 complex relative to free G4 ranked: Phen-DC3 ∼ TrisQ ∼ 
360A > PDS ∼ L2H2 > TMPyP4. Similar ranking was obtained 
with 26TTA, 23TAG, and 22GT (Figures S5−S7, respectively). 
Tests with a reference hairpin duplex (ds26) allowed us to 

biological systems and in cell-based assays. For example, both 
360A and PDS promote G4-specific DNA damage and induce 
growth arrest in human cancer cells.26,27 In addition functional 
derivatives of both compounds have been used for G4 
imaging,26 pull down assays,28 in vitro selection of G4 DNA29 

and more recently to photo-cross-link G-quadruplexes.30 

Finally, transcriptomic studies showed that both Phen-DC3 
and 360A affect the expression of genes with G4 motif in their 
transcription start site.31 More specifically, Phen-DC3 has been 
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S11). For 360A, Phen-DC3, and PDS, a single K+ ion is bound 
to the 1:1 complex, while two are bound to the free G4. In 
contrast, TrisQ only very partially displaced one cation. 

Because is supposedly coordinated in-between consec- 
utive G-quartets, a 1:1:1 (DNA:ligand:K+) stoichiometry 
suggests that the ligand-bound structure contains only two 
consecutive G-quartets. It is particularly interesting that the 
24TTG sequence, one of the most monomorphic variants of 
the human telomeric sequence in KCl, as shown by NMR,11 is 
capable of such ligand-induced rearrangement. 

In order to prove that the observed stoichiometries are 
indeed the ones present in solution and are not due to some 
kind of mass spectrometry artifact, we repeated the experiment 
with L2H2, which was previously shown by NMR to bind to 
24TTG without changing its topology.25 The two interquartet 

K+ 

K+ binding sites should therefore be preserved. Moreover, 
K+ cyclic  oxazoles  might  even  capture  one  extra ion  by 

coordination, in the same way as telomestatin.46,47  This is 
exactly what we observe in our mass spectra: the 1:1 
DNA:ligand complex was detected with either two or three 
K+ ions bound (Figure 2F). 

As a second control we used the Pu24 c-myc sequence 
(dTGAG3TG4AG3TG4AAG2). Indeed, the recently published 
structure of Pu24 interacting with Phen-DC3 revealed that this 
ligand did not disrupt the parallel-stranded three-quartet 
structure.48 When analyzed by ESI-MS in the TMAA/KCl 
preparation (Figure S12), the Pu24 sequence retains the 
expected two K+ ions, both without ligand and with all ligands 
including Phen-DC3. Coordination of a third ion with 
L2H2 is observed as well. The CD spectra were not affected 
upon ligand binding to Pu24 (Figure S13). These controls 
highlight that cation removal upon binding of 360A, Phen- 
DC3, and PDS is a binding mode that is peculiar to the human 
telomeric G-quadruplexes. 

CD Spectroscopy Indicates That the G-Quartets in the 
1-K+ Form Have Alternated Stacking. In order to obtain 
information about conformational changes occurring upon 
ligand binding and cation ejection, we performed CD 
experiments  on the same  solutions. The  CD spectra give 
information on the stacking mode of consecutive guanines. 
Type-I spectra (positive peak at 265 nm, negative peak at 240 
nm) indicate guanine stacking all in the same orientation (e.g., 
anti−anti), type-II spectra (positive peaks at 265 and 295 nm, 
negative peak at 240 nm) indicate guanine stacking partly in the 
same, and partly in alternating orientation (e.g., anti−syn or 
syn−anti), and type-III spectra (positive peaks at 295 and 240 
nm, negative peak at 260 nm) indicate guanine stacking in 
exclusively alternating orientations.49  If mixtures are present, 
the CD spectrum will be the weighted average spectrum of all 
conformers present in solution and may resemble Type-II 
spectra. 

Figure 3A illustrates the CD spectral changes observed when 
adding ligands to 24TTG (hybrid-1 structure with CD 
spectrum of Type II). In the case of Phen-DC3, 360A, and 
PDS, the CD spectra are shifting to Type-III, indicating 
exclusively alternated stacking. In the corresponding ESI-MS 
spectra, almost all 24TTG is bound to 360A or Phen-DC3 in a 
1:1:1 (DNA:ligand:K+) stoichiometry. The 1-K+ and presum- 
ably 2-quartet, ligand-bound structure has therefore the 
alternate G-quartet stacking typically encountered in antipar- 
allel folds. For PDS, ESI-MS tells us that some free 24TTG 

Figure 2. Electrospray mass spectra (all in 100 mM TMAA + 1 mM 
KCl) of (A) 5 μM 24TTG alone, (B) 24nonG4 alone, (C−H) 5 μM 
24TTG incubated 3 days with 5 μM of each ligand: (C) 360A, (D) 
TrisQ, (E) Phen-DC3, (F) L2H2, (G) PDS, and (H) TMPyP4. K+ 

assess ligand binding selectivity (Figure S8). TMPyP4 binds 
very strongly to the hairpin duplex, in line with its known total 
lack of selectivity. TrisQ binds to the duplex, but less well as to 
the G-quadruplexes. The other four ligands do not bind to the 
hairpin and are confirmed as very selective G-quadruplex 
binders. 

Labels in Figure 2 also show the major specific K+ binding 
stoichiometries  in  each  complex.  Without  ligand,  24TTG 
specifically binds two ions (Figure 2A), in line with its K+ 

known three-quartet NMR structure (Figure 1A), and with the 
known interquartet octahedral coordination mode. The 
additional K+ binding (third and fourth adduct) detected on the 
right-hand side of the peak shows the same distribution as for 
24nonG4 (first and second adduct) and are therefore 
nonspecifically bound adducts. In order to distinguish and 
quantify quadruplex-specific K+ adducts, we used the following 
method described by Klassen’s group.45 Briefly, a control 
molecule, as similar as possible to the analyzed molecule but 
lacking the specific K+ binding sites, is used as a reference. The 
intensity ratios of the K+-bound versus unbound reference are 
taken as the signature of the nonspecific adducts distribution. 
This intensity distribution is then used to subtract nonspecific 
adducts contribution for other analytes. Using non-G4 forming 
sequences (as confirmed by CD, see Figure S9) with same 
guanine  content  and  length  as  each  quadruplex,  we 

K+ 

reconstructed the specific distributions for each complex K+ 

in the form of bar graphs (see supporting text and Figure S10 
for detailed method and Figure S11 for results), which reflect 
what is annotated in the raw mass spectra of Figure 2. 

Strikingly, the K+-binding stoichiometry is affected by ligand 
binding, in a ligand-dependent manner, and the same behavior 
is observed for all four variants of the human telomeric 
sequence (24TTG, 23TAG, 26TTA, and 22GT; see Figure 

remains, explaining 
compared to 360A 

the  lesser  shift 
and Phen-DC3, 

of  the  CD  spectrum 
but the ligand-bound 
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Figure 4. Ligand binding modes compatible with our data: (A) an 
intercalated ligand on a hybrid-2 G-quadruplex, (B) a ligand disrupting 
a quartet of a hybrid-2 G4, and (C) a ligand taking the place of the 
triplet of guanines in a hybrid-3 G4. 

structure with 2 quartets and with the triplet stacking hampered 
by ligand end-stacking. 

To our knowledge, only one study to date has reported 
ligand intercalation in G-quadruplexes, with TMPyP4 inter- 
calation in long parallel G-wires.50 However, intercalation in the 
G-wires only occurred in absence of salt. Here, true 
intercalation (Figure 4A) would probably involve a strong 
structural rearrangement with first a G-quartet opening and K+ 

displacement before closing again the G-quartet by sandwiching 
the ligand. G-quartet opening and displacement are of 
course unfavorable thermodynamically, but in turn, four 
guanines will gain conformational degrees of freedom, and 
that a solvated K+ will be released from the complex, so the 
penalty might be compensated by the free energy gained upon 
ligand binding. However, it seems difficult to assume that 
reclosing of the G-quartet on the other side of the ligand would 
be thermodynamically favorable, because the small enthalpically 
favorable contribution due to extra stacking would be 
compensated entropically by reducing the degrees of freedom. 
The binding mode of Figure 4B is therefore more likely than 
that of Figure 4A. 

The second hypothesis, namely the disruption of G-quartets 
(Figure 4B), was proposed previously for an anthrathiophene- 
dione on telomeric G4,19 for TMPyP4 on an RNA G4,51 and 
for a triarylpyridine ligand on c-kit1 and c-kit2.52 However, in 
all reports these ligands were promoting total unfolding of the 
G-quadruplexes. In our case the melting temperature of the G- 
quadruplexes with the ligands is higher than without ligand (see 
Figures S17 and S18), meaning that the ligand-bound 2-quartet 
structure is more thermally stable than the starting structure. 
Also the broad melting transitions of 360A and Phen-DC3 
complexes are typical of multistep denaturation that may 
indicate conformational rearrangements.53 However, the 
thermal  denaturation  transition  is  narrower  and  at  lower 
temperature for PDS, indicating that ligand binding mode and 
thermal stability are not necessarily linked: these are two 
different tenets of ligand binding that must both be 
characterized. For example, the relative abundance of 1:1 
complex relative to free G4 at room temperature (see Figures 
S3−S6) correlates well with the Tm  only for the three ligand 
sharing the newly described binding mode: Phen-DC3 > 360A 
> PDS. Ligand L2H2, although having a different binding mode 
without disturbing the structure and with an additional 
potassium ion, also fit in this trend, with an affinity in the 
same range as that of PDS. Ligand TrisQ, with its propensity to 
induce more parallel structures either at room temperature 
(with 26TTA, see Figure S17) or at higher temperature (with 
24TTG, see Figure S16), does however follow different rules. 
In general, studies of the ligand binding mode and ligand- 

K+ 

Figure 3. CD spectra of 5 μM 24TTG in (A) 100 mM TMAA + 1 
mM KCl and in (B) 20 mM KH2PO4/K2HPO4 + 70 mM KCl. CD 
spectra were recorded after 3 days without ligand (black) and in the 
presence of Phen-DC3 (yellow), 360A (red), PDS (green), L2H2 
(orange), and TrisQ (blue). 

structure has the same characterisctics. In the cases of TrisQ 
and L2H2, the CD spectra of 24TTG are almost unaffected. 
The same results are obtained for 26TTA, 23TAG, and 22GT 
(Figures S14−S16, respectively). 

Figure 3B shows the CD spectra recorded in 100 mM K+. In 
100 mM TMAA + 1 mM KCl conditions, the CD spectrum of 
24TTG alone is the same as in 100 mM K+.43 The ligand ability 
to induce a shift to the Type-III spectrum is still observed, 
although to a lesser extent than in TMAA/KCl, probably due to 
the higher  stability  of the  hybrid-1 structure in high  KCl 
concentration. Phen-DC3 is clearly the most prone to change 
the G-quadruplex structure upon binding, even in 100 mM K+. 

Some of the Most Affine and Selective G-Quadruplex 
Ligands   Display   a   New   Binding   Mode   with   Ligand- 
Induced  Cation  Ejection.  The ligand-bound G-quadruplex 
structure containing only two quartets (as deduced from the 
number of K+ ions coordinated) displays alternated stacking (as 
deduced  from  CD).  Conversely,  the  ligands  that  do  not 
displace  cations  do  not  lead  to  such  antiparallel-type  CD 
spectra. There are mainly three hypotheses on what this ligand- 
bound  G-quadruplex  structure  could  be  (Figure  4):  (1)  a 
structure with ligand intercalation (the ligand would take the 
place of one K+), (2) a hybrid-1 or hybrid-2 type structure with 
the quartet in homostacking disrupted, or (3) a hybrid-3 type 
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■ induced  conformational  changes  should  also  consider  the 
temperature dependence of these phenomena. 

The last hypothesis is the ligand-induced conformational 
selection of a hybrid-3 structure such as that formed 
predominantly by 22GT. This structure contains only 2 
quartets at 100 mM K+, plus a triplet of guanines stacked on 
one terminal quartet.13 Notably, this 2-quartet structure is as 
thermally stable as the other 3-quartet structures13 (Figure S2), 
and therefore extra stabilization by a ligand sounds reasonable. 
To further explore the correlation between the potassium 
binding stoichiometry and the hybrid-3 structure, we titrated 
22GT by KCl, from 0 to 1 mM using ESI-MS and CD and up 
to 100 mM using CD (Figure S19). In pure TMAA and no 
KCl, the DNA remains unfolded.43 Interestingly, at 200 μM 
KCl concentration, the main stoichiometry observed is 1 K+ per 
DNA strand, and the corresponding CD spectrum is purely 
antiparallel, just like in the presence of ligands 360A, Phen- 
DC3, and PDS. We therefore assign the first K+ binding event 
to the binding site between the two full G-quartets of hybrid-3. 
At 1 mM KCl concentration, a second potassium ion binding 
site is detected, which we attribute to the filling of a second 
binding site between the G-triplet and one G-quartet. In the 
same solution, the CD spectra show that the hump at 270 nm, 
attributed to the stacking of the triplet,49 is increasing 
accordingly. Ligand binding to the hybrid-3 by end-stacking 
on the top quartet would disrupt triplet stacking, and this 

EXPERIMENTAL SECTION 
Materials. Oligonucleotides were purchased lyophilized and RP- 

cartridge purified from Eurogentec (Seraing, Belgium) and used 
without further purification. We used the following nomenclature for 
the DNA sequences: 26TTA = d((TTAGGG)4TT); 24TTG = 
d(TT(GGGTTA)3GGGA);  23TAG  =  d(TA(GGGTTA)3GGG); 
22GT = d ( ( G G G T T A ) 3 GGGT ); Pu24 c-myc  
(TGAGGGTGGGGAGGGTGGGGAAGG), 24nonG4 
(TGGGATGCGACAGAGAGGACGGGA), 22nonG4 
(GGGATGCGACAGAGAGGACGGG),    23nonG 4 

= 
= 
= 
= 

d-  
d- 
d- 
d- 
= 

d- 
( T G G G A T G C G ACAG AGAG GACG GG),    2 6 n o n G 4 
d(TTGGGATGCGACAGAGAGGACGGGAT), and ds26 = 
(CA2TCG2ATCGA2T2CGATC2GAT2G). Analyzed solutions con- 
tained 5 μM DNA diluted from 200 μM stock solution. Water was 
nuclease-free from Ambion (Applied Biosystems, Lennik, Belgium). 
The concentrations of the initial stocks solutions were measured by 
UV absorbance at 260 nm on a Uvikon XS. Molar absorption 
coefficients were obtained on the IDT Web site and corrected using 
Cavaluzzi−Borer correction.55 100 mM trimethylammonium acetate 
(TMAA, Ultra for HPLC, Fluka analytical) was used to fix the ionic 
strength, and the solutions were doped with up to 1 mM KCl 
(>99.999%, Sigma) as described previously. Ligands were either 
synthesized as described elsewhere (360A iodide salt, Phen-DC3 
methylsulfonate salt,20 TrisQ bromide salt,24 L2H2 trifluoroacetate 
salt),56 or purchased from Sigma-Aldrich (PDS trifluoroacetate salt 
and TMPyP4 p-toluenesulfonate salt). When documented the molar 
absorption coefficients were used to measure concentration using the 
UV absorbance. When not known, the powders were weighted, and 
the coefficient was determined (Figure S1 summarizes all molar 
extinction coefficients). 1:1 DNA:ligand molar ratios were used to 
acquire the ESI-MS and the CD data. TMAA and KCl were first added 
to the water solution, and then the proper DNA solution volume is 
added. Ligands were added 1 h after, to ensure starting from 
preformed G-quadruplex. Solutions were stored at room temperature 
in the dark before analysis. Annealing experiments were also 
performed on freshly prepared solutions, with 95 °C heating for 5 
min and then leaving the sample for 4 h at room temperature before 
further analysis (results did not change any further when checked after 
one month left at room temperature, indicating that equilibrium was 
reached). 

Electrospray Mass Spectrometry. Native ESI-MS spectra were 
obtained using a LCT Premier mass spectrometer (Waters, Man- 
chester, U.K.). The source voltage is set to 2200 V. The desolvation 
temperature is 60 °C, and the gas temperature is 40 °C. The source 
pressure is increased to 45 mbar (measured by a Center Two probe, 
Oerlikon Leybold Vacuum, Cologne, Germany). The sample cone 
voltage is 200 V. At this voltage TMA adducts on the mass spectra are 
totally avoided, but the K+ stoichiometry is not affected. The syringe 
injection rate is 200 μL/h. Shown MS spectra are the sum of 3 min 
accumulations (1 scan per 1.1 s). Savitzky−Golay smoothing has been 
performed with a smooth window of 5 points. Baselines were also 
subtracted using curves with a polynomial order of 40. 

Circular Dichroism. CD experiments were run on a Jasco J-815 
spectrophotometer using a quartz cell of 2 mm path length. Shown 
spectra are the sum of 3 accumulations at 20 °C with a scan speed of 
50 nm/min and an integration time of 0.5 s. Data were normalized to 
molar circular-dichroic absorption Δε based on DNA concentration: 
Δε = θ/(32980 × c × l), with θ the CD ellipticity in milidegrees, c is 
the DNA concentration in M (5 μM), and l is the cell length (2 mm). 
Baselines were subtracted using either 100 mM TMAA in water 
solution or 20 mM KH2PO4/K2HPO4 + 70 mM KCl depending on 
the experimental conditions. A second linear baseline was removed 
from the raw data using the mean value obtained for each experiment 
between 320−350 nm, as no peak was observed in this area. A 
smoothing was then performed using locally weighted scatterplot 
smoothing method (LOWESS). Reported CD spectra display raw data 
points and the smoothed curve. 

Melting Monitored by CD. Melting experiments were performed 
on the same Jasco J-815 spectrophotometer. The temperature ramp 
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binding mode is therefore compatible with all our observations. 

■ CONCLUSIONS 
In summary, we evidenced here that ligands can induce 
conformational changes in human telomeric G-quadruplexes at 
physiological ionic strength and in KCl. Three ligands (Phen- 
DC3, 360A, and PDS), among the most potent described to 
date were found to favor G4 structures with only one K+, hence 
two consecutive G-quartets, and heterostacking between these 
G-quartets. This ligand-induced K+ ejection could be due to a 
quartet disruption of hybrid structures or to the conformational 
selection of the hybrid-3 structure. 

Interestingly, only the three most flexible54  of the ligands 
tested here, all based on the dicarboxamide scaffold (Phen- 
DC3, 360A, and PDC), are capable of ejecting K+ cation upon 
binding, while stabilizing the antiparallel 2-quartet G-quad- 
ruplex structure. It would be interesting in the future to explore 
the enthalpy and entropy contributions to ligand binding in 
those particular cases and to partition the intrinsic folding 
thermodynamic parameters from the polyelectrolyte and water 
capture/release contributions. Although high-resolution atom- 
istic methods would be required to determine the exact binding 
mode, our work opens new ideas on possible G-quadruplex 
ligand binding modes. It also highlights that, thanks to ESI-MS 
monitoring of cation binding, hints on the ligand binding mode 
can be obtained with small amounts of sample and even in the 
presence of polymorphic structures. The technique is amenable 
to higher throughput screening of ligands. 

Our results also have important implications for the design of 
ligands targeting polymorphic G-quadruplexes such as the 
human telomeric sequence. The availability of high-resolution 
structures makes it tempting to develop drug design programs 
based on the lock-and-key model. In contrast, we show here 
that several ligands with high G-quadruplex affinity and 
specificity induce structural changes in telomeric G-quad- 
ruplexes and that induced fit or conformational selection must 
therefore be taken into account for the drug design. 
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was set to 0.4 °C/min from 4 to 90 °C. One spectrum per minute was 
acquired at 100 nm/min scan speed with 2 accumulations. The 
temperature ramp is stopped during each recording. A linear baseline 
was subtracted from the spectra using the mean value for each 
experiment between 320 and 350 nm. 

Melting Monitored by UV Absorbance. Melting experiments 
on the G-quadruplexes without ligands were also performed on a 
SAFAS UV mc2 spectrophotometer (Montecarlo, Monaco) equipped 
with a Peltier temperature controller. The temperature ramp was 0.2 
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VI.4. ADDITIONAL WORK 

VI.4.1 COVALENT LIGANDS 

In these articles, we demonstrated that G-quadruplex ligand binding modes may be more 

complicated than simple π-π stacking on external G-quartets and that ligand binding can lead 

to conformational changes. To understand more deeply the binding mode of those ligands, 

more structural information is needed. The most straightforward way to understand the 

binding mode is to obtain 3D structures of the complex. However, due to the polymorphism 

of those G-quadruplexes, it is not easy to obtain NMR structures. 

For this reason, we used another MS-based approach. The objective is to fragment the DNA 

in the mass spectrometer.272 Because the ligand is positively charged, it is not easily ejected 

upon collisions inside the mass spectrometer and remains on DNA fragments. The principle 

consists in determining on which DNA base the ligand remains after fragmentation in order 

to determine the binding site. However, collision-induced dissociation (CID) may lead to 

rearrangement of the complex in the gas phase.273,274 

 

Figure 43. Structure of the ligands 360A the chlorambucyl derivative. 

To maintain the ligand in the binding site, chemical modifications were needed in order to 

covalently bind the ligand to the DNA. We used this approach to characterize the binding 

mode of the ligands able to eject a potassium cation upon binding. Such derivatizations of 

these ligands were previously done with a biotin group,275 or with an alkylating agent.276 The 

group of Teulade-Fichou derivatized the 360A G-quadruplex ligand (Figure 43) with a 

chlorambucyl function which allows the ligand to bind covalently to the DNA bases 

(preferentially to the N7 of adenines), with a HCl loss.  
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Figure 44. A and B, MS of 10 µM 23TAG in 100 mM TMAA and 1 mM KCl with, respectively, 10 µM 360A 
and 10 µM PDC-C4-C. C, Zoom on the main peak of the 23TAG+PDC-C4C distribution (m/z=1617) and 
attribution of the stoichiometry using the isotopic distribution. D, CD spectra of 10 µM 23TAG and 10 
µM PDC-C4-C in 100 mM TMAA + 1 mM KCl.  

First, we checked that the binding of those derivatives also induces the potassium ejection 

and the transition to antiparallel G-quadruplexes. The potassium and chloride stoichiometries 

of the 1:1 (DNA:L) complex were investigated using high resolution mass spectrometry (Figure 

44A-C). The potassium adducts distribution of the G-quadruplex bound with one ligand is 

represented and the isotopic distribution of the main peak (m/z=1617) matches the theoretical 

mass corresponding of the 1:1:1 DNA:L:K+ complex with the loss of a HCl molecule. This is the 

expected stoichiometry if the ligand binds covalently to the DNA with the same binding mode 

as 360A. In addition, the CD spectrum (Figure 44D) of the G-quadruplex bound to the covalent 

ligand also becomes more antiparallel, although not to the same extent as with 360A. This 

observation can be explained by a lower affinity of the chlorambucyl derivative for this G-
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quadruplex compared with 360A (Figure 44A & B). We concluded that the covalent ligand binds 

to the G-quadruplex with the same binding mode and that, therefore, the chlorambucyl 

derivatives could be used for further MS/MS experiments. 

MS/MS fragmentation indicated that the ligand is covalently bound in the central loop of the 

G-quadruplex. Unfortunately, it was not possible to obtain only one structure compatible with 

these results. Still, we could discard some of the compatible structures. This MS/MS 

investigation is the object of an article, currently in preparation.277 
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VI.5. CONCLUSIONS 

In this chapter, we have shown that ligands binding to G-quadruplexes are more complicated 

than the usually assumed π-π stacking on external G-quartets. Ligand-induced conformational 

changes are indeed more common than expected (See Figure 45 for a summary of the 

discoveries). MS is a quick method to reveal binding modes involving changes in 

stoichiometries. 

 

Figure 45. Schematic representation of the G-quadruplex conformations for the human telomeric 
sequence and summary of the binding modes of the ligands studied in this work. 

1) Ligand stoichiometry. In Article 3, we evidenced the cooperative binding of two Cu-ttpy 

ligands to human telomeric G-quadruplexes. Other methods failed to detect this highly 

cooperative binding. We found that the binding was accompanied by the preferential 

uptake of two K+ ions and the transition to antiparallel structures of the human 

telomeric G-quadruplexes.  

2) Cation stoichiometry. Detecting the number of cations bound can provide hints on 

ligand-induced structural changes. In Article 4, a new binding mode involving the 

ejection of one K+ for some of the most affine G-quadruplex ligands (Phen-DC3, 360A 

and PDS), for the human telomeric G-quadruplexes. Because K+ binding sites are 

between G-quartets, we deduced that the ligand-bound G-quadruplexes have only two 
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G-quartets. CD indicated an antiparallel stacking. This complex present similar 

characteristics as the complex observed either transiently or at low KCl concentration 

in Chapter V. Other works support the cation ejection binding mode via interpretation 

of the entropic and enthalpic contributions for the binding of those ligands to human 

telomeric G-quadruplexes.278,279 We also showed that some ligands (L2H2) can bind 

with uptake of one additional cation (see Article 4). 

Atomic resolution structures of those complexes would provide more information on the 

binding modes. However, no NMR or X-ray diffraction structure of a human telomeric G-

quadruplex with one of those ligand is published, presumably because of the structural 

heterogeneity of the complexes. The ensemble of structures may be too complicated to be 

resolved by NMR, and this emphasizes the needs of developing new techniques to obtain 

structural information. 

Our results demonstrate the power of MS: determining the stoichiometry of a complex is of 

prime importance. The additional information given by the IMS could potentially be very useful 

for binding mode determination. 
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VI.6. PERSPECTIVES 

In this chapter, we have used mainly mass spectrometry to characterize G-quadruplexes and 

G-quadruplex/ligand complexes. In this section, we will discuss the use of ion mobility 

spectrometry coupled with mass spectrometry. We selected a simple well-characterized, 

tetramolecular parallel 4-quartet/3-cation G-quadruplex [d(TG4T)]4 (Figure 4)10 and discuss the 

interaction of this G-quadruplex with the macrocyclic L2H2 ligand. 

For this example, ammonium acetate, instead of TMAA + KCl, was used. To the contrary of the 

human telomeric G-quadruplexes, for [d(TG4T)]4, a higher cation concentration than 1 mM is 

needed to favor the binding mode involving the uptake of an additional cation. In addition, 

the ion mobility spectra of the complexes with nonspecific potassium adducts could not be 

distinguished from those with additional specific cations. Finally, [d(TG4T)]4 has also been 

extensively studied in ammonium acetate by molecular dynamics and ion mobility in our 

group.223 The theoretical DTCCSHe of the parallel G-quadruplex containing three ammonium 

cations matches very well the experimental value (DTCCSHe = 785Å², Figure 46). Additionally, 

the ion mobility peaks of this G-quadruplex are sharp (resolving power of ~60 in helium), 

suggesting that only one conformer is present. 

When one ligand binds with no uptake of cation, the distribution is made of two peaks (Figure 

46B, dark blue). When the binding is accompanied by the uptake of one more NH4
+ (total of 4 

NH4
+), only one peak, corresponding to the most extended structure, remains (light blue). This 

peak was attributed (thanks to the NMR structure163) to the ligand bound to the G-quadruplex 

by π-π stacking.  

The binding of two L2H2 ligands is accompanied by the binding of one more cation (total of 4 

NH4
+). The arrival time distribution of the 1:2:4 (G4:L:cation) complex presents two peaks 

(Figure 46C, red). Interestingly, the larger 1:2:4 complex (DTCCSHe = 869 Å²) is 43 Å² larger than 

the 1:1:4 complex (DTCCSHe = 826 Å²), itself 41 Å² larger than de free G-quadruplex (DTCCSHe = 

785 Å²). This peak can potentially be attributed to a structure of the G-quadruplex with two π-

π stacked ligands, one at each external G-quartet. 
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Figure 46. A, MS spectrum of 40 µM d(TG4T) in 100 mM NH4OAc with 10 µM L2H2, charge state 5-. B and 
C, Normalized arrival time distribution of the complexes without (green) and with one (blue) and two 
ligands (red). All peaks correspond to the peak of [d(TG4T)]45- with additional cation(s) and ligand(s), 
indicated in corresponding color. 

Thanks to the structure obtained by NMR, we could correlate the changes in CCS and the 

cation uptake with a π-π stacking binding mode for the L2H2 ligand. However, ion mobility 

data indicate that other binding modes inducing smaller changes in CCS exist as well. 

Complementary experiments, with ligands whose binding modes are known, are needed in 

order to better characterize ligand binding modes using IMS-MS. The goal is to furthermore 

separate the ensembles of ligand complexes based on their CCS (in addition to their K+ binding 

stoichiometry, Chapter V). 
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VII. GENERAL DISCUSSION AND CONCLUSION 

VII.1.  SUMMARY OF THE RESULTS 

In Chapter IV, we describe a new sample preparation that allows using K+ to fold the G-

quadruplexes in a MS-compatible solution. The ionic strength is ensured by 

trimethylammonium acetate (TMAA) and up to 1 mM KCl could be added. It is well known that 

G-quadruplexes can fold into different topologies, depending on the salt nature. We could 

show that the ensembles of conformations formed in TMAA + KCl were the same as those 

obtained in the NMR conditions (usually at 100 mM K+).  

Thanks to the mathematical treatment on the nonspecific adducts, we could determine the 

specific stoichiometry in terms of cation bound, and quantify each specific complex. In 

Chapter V, individual potassium ion binding constants to human telomeric G-quadruplexes 

were calculated. We found that 1-K+ complexes were formed at low KCl concentration for the 

shortest human telomeric sequences. When flanking bases are added, the binding of the two 

potassium cations is cooperative and the 1-K+ complex becomes less prominent. Combining 

the MS data with the circular dichroism data allowed deconvoluting the CD spectra for each 

of the 0-, 1- and 2-K+ complexes. The 0- and 2-K+ complexes present CD spectra typical of 

unfolded and hybrid conformation, respectively. We evidenced that the 1-K+ complex is 

antiparallel. These results were generalized to other sequences, as demonstrated for two 

synthetic sequences. 

The binding of K+ to G-quadruplexes was also monitored as a function of time in order to study 

the folding mechanism. We found that up to six ensembles of species are needed to properly 

fit the data: one species without K+, two with one K+ and three with two K+. The kinetics 

indicates a misfolding pathway involving an antiparallel 1-K+ (2-quartet) topology. The folding 

pathway of telomeric sequences is transposable to other systems, including a c-myc gene 

promoter, suggesting that this is a general tenet of G-quadruplex folding. The implications of 

the proposed folding pathway are important also in the field of G-quadruplex ligands design.  

 

157 

 



Indeed, Chapter VI highlights that the characterization of ligand binding to G-quadruplexes 

should not be limited to binding affinity, but should also consider ligand-induced changes in 

the target conformation. First, through a screening over more than 20 different DNA 

sequences, we evidenced a highly affine and cooperative binding of two Cu-ttpy ligands to and 

only to the human telomeric G-quadruplexes: the 2:1 L:DNA stoichiometry prevails and the 

1:1 complex is almost nonexistent upon titration. This unprecedented cooperativity is 

attributed to conformational changes in the polymorphic telomeric G-quadruplexes. Indeed, 

as indicated by CD, the structures convert to antiparallel topologies upon binding of the two 

ligands. The G-quadruplex-specific potassium cations bound are also affected: the ligands 

bind to a 2-K+ structure. Secondly, we investigated the binding of some of the most affine and 

selective G-quadruplex ligands reported to date (Phen-DC3, 360A and PDS). These ligands bind 

with high affinity to the human telomeric G-quadruplexes, and displace one potassium cation 

upon binding. The 1:1:1 (DNA:L:K+) complex has antiparallel-like stacking of the guanines in 

the G-quadruplex core. This exemplifies that species that do not necessarily prevail at 

equilibrium can become the predominant species in another environment, or in the presence 

of ligands and/or proteins which can displace the equilibrium towards other structures. 
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VII.2. DISCUSSION ABOUT THE MS RESULTS 

VII.2.1 MASS SPECTROMETRY FOR BIOPHYSICAL STUDIES 

Our results show the importance of characterizing the stoichiometry of a complex, in order to 

determine the equilibrium constants and obtain information on the structures of the 

complexes. Because native MS can easily detect the different species directly from the 

solution, it is a method of choice for characterizing ternary complexes. In the case of G-

quadruplexes/ligands/cations systems, this capability brought important structural insight. 

As distinct signals are recorded for each stoichiometry, mass spectrometry is a very powerful 

technique for the characterization of individual binding equilibria of complexes of multiple 

stoichiometries, whereas most other techniques can provide only one phenomenological 

equilibrium constant. In addition, very cooperative binding such as these observed for the 

binding of Cu-ttpy can be missed by more conventional techniques. For example, in a UV-

melting experiment, the signal is proportional to the folded/unfolded ratio, all folded species 

belonging to the same ensemble.  

Fitting the mass spectrometry data using DynaFit was found very powerful for obtaining 

equilibrium and kinetic constants for several reactions, and allowed us to build a folding 

landscape. The characterization of this folding mechanism was made possible by mass 

spectrometry because independent signals (distinct m/z) were recorded for several 

ensembles. Additional separation of the species was qualitatively obtained using ion mobility 

spectrometry. A valuable objective for future work would be to quantitatively extract the 

concentration of different species based both on their stoichiometry and on their shape.   
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VII.2.2 THE IMPORTANCE OF THE BUFFER FOR MS OF CATION-BINDING 

BIOMOLECULES  

Thanks to the development of a new sample preparation method, we were able to obtain ESI-

MS spectra of nucleic acids/K+ complexes. We focused on G-quadruplexes in negative 

ionization mode. In principle, the TMAA buffer can be used for other cation-binding 

biomolecules, for which the ammonium and the cation of interest can compete for the same 

binding site. TMAA can also be beneficial in reducing undesirable nonspecific alkali cation 

adducts. 

In our group, one perspective offered by this finding was to study the binding of magnesium 

cations to RNA-RNA kissing complexes.280 A kissing complex is made of two hairpins that 

interact through their loop regions, making base pairs. Both monovalent and divalent 

(magnesium) cations are needed for this interaction to take place. However, nothing is known 

to date in terms of magnesium stoichiometry and binding sites in the loop-loop region. We 

found that the sample preparation using TMAA as buffer  actually led to a disruption of the 

kissing complexes. This highlights the importance of having small (NH4
+ rather than TMA+) 

monovalent cations in that binding motif.  

Testing this method for proteins in positive ionization mode or for protein/DNA complexes 

could bring new information about the cation binding sides. Indeed, many biologically relevant 

complexes require cations to fold such as, for example, zinc finger proteins… However, we 

have to be careful because the TMAA buffer could also stabilize the unfolded species or 

destabilize the folded ones, therefore displacing the equilibrium towards the unfolding of the 

complexes. 
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VII.2.3 SOURCES OF ERROR IN THE TREATMENT OF THE MS DATA 

Before fitting the data points and obtaining equilibrium and/or kinetic constants, several steps 

of data treatment are needed. The first one consists in extracting the data from the MS 

spectra. This is usually done by integrating the area under a region of interest, directly on the 

MS spectra. The background is also subtracted considering the region of the theoretical peak 

of the “-1 stoichiometry”. This step is straightforward and is not a source of error.  

The second step is the response factor correction. Because not all species are desolvated 

equally, their concentration is not necessarily directly obtained from their intensity. To check 

whether the response factors correction has to be applied or not, the mass balance is made 

for each point in the titration or kinetic experiment. If there is significant deviation of the total 

signal (normalized with an internal standard), the correction is needed and the response 

factors can be calculated. Because a mathematical treatment of the data is needed, this could 

increase the error on the result. However, in our case, there was no significant deviation of 

the total signal as a function either of time or KCl concentration and therefore, the response 

factors correction was not needed.  

The last step is the nonspecific adducts treatment. These nonspecific adducts presumably 

bind to external phosphates and are additional to the specific ones, bound in specific binding 

sites. We have adapted the mathematical treatment first described by Klassen. The way this 

correction is done can influence the result. Indeed, depending on the experimental reference, 

the amount of nonspecific adducts can vary. In our case, we have been very careful to select 

reference sequences of the same size and containing the same number of guanines and 

considering each charge state separately. To ensure that the nonspecific adducts were 

properly taken into account, a simple verification can, however, be done after treatment. It 

consists in checking that the concentrations of species of very high specific stoichiometries (in 

our case higher than 2-K+) are zero, meaning that their detection was only due to nonspecific 

adducts. In addition, a comparison between charge states can also confirm the results. Once 

these steps done, the data can be normalized (between 0 and the total DNA concentration) 

and are ready to be fitted. One has to be aware of the possible sources of error.  
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VII.3. DISCUSSION ABOUT THE G-QUADRUPLEX RESULTS 

VII.3.1 THE 1-K+ ANTIPARALLEL G-QUADRUPLEXES 

In Chapter V, we found that a 1-K+ G-quadruplex was formed at short time scale and/or at low 

KCl concentration. This was unexpected for some complexes. Deconvolution of the CD signal 

allowed assigning the 1-K+ structure to an antiparallel G-quadruplex. The folding of G-

quadruplex with the same characteristics was induced by the binding of Phen-DC3, 360A, PDS 

or other ligands and discussed in Chapter VI (Article 4).   

These conformational changes were observed exclusively for the human telomeric G-

quadruplexes, potentially because of the polymorphism of this sequence. Indeed, in our 

conditions, several conformations are populated at room temperature because their energy 

levels are close. When a ligand is added, the potential energy surface changes, which can 

potentially affect which is (are) the most stable structure(s).  

We do not known yet whether these 1-K+ complexes with and without ligands have the exact 

same structure or not. As only 8 of the 12 guanines are involved in G-quartets, it is possible 

that several conformations co-exists in solution with the same characteristics. Therefore, the 

experimental elucidation of those structures will probably be extremely complicated to 

achieve with the traditional structural techniques. However, one perspective from the MS data 

could be using these information to displace the equilibrium towards only one species, easier 

to study by NMR and more probable to crystalize for X-ray diffraction.   
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VII.3.2 DO LIGANDS BIND TO G-QUADRUPLEXES BY INDUCED FIT OR 

CONFORMATIONAL SELECTION? 

In Chapter VI, we found that the binding of some ligands induces a conformational change in 

G-quadruplexes. The ligand binding mechanism is defined by determining if the ligand binds 

to a preferred conformation and displaces equilibria, or instead induces conformational 

changes after the binding. These mechanisms are called “conformational selection” and 

“induced fit”, respectively. To distinguish the mechanisms, it is crucial to understand what is 

the (ensemble of) structure(s) recognized by the ligand (the original structures or the final 

structures). In principle, this information can be accessed from kinetics experiments and 

fitting as made for the binding of K+ in Chapter V.281–283  

However, even though we did not perform such kinetics experiments in the presence of 

ligand, we can argue about the binding mechanism in light of our folding pathway. The 

induced fit should be very unlikely for G-quadruplex-selective ligands. In the case of the 

rearrangement of hybrid G-quadruplexes to antiparallel ones (with either 1 or 2-K+), one of 

the four strands making the G-quadruplex has to break all preformed G-quartets, unfold, and 

refold.284 Additionally, the unfolding of the G-quadruplex would transiently lead to the 

formation of a non-G-quadruplex structure, for which the ligands have very low affinities. The 

ligand is very likely to unbind this structure and, therefore, could not act through an induced 

fit mechanism. Hence, for very selective G-quadruplex ligands such as those described in this 

thesis, conformational selection is a more reasonable mechanism: the ligand binds to one of 

the structures present in solution with high affinity and shifts all the equilibria towards it.  
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VII.3.3 LIGAND BINDING MODES: STRATEGIES FOR FUTURE WORK 

Because structures are not easily obtained from NMR spectroscopy or X-ray diffraction, other 

techniques are needed to elucidate ligand binding modes. We have shown in this work that 

mass spectrometry can bring information about the affinity and the selectivity of a ligand for 

its target, and give information about the structures. Here are some strategies to study ligand 

binding modes using mass spectrometry. 

First, a screening for the binding of a ligand to G-quadruplexes presenting different 

molecularities, strand orientations, loop types, base stacking… helps sorting out to which 

structures the ligand binds with the highest affinity.  If the ligand binds to a G-quadruplex with 

high affinity and without inducing structural changes, this G-quadruplex may be the preferred 

structure. We are currently working on a systematic screening of over 50 DNA sequences for 

the binding of the three ligands that eject a K+ upon binding.285 We hope to find preferential 

binding to particular G-quadruplex structures and provide more information about the 1-K+ 

structure obtained for the human telomeric G-quadruplexes. 

Secondly, studying the collision cross section (CCS) changes upon binding of the ligand could 

provide structural information if linked with the atomic details brought by molecular 

modeling. Using ion mobility spectrometry, we are going to study the preferential binding site 

of a ligand on a G-quadruplex presumably unable to structurally rearrange, [d(TG4T)]4. To 

obtain insights on ligand binding modes, it is possible to dock the ligands in different places 

on the G-quadruplex structure and to use molecular dynamics to correlate the experimental 

CCS with these atomic models. Ion mobility spectrometry could in the future become a 

method for fast screening of ligand binding modes. 

Another strategy is the covalent labeling of the DNA. Labeling techniques in presence and 

absence of ligand could give information on the binding pocket of the ligand. For example, 

methylation of free guanines followed by fragmentation is a potential method to determine 

which guanines are not involved in G-quartets. The same strategy could be used with 

hydrogen-deuterium exchange to determine binding sites.  
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VII.4. OUTLOOK 

Mass spectrometry highlighted the interplay between folding pathways and ligand binding. 

We have shown that the binding of ligands often implies changes in the folding landscape of 

DNA G-quadruplexes and that the structural changes often go with changes in 

stoichiometries. Mass spectrometry is a suitable technique for distinguishing, quantifying and 

characterizing the different ensembles formed.  

The next key step consists in studying quaternary complexes made by DNA sequences, 

potassium cations, ligands and proteins. Indeed, so far, we focused on the characterization of 

the G-quadruplex-ligand interactions. It would be very interesting to consider the protein 

binding to the complex and, therefore, to determine whether the G-quadruplex bound to the 

ligand can prevent gene expression or telomerase binding or not.  

This is an area of research where mass spectrometry could also provide key insights.  
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SUPPORTING INFORMATION 

 

 

Figure  S1.  ESI‐MS  of  10  µM  G4T4G4  in  100  mM  NH4OAc.  From  A  to  D  (30,  50,  70  and  90  V, 

respectively): the effect of the ion guide 1 voltage on the ammonium cation preservation in the gas‐

phase. Left is the full scale spectrum and on the right is the zoom on the dimer D5‐ peak. 



S2 
 

 

 

 

 

Figure S2. ESI‐MS of 5 µM 22non‐G4 sequence d(GGG‐ATG‐CGA‐CAG‐AGA‐GGA‐CGG‐G). From A to E 

and from F to J the  ion guide 1 voltage  is  increased to 30, 50, 70, 90 and 110 V, respectively. (A‐E): 

22non‐G4  in  100 mM  TMAA  and  (F‐J): 22non‐G4  in 100 mM  TMA  + 1 mM KCl.  The predominant 

stoichiometry is the oligonucleotide without any adducts. 
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Figure S3. ESI‐MS of 5 µM duplex DNA made by two d(CGC‐GAA‐TTC‐GCG) strands = DK66 (A‐D) and 

5  µM  hairpin  DNA  d(CAA‐TCG‐GAT‐CGA‐ATT‐CGA‐TCC‐GAT‐TG)  hp26  (E‐H)  in  100 mM  NH4OAc  + 

1mM NaCl (A‐B and E‐F) or 100 mM TMAA + 1 mM NaCl (C‐D and G‐H). (A, C, E and G) Ion guide 1 

voltage is 50 V and (B, D, F and H) 70 V. Zoom on the 5‐ charge state. It appears clearly that TMAA is 

more efficient to decrease the amount of nonspecific adducts. 

 

 

 

 

 

Figure S4. ESI‐MS of 5 µM 23TAG; (A) and (B): electrosprayed in 100 mM NH4OAc with ion guide 1 of 

50 and 70 V, respectively; (C) and (D) in 100 mM TMAA + 1 mM KCl with ion guide 1 of 50 and 70 V, 

respectively. Note the 2× zoom  in the 1200 – 2200 m/z region. In NH4OAc, charge states are clearly 

centered on the 5‐ form. In TMAA + KCl at 70 V the 4‐ becomes the predominant charge state. 

 

 

 

 



S4 
 

 

Figure S5. Collision cross section distribution of 5 µM 23TAG  in 100 mM TMAA + 1mM KCl (red) or 

100 mM NH4OAc (brown and blue). Bias voltage increase from light to dark colors (respectively 18, 25 

and 30 V). Brown colors represent the collision cross section reconstructed from the sum of the G‐

quadruplexes with zero, one and two ammonium cations and blue ones are the collision cross section 

of the G‐quadruplexes with two ammonium ions exclusively. Red colors are the G‐quadruplexes with 

two potassium ions. 
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Figure S6. Mass spectrometry titration of 20 µM TG4T  into 100 mM TMAA doped by KCl. Full scale 

ESI‐MS  are  showed. M  and Q  represent  the monomer  and  quadruplex  species,  respectively.  The 

solutions were prepared with 100 µM  in TG4T single strand for 24 hours before being diluted to 20 

µM. 
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SUPPLEMENTARY MATERIALS AND METHODS 
Electrospray mass spectrometry tuning. 

Equilibrium (ESI-MS) titration experiments were performed in negative ion mode on a LCT Premier mass 
spectrometer (Waters, Manchester, UK). The ESI source voltage was 2.2 kV and the sample cone voltage 
was 200 V. The source temperature was 60 °C. The source pressure was increased to 45 mbar and 
measured using a Center Two probe (Oerlikon Leybold Vacuum, Cologne, Germany). The syringe injection 
flow rate was 200 µL/h.  

The titration experiment on the 21G sequence was also repeated on a Bruker Amazon SL mass 
spectrometer (Bruker, Bremen, Germany) with a spray voltage of 3 kV and an end plate offset of 500 V. 
The desolvation gas temperature was 180 °C. The Smart Parameters Settings (SPS) of the trap were set to 
1573 m/z and the trap was filled for 20 ms. The syringe injection flow rate was 180 µL/h. Mass spectra 
were accumulated for approximately 3 min. 

The kinetics experiments were carried out on an Agilent 6560 IMS-Q-TOF (Agilent Technologies, Santa 
Clara, CA) with a dual ESI source (spray voltage 3.5 kV) in negative ion mode. This instrument allows one 
to monitor the drift time distributions of each m/z range, and this further helps discerning the existence 
of several ensembles in species of a given stoichiometry. The injection syringe flow rate was 180 µL/h. The 
drying gas temperature was 200 °C. The ion mobility cell was filled with helium (Alphagaz 1 grade from Air 
Liquide, H2O <3ppm, CnHm <0.5ppm, O2 <2ppm) and the pumping system was modified using a second 
Triscroll 40 pump (Agilent Technologies) (1). A pressure differential of 0.22 Torr was used in order to 
ensure only helium was present in the drift tube. Ion mobility spectrometry data are recorded 
simultaneously with the mass spectrometry data (2). 

Data integration and non-specific adducts subtraction. A potassium adduct distribution on each DNA peak 
is observed by MS when KCl-containing solutions are injected. Because the detected potassium adduct 
distribution is not the same for each charge state, necessarily part of the binding detected is non-specific 
and happens along the ESI process. It is also possible that a fraction of these adducts come from K+ binding 
to external phosphate groups (3), and these are also not G-quadruplex specific. The goal of signal 
subtraction of non-specific adduct contribution is to deduce the fraction of K+ coming from specific binding 
in-between G-quartets, i.e. K+ specific of G4 structures.  

In order to distinguish potassium ions specifically bound to the G-quadruplex structure, we applied a 
method described by Klassen (4), which  we already applied to G-quadruplexes (5, 6). Supporting 
information Figure S1 shows graphically and mathematically how the adducts are accounted for. In each 
set of KCl concentration, oligonucleotide length and charge state, the non-specific adduct distribution is 
given by the distribution recorded with the same conditions for a non-G-quadruplex forming sequence 
containing the same number of bases and of guanines (abbreviated here 26nonG4, 24nonG4, 23nonG4, 
22nonG4 and 21nonG4, see Supplementary data). The fraction of K+ nonspecifically bound to the G-
quadruplex is low (<1%) and does not influence significantly the K+ concentration available for binding. The 
titrations done for these non-G-quadruplex forming sequences and the normalized integrals for each 
charge state as a function of the KCl concentration are given in Supporting Information Figures S2-S7. Using 
the equations described in the supplementary data, the specific K+ distribution for each sequence in each 
condition is then recalculated. For the titration experiments, the non-specific adducts were taken into 
account on the 3-min summed mass spectra. For the kinetics experiments, the treatment is done on each 
single spectrum (one per 1.1 s), by assuming that the non-specific adducts binding is instantaneous (a time 
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dependent experiment showing that this is the case for 21nonG4 is shown in Supporting Information 
Figure S8). 

Before converting the relative intensities into relative concentrations, we also considered the possibility 
that all complexes may not have the same ESI-MS response. To verify that the response factors are not 
influenced by the KCl concentration and/or by the presence or not of potassium in the complexes, we used 
an internal standard (dT6) as reference (7). Figure S9 shows the relative intensity of the detected 
complexes and dT6. The ratios do not deviate systematically upon titration, and this indicates that the 
response factors are all equal, and that the detected signals are directly proportional to the 
concentrations. To verify that the total signal and the charge state distributions are not affected by the KCl 
concentration we plotted the ratio between the intensity of each charge state divided by the total DNA 
counts (Figure S10). The signal for each charge state remains constant, meaning that each charge state can 
be treated independently. For 26TTA, the change in the distribution is probably due to the larger number 
of non-specific adducts and this translates into larger error bars. The smallest error bars are obtained when 
the equilibrium is reached at low KCl concentrations because at those concentrations the non-specific 
adducts contribution is minor. Overall the cleaning of non-specific adducts gives reproducible recalculated 
abundances from different charge states. Consequently, each charge state can be treated separately, then 
the results of recalculated concentrations of each specific K+ stoichiometry obtained for each charge state 
can be combined and the error bars calculated as the standard deviation of the average value. The same 
procedure was applied to treat the time-dependent experiments, except that only the results obtained on 
the 5- charge state are reported here (the treatment was also done on the 4- charge state with very similar 
results, but larger error due to more numerous nonspecific adducts to subtract).  
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Figure S 1. Schematic representation of the mathematical treatment done to obtain the specific 
K+ distributions (illustrated here with 2 adducts). 

The values 𝑥𝑥 and 𝑦𝑦 depend on the potassium concentration and the strand length. We performed the 
experiments on control sequence for each strand length (21, 22, 23, 24 and 26 bases) at each potassium 
concentration. Each charge state is treated separately. 
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Equations for the 5- charge state (2 nonspecific adducts)  

0𝐾𝐾 = 𝑖𝑖0𝐾𝐾 ∗  (1 + 𝑥𝑥 + 𝑦𝑦) 

1𝐾𝐾 = (𝑖𝑖1𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑥𝑥) ∗ (1 + 𝑥𝑥 + 𝑦𝑦) 

2𝐾𝐾 = (𝑖𝑖2𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑦𝑦 − (𝑖𝑖1𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑥𝑥) ∗ 𝑥𝑥) ∗ (1 + 𝑥𝑥 + 𝑦𝑦) 

3𝐾𝐾 = (𝑖𝑖3𝐾𝐾 − (𝑖𝑖1𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑥𝑥) ∗ 𝑦𝑦 − (𝑖𝑖2𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑦𝑦 − (𝑖𝑖1𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑥𝑥) ∗ 𝑥𝑥) ∗ 𝑥𝑥) ∗ (1 + 𝑥𝑥 + 𝑦𝑦) 

4𝐾𝐾 = (𝑖𝑖4𝐾𝐾 − (𝑖𝑖2𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑦𝑦 − (𝑖𝑖1𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑥𝑥) ∗ 𝑥𝑥) ∗ 𝑦𝑦
− (𝑖𝑖3𝐾𝐾 − (𝑖𝑖1𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑥𝑥) ∗ 𝑦𝑦 − (𝑖𝑖2𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑦𝑦 − (𝑖𝑖1𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑥𝑥) ∗ 𝑥𝑥) ∗ 𝑥𝑥) ∗ 𝑥𝑥)     
∗ (1 + 𝑥𝑥 + 𝑦𝑦) 

5𝐾𝐾 = (𝑖𝑖5𝐾𝐾 − (𝑖𝑖3𝐾𝐾 − (𝑖𝑖1𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑥𝑥) ∗ 𝑦𝑦 − (𝑖𝑖2𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑦𝑦 − (𝑖𝑖1𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑥𝑥) ∗ 𝑥𝑥) ∗ 𝑥𝑥) ∗ 𝑦𝑦
− (𝑖𝑖4𝐾𝐾 − (𝑖𝑖2𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑦𝑦 − (𝑖𝑖1𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑥𝑥) ∗ 𝑥𝑥) ∗ 𝑦𝑦
− (𝑖𝑖3𝐾𝐾 − (𝑖𝑖1𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑥𝑥) ∗ 𝑦𝑦 − (𝑖𝑖2𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑦𝑦 − (𝑖𝑖1𝐾𝐾 − 𝑖𝑖0𝐾𝐾 ∗ 𝑥𝑥) ∗ 𝑥𝑥) ∗ 𝑥𝑥) ∗ 𝑥𝑥) ∗ 𝑥𝑥)
∗ (1 + 𝑥𝑥 + 𝑦𝑦) 

Where 0𝐾𝐾, 1𝐾𝐾, 2𝐾𝐾, 3𝐾𝐾, 4𝐾𝐾 and 5𝐾𝐾 reflect the specific K+ distribution. 𝑥𝑥 and 𝑦𝑦 are the values of the 
normalized integrals of the 1 and 2 non-specific K+.  𝑖𝑖0𝐾𝐾, 𝑖𝑖1𝐾𝐾, 𝑖𝑖2𝐾𝐾, 𝑖𝑖3𝐾𝐾, 𝑖𝑖4𝐾𝐾 and 𝑖𝑖5𝐾𝐾 are the initial integrals 
for the 0, 1, 2, 3, 4 and 5 K+ stoichiometries.  

 

Data processing details for nonspecific adducts subtraction: 

We took into account the following stoichiometries observed for each charge state: from 0 to 3 K for the 
6- charge state, from 0 to 4 K for the 5- charge state and from 0 to 5 K for the 4- charge state for all KCl 
concentrations. After smoothing using Savitzky-Golay method and background subtraction with a 99th 
order polynomial curve directly done using the MassLynx software, the peaks were integrated from -1 to 
+1 m/z for the 6- charge state, from -1.2 to +1.2 for the 5- charge state and from -1.4 to +1.4 for the 4- 
charge state, in order to integrate the full isotope distribution of each peak. The noise was subtracted 
using the area under an m/z range for the “-1 K” stoichiometry for each spectrum. 

Non-G4 forming sequences used as references for the nonspecific adducts subtration 

26nonG4  T2G3ATGCGACAGAGAG2ACG3AT 

24nonG4    TG3ATGCGACAGAGAG2ACG3A 

23nonG4    TG3ATGCGACAGAGAG2ACG3 

22nonG4       G3ATGCGACAGAGAG2ACG3 

21nonG4       G3ATGCGAC   GAGAG2ACG3 
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Circular dichroism spectrophotometer operation. 

CD experiments were carried out on solutions prepared exactly as for ESI-MS. Experiments were run on a 
Jasco J-815 spectrophotometer at 20 °C (unless otherwise mentioned) with a 2 mm path length quartz cell 
(Helma). For the titrations, the scanning speed was 50 nm/min, and the bandwith was 2 nm in the range 
210-350 nm. CD spectra shown are the sum of 3 accumulations. Baselines were determined in the same 
conditions and same cuvette, without DNA. For the kinetic experiments, 100 nm/min scan speed was 
chosen; these parameters allowed the acquisition of 1 scan per 0.8 min. Spectra shown herein were 
smoothed using the LOWESS method and a linear baseline was subtracted using the mean value for each 
scan between 320 and 350 nm. 

The CD response deconvolution, either reconstructed from the titrations or from the kinetics experiments, 
is obtained using the ESI-MS equilibrium constants and rate constants, respectively.  From these 
parameters, the proportion of each species involved in the reaction mechanism can be predicted as a 
function of KCl concentration or of time, respectively. From the known concentrations of each species and 
measured total CD intensity, the response of each species can therefore be calculated. For each 
wavelength, we fitted the data, adjusting the molar ellipticity coefficient of each species according to the 
following equation: 

   

⎝

⎜⎜
⎛

𝐼𝐼0𝑊𝑊𝑊𝑊1

𝐼𝐼1𝑊𝑊𝑊𝑊1

𝐼𝐼2𝑊𝑊𝑊𝑊1

…
𝐼𝐼𝑛𝑛𝑊𝑊𝑊𝑊1⎠

⎟⎟
⎞

= ∆𝜀𝜀𝑥𝑥 ×

⎝

⎜
⎛

𝐶𝐶0𝑥𝑥

𝐶𝐶1𝑥𝑥

𝐶𝐶2𝑥𝑥
…
𝐶𝐶𝑛𝑛𝑥𝑥⎠

⎟
⎞

+ ∆𝜀𝜀𝑦𝑦 ×

⎝

⎜⎜
⎛
𝐶𝐶0
𝑦𝑦

𝐶𝐶1
𝑦𝑦

𝐶𝐶2
𝑦𝑦

…
𝐶𝐶𝑛𝑛
𝑦𝑦⎠

⎟⎟
⎞

+ ⋯               (Eq. S1) 

where I_n^WL is the CD intensity as a function of KCl concentration or time at a given wavelength with n 
the total number of different conditions . ∆𝜀𝜀𝑥𝑥, ∆𝜀𝜀𝑦𝑦,… are the responses of the species x, y,…, and 𝐶𝐶𝑥𝑥, 𝐶𝐶𝑦𝑦,… 
are vector matrices of the concentrations of the species x, y,… as a function of KCl concentration or time. 
Calculating the responses ∆𝜀𝜀𝑥𝑥, ∆𝜀𝜀𝑦𝑦,… as a function of the wavelength (here, at each 5 nm) gives the 
deconvoluted CD spectra, which is reconstructed by linking the dots with a spline curve. The main 
difference between our deconvolution method and singular value decomposition analysis (SVD) (8) is that 
our approach determines first the number of species and their relative concentrations thanks to the 
separate mass spectrometry signals obtained for each stoichiometry, and then the response of each 
species by Eq. 5, whereas SVD determines the number of species and their response altogether. 
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Figure S 2. Mass spectrometry titrations of 2.5 µM dT6, 10 µM 21nonG4 in 100 mM TMAA with 
increasing amount of KCl. Full MS spectra and zooms on the charge states. 
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Figure S 3. Mass spectrometry titrations of 2.5 µM dT6, 10 µM 22nonG4 in 100 mM TMAA with 
increasing amount of KCl. Full MS spectra and zooms on the charge states. 
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Figure S 4. Mass spectrometry titrations of 2.5 µM dT6, 10 µM 23nonG4 in 100 mM TMAA with 
increasing amount of KCl. Full MS spectra and zooms on the charge states. 
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Figure S 5. Mass spectrometry titrations of 2.5 µM dT6, 10 µM 24nonG4 in 100 mM TMAA with 
increasing amount of KCl. Full MS spectra and zooms on the charge states. 
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Figure S 6. Mass spectrometry titrations of 2.5 µM dT6, 10 µM 26nonG4 in 100 mM TMAA with 
increasing amount of KCl. Full MS spectra and zooms on the charge states. 
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Figure S 7. Quantification of adducts on non-G-quadruplex forming sequences. In green, blue, 
orange and yellow the 0, 1, 2 and 3-K+ stoichiometry, respectively. Data were normalized 
according to the 0-K+ stoichiometry. 

 

 

 

 

 

 

Figure S 8. Non-specific adducts on non-G-quadruplex forming sequence 21nonG4 monitored over 
time by MS (1 mM KCl added at t0), normalized according to the 0-K+ stoichiometry, (A) for the 6- 
(B) for the 5- and (C) for the 4- charge state. Non-specific adducts binding is instantaneous. Note 
that the 6- charge state is noisy: the total signal for this charge state is very low. However, the 
mean, represented by the solid line matches very well with the value obtained from the fit (Figure 
S 7). 
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Figure S 9. Evolution of the ratio between the total signal of the G4 forming sequence and the 
internal standard dT6 as a function of the KCl concentration in percentage of deviation around the 
mean for all the sequences. In black the experimental points and in red the mean. For all the 
sequences KCl concentration does not influence the response factors and the standard deviations 
(grey lines) around the means are of about 5% (10% for Pu24). 
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Figure S 10. Evolution of the charge state distribution in function of the KCl concentration. (A-E + 
G-J), the human telomeric sequences and (F) the c-myc Pu24 sequence. In orange the 4- charge 
state, in blue the 5- and in green the 6-. A darker line corresponding to the mean of the points on 
the studied KCl range is also displayed. For all the sequences except 26TTA there is no KCl 
concentration dependence on the charge state distribution. 
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SUPPLEMENTARY RESULTS, Part I: K+ binding equilibria 

 

 

 

Figure S 11. Mass spectrometry titrations of 2.5 µM dT6, 10 µM 24TTG in 100 mM TMAA with 
increasing amount of KCl. Full MS spectra and zooms on the charge states. 
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Figure S 12. Mass spectrometry titrations of 2.5 µM dT6, 10 µM 23TAG in 100 mM TMAA with 
increasing amount of KCl. Full MS spectra and zooms on the charge states. 
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Figure S 13. Mass spectrometry titrations of 2.5 µM dT6, 10 µM 22GT in 100 mM TMAA with 
increasing amount of KCl. Full MS spectra and zooms on the charge states. 
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Figure S 14. Mass spectrometry titrations of 2.5 µM dT6, 10 µM 26TTA in 100 mM TMAA with 
increasing amount of KCl. Full MS spectra and zooms on the charge states. 
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Figure S 15. Mass spectrometry titrations of 2.5 µM dT6, 10 µM 22AG in 100 mM TMAA with 
increasing amount of KCl. Full MS spectra and zooms on the charge states. 
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Figure S 16. Mass spectrometry titrations of 2.5 µM dT6, 10 µM 21G in 100 mM TMAA with 
increasing amount of KCl. Full MS spectra and zooms on the charge states. 

 

 

 
S20 

 



 

 

 

 

Figure S 17. Mass spectrometry titrations of 2.5 µM dT6, 10 µM F21T in 100 mM TMAA with 
increasing amount of KCl. Full MS spectra and zooms on the charge states. 
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Figure S 18. Mass spectrometry titrations of 2.5 µM dT6, 10 µM F26T in 100 mM TMAA with 
increasing amount of KCl. Full MS spectra and zooms on the charge states. NB: for this sequence, 
the observed charge states are different from the 26nonG4 reference. The 7- charge state 
observed here wasn’t taken into consideration for the determination of the KD’s. 
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Figure S 19. Mass spectrometry titrations of 2.5 µM dT6, 10 µM Pu24 in 100 mM TMAA with 
increasing amount of KCl. Full MS spectra and zooms on the charge states. 
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Figure S 20. Mass spectrometry titrations of 2.5 µM dT6, 10 µM 22CTA in 100 mM TMAA with 
increasing amount of KCl. Full MS spectra and zooms on the charge states. 
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Figure S 21. Concentration of the complexes with 0, 1 or 2 potassium in green, blue and orange, 
respectively, in function of KCl concentration from 0 to 1 mM, (A) for 24TTG, (B) for Pu24, (C) for 
22GT, (D) for 22AG, (E) for 23TAG, (F) for 26TTA, (G) for 21G, (H) for 22CTA, (I) for F21T and (J) for 
F26T. The error bars reflect the errors on the treatment of the three charge states. The solid lines 
represent the fitting of the data using an iterative fitting procedure on the chemical equations 
using DynaFit. 
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Figure S 22. Concentration of the complexes with 0, 1 or 2 potassium in green, blue and orange, 
respectively, in function of KCl concentration from 0 to 1 mM for 21G, (A) on the Waters LCT 
Premier mass spectrometer and (B) on the Bruker Amazon mass spectrometer. 
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Figure S 23. Circular dichroism titrations of 10 µM (A) 24TTG, (B) Pu24, (C) 22GT, (D) 22AG, (E) 
23TAG, (F) for 26TTA, (G) for 21G, (H) for 22CTA, (I) for F21T and (J) for F26T. Underlined in colors: 
0 µM KCl in green, 100 µM KCl in blue and 1 mM KCl in orange. 
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Figure S 24. Generated Circular dichroism spectra of 10 µM (A) 24TTG, (B) Pu24, (C) 22GT, (D) 
22AG, (E) 23TAG, (F) for 26TTA, (G) for 21G, (H) for 22CTA, (I) and for F21T in 100 mM obtained 
using the KD’s obtained by MS for the 0, 1 and 2-K+ forms, respectively, in green, blue and orange. 
The abundancies of the 1-K+ complex for 24TTG and Pu24 and of the 2-K+ complex of 22CTA were 
low (Figure S 21). Therefore the response of those species were fixed to 0 in order to reconstruct 
properly the other species. Similarly, the F26T CD spectra were not deconvoluted because it is not 
significantly folded. 
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SUPPLEMENTARY RESULTS, Part II: Kinetics of K+ binding 
 

 

Figure S 25. Concentration of the 22GT complexes with 0, 1 or 2 potassium in green, blue and 
orange, respectively, as a function of the time after adding KCl to reach a final concentration of 
(A) 200 µM, (B) 500 µM and (C) 1 mM KCl. 

 

 

 

Figure S 26. Concentration of the 22AG complexes with 0, 1 or 2 potassium in green, blue and 
orange, respectively, as a function of the time after adding KCl to reach a final concentration of 
(A) 200 µM, (B) 500 µM and (C) 1 mM KCl. 

 

 

 

Figure S 27. Concentration of the 21G complexes with 0, 1 or 2 potassium in green, blue and 
orange, respectively, as a function of the time after adding KCl to reach a final concentration of 
(A) 500 µM and (B) 1 mM KCl. 
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Figure S 28. Concentration of the F21T complexes with 0, 1 or 2 potassium in green, blue and 
orange, respectively, as a function of the time after adding KCl to reach a final concentration of 
(A) 500 µM and (B) 1 mM KCl. 

 

 

 

Figure S 29. Concentration of the 22CTA complexes with 0, 1 or 2 potassium in green, blue and 
orange, respectively, as a function of the time after adding KCl to reach a final concentration of 
(A) 500 µM and (B) 1 mM KCl. 

 

 

 

Figure S 30. Concentration of the 26TTA complexes with 0, 1 or 2 potassium in green, blue and 
orange, respectively, as a function of the time after adding KCl to reach a final concentration of 
(A) 200 µM, (B) 500 µM and (C) 1 mM KCl. 
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Figure S 31. Concentration of the 24TTG complexes with 0, 1 or 2 potassium in green, blue and 
orange, respectively, as a function of the time after adding KCl to reach a final concentration of 
(A) 100 µM, (B) 200 µM, (C) 500 µM and (D) 1 mM KCl. 

 

 

Figure S 32. Concentration of the 23TAG complexes with 0, 1 or 2 potassium in green, blue and 
orange, respectively, as a function of the time after adding KCl to reach a final concentration of 
(A) 100 µM, (B) 200 µM, (C) 500 µM and (D) 1 mM KCl. 

 

 

 

Figure S 33. Concentration of the 24TTG complexes with 0, 1 or 2 potassium in green, blue and 
orange, respectively, as a function of the time after adding KCl to reach a final concentration of 
500 µM. The data obtained on two different MS instruments are identical. 
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Figure S 34.  Mass spectra of 10 µM (A) 24TTG, (B) 23TAG and (C) Pu24 in 100 mM TMAA as a 
function of time after addition of 500 µM KCl.
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Scheme S 1. List of kinetic mechanisms compared, classified in number of species. 
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Table S1. Ranking of the reaction mechanisms for 24TTG. 

model nP AIC w(AIC) 

0x((1-2)|(1x(2|2))) 10 -37648 0.896 

0x(1|2|(1x(2|2))) 10 -37644 0.104 

0x(1|(1x(2|2))) 8 -37311 0 

0x(1|(1x(2|2|2))) 10 -37306 0 

0x(1|2-|(1x(2|2))) 12 -37298 0 

0x((1-2)|(1-2)) 8 -36905 0 

0x(1|2|(1-2)) 8 -36496 0 

0x(1|2|(0x(1|2))) 10 -36352 0 

0x(1|2|2|(1-2)) 10 -33345 0 

0x((2-1-2|(2-1-2)) 12 -33103 0 

0x(((1x(2|2))|2)) 8 -32534 0 

0x(1|1|(0x(2|2))) 10 -32370 0 

0x(1|2|2) 6 -32193 0 

0x(1|1|2|2) 8 -32145 0 

0-2-1-2 6 -31750 0 

0x(2|(1-2)) 6 -31750 0 

0x((1-2)|2|2) 8 -31746 0 

0-0x(1|2) 6 -31482 0 

0x(1|2|(1-2)|(1-2)) 12 -30926 0 

0x(1|2) 4 -28845 0 

0x(1|1|2) 6 -28843 0 

0-1-2 4 -26307 0 
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Figure S 35. Concentration of the 24TTG complexes with 0, 1 or 2 potassium in green, blue and 
orange, respectively, as a function of the time after adding KCl to reach a final concentration of 
(A) 100, (B) 200 µM, (C) 500 µM and (D) 1 mM KCl. The fit displayed on the graphs was obtained 
using the 0-1-2 model. 
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Figure S 36. Concentration of the 24TTG complexes with 0, 1 or 2 potassium in green, blue and 
orange, respectively, as a function of the time after adding KCl to reach a final concentration of 
(A) 100, (B) 200 µM, (C) 500 µM and (D) 1 mM KCl. The fit displayed on the graphs was obtained 
using the 0x(1|2|2) model. 
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Figure S 37. Concentration of the 24TTG complexes with 0, 1 or 2 potassium in green, blue and 
orange, respectively, as a function of the time after adding KCl to reach a final concentration of 
(A) 100, (B) 200 µM, (C) 500 µM and (D) 1 mM KCl. The fit displayed on the graphs was obtained 
using 0x((2-1-2)|(2-1-2)) model. 
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Figure S 38. Top panel, concentration of the 24TTG complexes with 0, 1 or 2 potassium in green, 
blue and orange, respectively, as a function of the time after adding KCl to reach a final 
concentration of (A) 100, (B) 200 µM, (C) 500 µM and (D) 1 mM KCl. The fit displayed on the graphs 
was obtained using the 0x((1-2)|(1-2)) model. Middle panel, simulation of the abundances of the 
species at (E) 100, (F) 200 µM, (G) 500 µM and (H) 1 mM KCl. Bottom panel, reconstructed CD 
spectra of the different species (I) with the 1a species response fixed to 0. 
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Figure S 39. Top panel, concentration of the 24TTG complexes with 0, 1 or 2 potassium in green, 
blue and orange, respectively, as a function of the time after adding KCl to reach a final 
concentration of (A) 100, (B) 200 µM, (C) 500 µM and (D) 1 mM KCl. The fit displayed on the graphs 
was obtained using the 0x((1-2)|(1x(2|2))) model. Middle panel, simulation of the abundances of 
the species at (E) 100, (F) 200 µM, (G) 500 µM and (H) 1 mM KCl. Bottom panel, reconstructed CD 
spectra of the different species (I) with the 1a species response fixed to 0. 
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Figure S 40. Top panel, concentration of the 24TTG complexes with 0, 1 or 2 potassium in green, 
blue and orange, respectively, as a function of the time after adding KCl to reach a final 
concentration of (A) 100, (B) 200 µM, (C) 500 µM and (D) 1 mM KCl. The fit displayed on the graphs 
was obtained using the 0x(1|2|(1x(2|2))) model. Middle panel, simulation of the abundances of 
the species at (E) 100, (F) 200 µM, (G) 500 µM and (H) 1 mM KCl. Bottom panel, reconstructed CD 
spectra of the different species (I) with the 1a species response fixed to 0. 
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Table S 2. Ranking of the reaction mechanisms for 23TAG. 

model nP AIC w(AIC) 

0x((1-2)|(1-2)) 8 -41761 0.658 

0x(1|2|2|(1-2)) 10 -41759 0.273 

0x((1-2)|(1x(2|2))) 10 -41756 0.067 

0x(1|2|(1-2)) 8 -41748 0.001 

0x(1|2|(1-2)|(1-2)) 12 -41738 0 

0x(1|2|(1x(2|2))) 10 -41722 0 

0x(1|2|(0x(1|2))) 10 -41310 0 

0x((2-1-2|(2-1-2)) 12 -39150 0 

0x(1|2-|(1x(2|2))) 12 -38888 0 

0x(1|(1x(2|2))) 8 -38640 0 

0x(1|(1x(2|2|2))) 10 -38622 0 

0x(1|2|2) 6 -37603 0 

0x(1|1|2|2) 8 -37572 0 

0x(((1x(2|2))|2)) 8 -37496 0 

0x(1|1|(0x(2|2))) 10 -37466 0 

0x(2|(1-2)) 6 -37463 0 

0-2-1-2 6 -37463 0 

0x((1-2)|2|2) 8 -37428 0 

0x(1|2) 4 -34958 0 

0-0x(1|2) 6 -34954 0 

0x(1|1|2) 6 -34952 0 

0-1-2 4 -33495 0 
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Figure S 41. Top panel, concentration of the 23TAG complexes with 0, 1 or 2 potassium in green, 
blue and orange, respectively, as a function of the time after adding KCl to reach a final 
concentration of (A) 100, (B) 200 µM, (C) 500 µM and (D) 1 mM KCl. The fit displayed on the graphs 
was obtained using the 0x((1-2)|(1-2)) model. Middle panel, simulation of the abundances of the 
species at (E) 100, (F) 200 µM, (G) 500 µM and (H) 1 mM KCl. Bottom panel, reconstructed CD 
spectra of the different species (I) with the 1a species response fixed to 0. 
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Figure S 42. Top panel, concentration of the 23TAG complexes with 0, 1 or 2 potassium in green, 
blue and orange, respectively, as a function of the time after adding KCl to reach a final 
concentration of (A) 100, (B) 200 µM, (C) 500 µM and (D) 1 mM KCl. The fit displayed on the graphs 
was obtained using the 0x(1|2|2|(1-2)) model. Middle panel, simulation of the abundances of the 
species at (E) 100, (F) 200 µM, (G) 500 µM and (H) 1 mM KCl.  
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Figure S 43. Top panel, concentration of the 23TAG complexes with 0, 1 or 2 potassium in green, 
blue and orange, respectively, as a function of the time after adding KCl to reach a final 
concentration of (A) 100, (B) 200 µM, (C) 500 µM and (D) 1 mM KCl. The fit displayed on the graphs 
was obtained using the 0x((1-2)|(1x(2|2))) model. Middle panel, simulation of the abundances of 
the species at (E) 100, (F) 200 µM, (G) 500 µM and (H) 1 mM KCl.  
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Figure S 44. Top panel, concentration of the 23TAG complexes with 0, 1 or 2 potassium in green, 
blue and orange, respectively, as a function of the time after adding KCl to reach a final 
concentration of (A) 100, (B) 200 µM, (C) 500 µM and (D) 1 mM KCl. The fit displayed on the graphs 
was obtained using the 0x(1|2|(1-2)) model. Middle panel, simulation of the abundances of the 
species at (E) 100, (F) 200 µM, (G) 500 µM and (H) 1 mM KCl.  
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Table S 3. Ranking of the reaction mechanisms for Pu24. 

model nP AIC w(AIC) 

0x((1-2)|(1x(2|2))) 10 -37508 1 

0x(1|2|(1x(2|2))) 10 -37385 0 

0x(1|2|(1-2)|(1-2)) 12 -37163 0 

0x((1-2)|(1-2)) 8 -37128 0 

0x(1|(1x(2|2))) 8 -37065 0 

0x(1|(1x(2|2|2))) 10 -37056 0 

0x(1|2-|(1x(2|2))) 12 -37054 0 

0x(1|2|(1-2)) 8 -36948 0 

0x(1|2|(0x(1|2))) 10 -36869 0 

0x(((1x(2|2))|2)) 8 -29147 0 

0-0x(1|2) 6 -27552 0 

0-1-2 4 -24383 0 

0x(1|1|(0x(2|2))) 10 -16554 0 

0x((2-1-2|(2-1-2)) 12 -15608 0 

0x((1-2)|2|2) 8 -15569 0 

0x(1|2|2) 6 -15554 0 

0-2-1-2 6 -15243 0 

0x(2|(1-2)) 6 -12039 0 

0x(1|2) 4 -11756 0 

0x(1|1|2) 6 -11753 0 

0x(1|1|2|2) 8 -11748 0 

0x(1|2|2|(1-2)) 10 42258.9 0 
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Figure S 45. Top panel, concentration of the Pu24 complexes with 0, 1 or 2 potassium in green, 
blue and orange, respectively, as a function of the time after adding KCl to reach a final 
concentration of (A) 100, (B) 200 µM, (C) 500 µM and (D) 1 mM KCl. The fit displayed on the graphs 
was obtained using the 0x((1-2)|(1x(2|2))) model. Middle panel, simulation of the abundances of 
the species at (E) 100, (F) 200 µM, (G) 500 µM and (H) 1 mM KCl. Bottom panel, reconstructed CD 
spectra of the different species (I) with the 1a species response fixed to 0. 

S47 
 



 

 

Figure S 46. Full scale MS and IMS spectrum of 2.5 µM dT6 and 10 µM 24TTG in 100 mM TMAA + 
1 mM KCl, one hour after KCl addition. 
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Figure S 47. Arrival time distribution as a function of the time (from green (3min) to red (24h) 
through grey) for 24TTG for the 4- charge state for the 2-K stoichiometry (A, C, E and G) and for 
the 1-K stoichiometry (B, D, F, H). (A) and (B) at 100 µM, (C) and (D) at 200 µM, (E) and (F) at 500 
µM and (G) and (H) at 1 mM KCl. 
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Figure S 48. Arrival time distribution as a function of the time (from green (3min) to red (24h) 
through grey) for 24TTG for the 5- charge state for the 2-K stoichiometry (A, C, E and G) and for 
the 1-K stoichiometry (B, D, F, H). (A) and (B) at 100 µM, (C) and (D) at 200 µM, (E) and (F) at 500 
µM and (G) and (H) at 1 mM KCl. 
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Figure S 49. Arrival time distribution as a function of the time (from green (3min) to red (1h) 
through grey) for 23TAG for the 4- charge state for the 2-K stoichiometry (A, C, E and G) and for 
the 1-K stoichiometry (B, D, F, H). (A) and (B) at 100 µM, (C) and (D) at 200 µM, (E) and (F) at 500 
µM and (G) and (H) at 1 mM KCl. 
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Figure S 50. Kinetics at 20 °C monitored by CD of 10 µM 22GT after adding KCl to reach a final 
concentration of (A) 200 µM, (B) 500 µM and (C) 1 mM. Inserts, the CD at the indicated wavelength 
as a function of the time. 

 

 

 

 

 

Figure S 51. Kinetics at 20 °C monitored by CD of 10 µM 22AG after adding KCl to reach a final 
concentration of (A) 200 µM, (B) 500 µM and (C) 1 mM. Inserts, the CD at the indicated wavelength 
as a function of the time. 
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Figure S 52. Kinetics at 20 °C monitored by CD of 10 µM 21G after adding KCl to reach a final 
concentration of (A) 200 µM, (B) 500 µM and (C) 1 mM. Inserts, the CD at the indicated wavelength 
as a function of the time. 

 

 

 

 

 

Figure S 53. Kinetics at 20 °C monitored by CD of 10 µM 26TTA after adding KCl to reach a final 
concentration of (A) 200 µM, (B) 500 µM and (C) 1 mM. Inserts, the CD at the indicated wavelength 
as a function of the time. 
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Figure S 54. Kinetics at 20 °C monitored by CD of 10 µM 24TTG after adding KCl to reach a final 
concentration of (A) 100 µM, (B) 200 µM, (C) 500 µM and (D) 1 mM. Inserts, the CD at the indicated 
wavelength as a function of the time. 

 

 

 

Figure S 55. Kinetics at 37 °C monitored by CD of 10 µM 24TTG after adding KCl to reach a final 
concentration of (A) 1 mM and (B) 25 mM. The first recorded spectrum after the addition of KCl is 
highlighted in black. Inserts, the CD at the indicated wavelength as a function of the time. 
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Figure S 56. Kinetics at 20 °C monitored by CD of 10 µM 23TAG after adding KCl to reach a final 
concentration of (A) 100 µM, (B) 200 µM, (C) 500 µM and (D) 1 mM. Inserts, the CD at the indicated 
wavelength as a function of the time. 

 

 

Figure S 57. Kinetics at 20 °C monitored by CD of 10 µM Pu24 after adding KCl to reach a final 
concentration of (A) 200 µM, (B) 500 µM and (C) 1 mM. Inserts, the CD at the indicated wavelength 
as a function of the time. 
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Figure S 58. Kinetics at 37 °C monitored by CD of 10 µM Pu24 after adding KCl to reach a final 
concentration of (A) 1 mM and (B) 25 mM. The first recorded spectrum after the addition of KCl is 
highlighted in black. The right panels are zooms on the 280-320 nm range. Inserts, the CD at the 
indicated wavelength as a function of the time. Additionally, a kinetic monitored at a single 
wavelength permitted to monitor the appearance and disappearance of the peak at 298 nm. 
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Section 1. Experimental section 

Table S1. List of  the sequences used  in this study and  their structure  in K+ solutions. The structure 

published  and  the  loops  arrangement  (from  5’  to  3’)  are  also  referred  Lat,  Diag  and  Prop  stand 

respectively for Lateral, Diagonal and Propeller loop type. 

Name  Sequence  Structure  Loops type 

h
Te
l 

22GT  (GGGTTA)3GGGT  Antiparallel 2‐quartet5  Lat‐Diag‐Lat 

23TAG  TA(GGGTTA)3GGG  Hybrid6  Prop‐Lat‐Lat 

25TAG  TA(GGGTTA)3GGGTT  Hybrid6  Prop‐Lat‐Lat 

24TTG  TT(GGGTTA)3GGGA  Hybrid7  Prop‐Lat‐Lat 

26TTA  TTA(GGGTTA)3GGGTT  Hybrid8  Lat‐Lat‐Prop 

23AG  A(GGGTTA)3GGGT  Antiparallel 2‐quartet9  Lat‐Diag‐Lat 

22AG  A(GGGTTA)3GGG  Hybrid / Mixture  Mixture 

22CTA  A(GGGCTA)3GGG  Antiparallel 2‐quartet10  Lat‐Lat‐Lat 

c‐
m
yc
 

CMT  TTG GGA GGG TAG GGA GGG T  Parallel11  Prop‐Prop‐Prop 

CMA  TAG GGA GGG TAG GGA GGG T  Parallel11  Prop‐Prop‐Prop 

Pu24  TGA GGG TGG GGA GGG TGG GGA AGG  Parallel12  Prop‐Prop‐Prop 

O
th
er
 G
4
's
 

ckit1  AGG GAG GGC GCT GGG AGG AGG G  Parallel13  Prop‐Prop‐Prop 

26CEB  AAG GGT GGG TGT AAG TGT GGG TGG GT  Parallel ‐ 1 long loop14  Prop‐Prop‐Prop 

[TG4T]4  TGGGGT  Tetramolecular parallel15  No loop 

[G4T4G4]2  GGGG TTTT GGGG 
Bimolecular 

antiparallel16,17 
Diag/Diag 

[G4T3G4]2  GGGG TTT GGGG  Bimolecular antiparallel17  Lat/Lat 

G4(T4G4)3  GGGG (TTTT GGGG)3  Antiparallel 4‐quartet17  Lat‐Diag‐Lat 

HIV‐PRO1  TGG CCT GGG CGG GAC TGG G  Antiparallel 2‐quartet18  Lat‐Lat‐Lat 

TBA  GGT TGG TGT GGT TGG  Antiparallel 2‐quartet19  Lat‐Lat‐Lat 

n
o
n
 

G
4
  ds26  CAA TCG GAT CGA ATT CGA TCC GAT TG  Hairpin  ‐ 

24nonG4  TGG GAT GCG ACA GAG AGG ACG GGA  Single stranded20  ‐ 

 

Oligodeoxynucleotides were purchased  from Eurogentec  (Seraing, Belgium)  in RP‐cartridge purified 

and  lyophilized  form. After solubilisation, the concentration was measured  from the absorbance at 

260  nm  using  the  molar  extinction  coefficients  from  the  IDT  website  using  the  Cavaluzzi‐Borer 

correction.21 The buffer used to fix the ionic strength was trimethylammonium acetate (TMAA, Ultra 

for UPLC, Fluka). TMAA and potassium chloride (KCl, >99.999%, Sigma) were purchased from Sigma‐

Aldrich  (Sant‐Quentin Fallavier, France). Ammonium acetate  (BioUltra  for Molecular Biology, Fluka) 

was also used for comparison. Injected solutions contained 10 µM DNA with either 100 mM TMAA + 

1 mM KCl, or 100 mM NH4OAc. 

A LCT Premier (Waters, Manchester, UK) was used in negative ion mode. The ESI source voltage was 

set  to  2200  V  and  the  cone  voltage  to  200  V.  Because  ammonium  is  easily  released  from  the 

complexes a  lower voltage for the sample cone (70 V) was used for the experiments  in ammonium 
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acetate.  This  value was  adequate  to  keep  intact  the  fragile  dimeric  [G4T4G4]2  G‐quadruplex.  The 

source  temperature was 60  °C and  the pressure was  increased  to 45 mbar and measured using a 

Center Two probe (Oerlikon Leybold Vacuum, Cologne, Germany). The flow rate for the syringe pump 

was  200  µL/h.  Shown MS  spectra  are  the  sum  of  ~200  scans,  smoothed  and  baseline‐subtracted 

using the MassLynx software. 

MS/MS  experiments were performed  on  a Bruker Amazon  SL  (Bremen, Germany).  The  ions were 

trapped with a trap drive voltage of 92 V, maximizing the signal of the 6‐ charge state. We  isolated 

the G‐quadruplex before activation for 70 ms with 1.1 V for the free G‐quadruplex and 1.3V for the 

G‐quadruplex with one and two ligands.  

The CD  samples were prepared  as  for  the MS  experiments.  Experiments were  run  at  20  °C  for  3 

accumulations. CD spectra were normalized to molar circular dichroic absorption (∆ε) based on the 

G‐quadruplex concentration following equation 3: 

∆ε=θ/(32980×C×l) 

Where  θ  is  the ellipticity  in millidegrees, C  is  the G‐quadruplex concentration  (10 µM) and  l  is  the 

optical path length of the cell (0.2 cm). 
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Section 2. Metal complexes synthesis 

 

 

Scheme 1. Representation of the synthesis of the complexes. 

For  Cu‐complexes:22  The  terpyridine  derivative  was  solubilized  in  a  vial  in  a  minimum  of  dry 

dichloromethane. The metal salts previously solubilized  in acetonitrile were added gently dropwise 

on the ligand solution to form two phases. The vial was put at 4 °C in the dark for one day. Crystals 

are  formed  at  the  interphase  corresponding  to  the  desired  product.  The  purifications  were 

performed washing three times with anhydrous acetonitrile, three times with dichloromethane and 

three  times  with  diethyl  ether.  The  salts  were  then  dried  under  vacuum.  Chemical  yields  were 

between 35 and 50%. 

For Zn‐complexes:23 The same procedure as for the Cu‐complexes was used except that the reaction 

was  performed  stirring  under Ar  for  24  hours  and  purified  using  diethyl  ether.  It was  then  dried 

under vacuum overnight. 

For  Pt‐complexes:23  The  suspension  of  Pt(COD)Cl2  in MeOH was  heated  at  50  °C  under  Ar.  One 

equivalent of the terpyridine compound in dichloromethane was added and the mixture was stirred 

under Ar  for 3 hours, protected  from  light. The  solid was centrifuged and washed using EtOH and 

diethyl ether. It was then dried under vacuum overnight. 

For Pd‐complexes:22 The same procedure as for the Cu‐complexes was used except that the reaction 

was  performed  stirring  under  Ar  for  48  hours,  protected  from  light,  and  purified  using 

dimethylformamide, dichloromethane  and diethyl  ether.  It was  then dried under  vacuum  for  two 

days. 
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Figure  S1.  HRMS  of  Cu‐tpy  Cl‐  salt.  A)  full  range  spectrum,  B)  zoom  in  the  dimer,  C)  selected 

experimental spectra and D) theoretical spectra for the indicated formula. 

 

 

 

Figure S2. HRMS of Cu‐tpy NO3
‐ salt. A) full range spectrum, B) selected experimental spectra and C) 

theoretical spectra for the indicated formula. 
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Figure S3. Characterization of Cu‐ttpy Cl‐ salt. A) full range HRMS spectrum, B) zoom in the dimer, C) 

selected experimental spectra and D)  theoretical spectra  for the  indicated  formula. E) X‐ray crystal 

structure of the metal complex. The Cu2+ core  is pentacoordinated: 3 coordinations come  from the 

ttpy and 2 from two Cl‐ anions. 
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Figure  S4. HRMS  of  Cu‐ttpy NO3
‐  salt.  A)  full  range  spectrum,  B)  zoom  in  the  dimer,  C)  selected 

experimental spectra and D) theoretical spectra for the indicated formula. 

 

 

Figure  S5.  HRMS  of  Cu‐Clptp  Cl‐  salt.  A)  full  range  spectrum,  B)  zoom  in  the  dimer,  C)  selected 

experimental spectra and D) theoretical spectra for the indicated formula. 
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Figure  S6.  Characterization  of  Cu‐Clptp  NO3
‐  salt.  A)  full  range  HRMS  spectrum,  B)  selected 

experimental spectra and C) theoretical spectra for the  indicated formula. D) X‐ray crystal structure 

of the metal complex. The Cu2+ core is pentacoordinated: 3 coordinations come from the Clptp and 2 

from two NO3
‐ anions. One of the NO3

‐ can also be replaced by a H2O molecule. 

 

 

Figure S7. HRMS of Zn‐ttpy Cl‐ salt. A) full range spectrum, B) selected experimental spectra and C) 

theoretical spectra for the indicated formula. 
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Figure S8. HRMS of Pd‐ttpy Cl‐ salt. A)  full range spectrum, B) selected experimental spectra and C) 

theoretical spectra for the indicated formula. 

 

 

Figure S9. HRMS of Pt‐ttpy Cl‐ salt. A)  full range spectrum, B) selected experimental spectra and C) 

theoretical spectra for the indicated formula. 
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Figure S10. HRMS of Pt‐Clptp Cl‐ salt. A) full range spectrum, B) selected experimental spectra and C) 

theoretical spectra for the indicated formula. 
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Table S2. Crystal data and structure refinement for Cu‐ttpy and Cu‐Clptp. 

Identification code   Cu‐ttpy Cu‐Clptp 

Empirical formula   C66 H57 Cl6 Cu3 N9 O3 C42 H32 Cl2 Cu2 N10 O14 

Formula weight   1427.53 1098.76 

Temperature   103(2) K 103(2) K 

Wavelength   1.54187 Å 1.54187 Å 

Crystal system   Monoclinic Monoclinic 

Space group   P21/n P21/c 

Unit cell dimensions  a = 10.824(6) Å a= 90°. a = 14.497(5) Å  a= 90°.

  b = 23.346(13) Å b= 101.313(11)°. b = 14.961(5) Å  b= 104.458(12)°.

  c = 24.349(12) Å g = 90°. c = 20.208(7) Å  g = 90°.

Volume  6033(6) Å3 4244(3) Å3 

Z  4 4 

Density (calculated)  1.572 Mg/m3 1.720 Mg/m3 

Absorption coefficient  4.130 mm‐1 3.129 mm‐1 

F(000)  2916 2232 

Crystal size  0.07 x 0.04 x 0.01 mm3 0.03 x 0.01 x 0.01 mm3 

Theta range for data 
collection 

6.39 to 68.25°. 6.33 to 68.25°. 

Index ranges  ‐12<=h<=9, ‐27<=k<=28, ‐29<=l<=29 ‐17<=h<=12, ‐18<=k<=12, ‐19<=l<=24

Reflections collected  41936 23117 

Independent reflections  10912 [R(int) = 0.1234] 7668 [R(int) = 0.0435] 

Completeness to theta = 
68.25° 

98.90% 98.70% 

Absorption correction  Semi‐empirical from equivalents Semi‐empirical from equivalents

Max. and min. 
transmission 

0.9599 and 0.7609 0.9694 and 0.9120 

Refinement method  Full‐matrix least‐squares on F2 Full‐matrix least‐squares on F2

Data / restraints / 
parameters 

10912 / 0 / 796 7668 / 0 / 647 

Goodness‐of‐fit on F2  1.04 1.019 

Final R indices 
[I>2sigma(I)] 

R1 = 0.0661, wR2 = 0.1551 R1 = 0.0315, wR2 = 0.0685

R indices (all data)  R1 = 0.1165, wR2 = 0.1802 R1 = 0.0498, wR2 = 0.0720

Largest diff. peak and 
hole 

1.605 and ‐0.767 e.Å‐3 0.332 and ‐0.328 e.Å‐3 

Summary of Data CCDC  1475809 1475808 
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Section 3. Binding affinities and cooperativity 

 

Figure S11. Evolution of the ratio between the total DNA signal of the 5‐ charge state and the internal 

standard dT6 in function of the ligand concentration in percentage of deviation around the mean for 

(A and D) 22GT, (B and E) Pu24 and (C and F) [G4T4G4]2 with (A to C) Cu‐ttpy and (D to F) Cu‐Clptp. In 

black  the  experimental  points,  in  red  the  mean  and  grey  the  standard  deviation.  There  is  no 

systematic deviation  from  the mean  value  upon  titration,  indicating  that  the  response  factors are 

equal for the different complexes. 
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Figure S12. Top: titration of 10 µM 22GT, Pu24 or [G4T4G4]2 by Cu‐ttpy in 100 mM TMAA + 1 mM KCl. 

Zooms on the 5‐ charge state. Bottom: quantification and fitting. 
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Figure S13. Top: titration of 10 µM 22GT, Pu24 or [G4T4G4]2 by Cu‐Clptp  in 100 mM TMAA + 1 mM 

KCl. Zooms on the 5‐ charge state. Bottom: quantification and fitting. 
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Figure S14. Left, titration of 10 µM 22GT by Cu‐tpy  in 100 mM TMAA + 1 mM KCl. Zooms on the 5‐ 

charge state. Right, quantification and fitting. 
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Figure  S15. MS  spectra  of  23TAG with  1  eq  Cu‐ttpy,  360A,1,2  Phen‐DC3,3  PDS  (pyridostatin)4  and 

TMPyP4, respectively, in 100 mM TMAA + 1 mM KCl. The amount of ligand bound was quantified: Cu‐

ttpy binds the hTel G4 with affinities as good as 360A and Phen‐DC3. 
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Figure S16. MS spectra of 10 µM A) ckit1, B) HIV‐PRO1 and C) TBA in 100 mM TMAA + 1 mM KCl with 

10 µM Cu‐ttpy. The ligand does not bind to TBA and only to the species that do not contain potassium 

for ckit1. On  the other hand  the  fraction of DNA with 1‐K+  is  increased when bound  to  the  ligand, 

which could indicate that G‐quadruplex folding is induced. 
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Figure S17. MS spectra of 10 µM DNA in 100 mM NH4OAc or 100 mM TMAA + 1 mM KCl with 10 µM 

Cu‐Clptp. The results are similar  in both conditions: the binding of this  ligands  is cooperative for the 

human telomeric sequences. 
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Figure S18. Comparison of the cooperativity of binding of different metal complexes on 22GT. ESI‐MS 

of 10 µM 22GT in 100 mM TMAA + 1 mM KCl with 10 µM of ligands.
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Figure S19. MS spectra of 10 µM (A) 22CTA, (B) 23AG and (C) 22AG in 100 mM TMAA + 1 mM KCl with 

10 µM Cu‐ttpy ligand (L). When two ligands are bound the main potassium stoichiometry is 2‐K+. 
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Figure S20. CD of (A) Pu24 and (B) [G4T4G4]2 in presence of increasing amount of Cu‐ttpy ligand.
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Figure S21. Competition experiment: MS spectra of 10 µM 22GT in 100 mM TMAA + 1 mM KCl with 10 

µM  (A) Cu‐ttpy,  (B) Cu‐Clptp and  (C) 10 µM of each  ligand. When  two  ligands are bound  the main 

potassium  stoichiometry  is  2K.  There  is  a  statistical  distribution  of  stoichiometries:  2x  Cuttpy,  2x 

CuClptp and 1+1. The red‐colored peaks can only be attributed to the heterodimer bound to 22GT. 
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Figure  S22. MS/MS  spectra  of  40  µM  (G4T4G4)2  in  100 mM NH4OAc with  60  µM  (A)  Cu‐ttpy.  Top, 

selection  of  [(G4T4G4)2+2/3NH4
+]6‐  and  activation  with  1.1  V,  middle,  selection  of 

[(G4T4G4)2+1L+2/3NH4
+]6‐ and activation with 1.3 V and bottom, selection of [(G4T4G4)2+2L+2/3NH4+]6‐ 

and activation with 1.3 V. 
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Figure  S23. MS/MS  spectra  of  40  µM  (G4T3G4)2  in  100 mM NH4OAc with  60  µM  (A)  Cu‐ttpy.  Top, 

selection  of  [(G4T3G4)2+2/3NH4
+]6‐  and  activation  with  1.1  V,  middle,  selection  of 

[(G4T3G4)2+1L+2/3NH4
+]6‐ and activation with 1.3 V and bottom, selection of [(G4T3G4)2+2L+2/3NH4+]6‐ 

and activation with 1.3 V. 
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Compound  Wavelength (nm)  Epsilon (M‐1 cm‐1) 

360A  260  40 000 

Phen‐DC3  370  62 400 

PDS  227  61 450 

TrisQ  257  70 900 

L2H2  257  46 600 

TMPyP4  424  226 000 

 

Figure S1. Chemical structures of the ligands and molar extinction coefficients. Salts were: 360A iodide salt, Phen‐DC3 

methylsulfonate salt, PDS trifluoroacetate salt, TrisQ bromide salt, L2H2 trifluoroacetate salt and TMPyP4 p‐toluenesulfonate. 
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Figure S2. A‐D, CD spectra at 20 °C of 26TTA, 23TAG, 24TTG and 22GT, respectively, in 100 mM TMAA + 1 mM KCl in red and in 

20 mM K2HPO4/KH2PO4 + 70 mM KCl in purple. E‐H, their respective melting experiments followed by the absorbance at 295 nm. 

Melting temperatures are indicated on the graphs and the difference between the two conditions is referred as well. 

 

 

 

Figure S3. Mass spectra of 5 µM 24TTG in 100 mM TMAA + 1 mM KCl after 3 days incubation without (A) and with 5 µM ligand 

360A (B), Phen‐DC3 (C), PDS (D), TrisQ (E), L2H2 (F) and TMPyP4 (G).  
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Figure S4. Mass spectra of 5 µM 26TTA in 100 mM TMAA + 1 mM KCl after 3 days incubation without (A) and with 5 µM ligand 

360A (B), Phen‐DC3 (C), PDS (D), TrisQ (E), L2H2 (F) and TMPyP4 (G).  
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Figure S5. Mass spectra of 5 µM 23TAG in 100 mM TMAA + 1 mM KCl after 3 days incubation without (A) and with 5 µM ligand 

360A (B), Phen‐DC3 (C), PDS (D), TrisQ (E), L2H2 (F) and TMPyP4 (G).  
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Figure S6. Mass spectra of 5 µM 22GT in 100 mM TMAA + 1 mM KCl after 3 days incubation without (A) and with 5 µM ligand 

360A (B), Phen‐DC3 (C), PDS (D), TrisQ (E), L2H2 (F) and TMPyP4 (G).  
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Figure S7. Mass spectra of 5 µM ds26 hairpin duplex (self‐complementary sequence d(CA2TCG2ATCGA2T2CGATC2GAT2G) ) in 100 

mM TMAA after 3 days incubation without (A) and with 5 µM ligand 360A (B), Phen‐DC3 (C), PDS (D), TrisQ (E), L2H2 (F) and 

TMPyP4 (G).  
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Figure S8. Circular dichroism spectrum of 5 µM 22nonG4 (grey), 23nonG4 (green), 24nonG4 (blue) and 26nonG4 (orange) in 100 

mM TMAA + 1 mM KCl. These sequences are not forming G‐quadruplexes under these conditions. 

 

 

 

Mathematical treatment on the non‐specific adducts. The 22nonG4 sequence was used as a reference 

to obtain  the non‐specific K+ distribution. We used  the method described by Klassen’s group  (Sun,  J., 

Kitova,  E.  N.,  Wang,  W.,  &  Klassen,  J.  S.  (2006).  Analytical  Chemistry,  78(9),  3010–8.)  in  order  to 

distinguish specific from non‐specific adducts. The following procedure has been used: 

1‐ The integrals of the K+ distribution for the non‐G4 forming sequences were obtained  

2‐ They were normalized according to the 0 K+ stoichiometry 

3‐ The values have been used to reconstruct the specific K+ stoichiometry thanks to the following 

formula:  

0 0 0 ∗ 0 ∗               Equation 1	

1 1 0 ∗ 1 0 ∗ ∗ 1 0 ∗ ∗     Equation 2	

2 2 0 ∗ 1 0 ∗ ∗ 2 0 ∗ 1 0 ∗ ∗ ∗
2 0 ∗ 1 0 ∗ ∗ ∗           Equation 3	

3 3 1 0 ∗ ∗ 2 0 ∗ 1 0 ∗ ∗ ∗ 3
1 0 ∗ ∗ 2 0 ∗ 1 0 ∗ ∗ ∗ ∗ 3 1
0 ∗ ∗ 2 0 ∗ 1 0 ∗ ∗ ∗ ∗     Equation 4	

4 4 2 0 ∗ 1 0 ∗ ∗ ∗ 3 1 0 ∗ ∗
2 0 ∗ 1 0 ∗ ∗ ∗ ∗ 4 2 0 ∗ 1
0 ∗ ∗ ∗ 3 1 0 ∗ ∗ 2 0 ∗ 1 0 ∗ ∗
∗ ∗ ∗ 4 2 0 ∗ 1 0 ∗ ∗ ∗ 3 1

0 ∗ ∗ 2 0 ∗ 1 0 ∗ ∗ ∗ ∗ ∗    Equation 5	
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5 5 3 1 0 ∗ ∗ 2 0 ∗ 1 0 ∗ ∗ ∗ ∗
4 2 0 ∗ 1 0 ∗ ∗ ∗ 3 1 0 ∗ ∗
2 0 ∗ 1 0 ∗ ∗ ∗ ∗ ∗ 5 3 1 0 ∗
∗ 2 0 ∗ 1 0 ∗ ∗ ∗ ∗ 4 2 0 ∗
1 0 ∗ ∗ ∗ 3 1 0 ∗ ∗ 2 0 ∗ 1
0 ∗ ∗ ∗ ∗ ∗ ∗ 5 3 1 0 ∗ ∗ 2 0 ∗

1 0 ∗ ∗ ∗ ∗ 4 2 0 ∗ 1 0 ∗ ∗ ∗
3 1 0 ∗ ∗ 2 0 ∗ 1 0 ∗ ∗ ∗ ∗ ∗ ∗  

                      Equation 6 

Where 0 , 1 , 2 , 3 , 4  and 5  reflect the specific K+ distribution.	  and   are the values of the 

normalized integrals of the 1 and 2 non‐specific K+ (See Table S1, below).   0 ,  1 ,  2 ,  3 ,  4  and 

5  are the initial integrals for the 0, 1, 2, 3, 4 and 5 K+ stoichiometries. 

The specific K+ intensity is therfore egal to the total area of the peak for this stoichiometry minus the 

non‐specific adducts of the peaks with lower K+ stoichiometries plus the non‐specific adducts on the 

considered peak. 
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Figure S9. Schematic representation of the mathematical treatment done to obtain the specific K
+
 distributions. 

 

Table S1. Values of the normalized areas for the different control sequences used. 

Name Sequence  I0  I1K+ ( )  I2K+ ( )  I3K+ ( ) 

22nonG4  d(GGGATGCGACAGAGAGGACGGG) 1  0.4521  0.1578  0

23nonG4  d(TGGGATGCGACAGAGAGGACGGG) 1  0.5367  0.2087  0

24nonG4  d(TGGGATGCGACAGAGAGGACGGGA) 1  0.5961  0.3027  0.1459

26nonG4  d(TTGGGATGCGACAGAGAGGACGGGAT) 1  0.7804  0.4476  0.3241
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Figure S10. Reconstructed K
+
 distributions from the 5‐ charge state of 24TTG (Panel 1), 26TTA (Panel 2), 23TAG (Panel 3) and 

22GT (Panel 4) in 100 mM TMAA + 1 mM KCl after 3 days incubation without (A) and with 5 µM ligand TrisQ (B), L2H2 (C), 360A 

(D), Phen‐DC3 (E) and PDS (F). 
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Figure S11. Mass spectra of 5 µM c‐myc in 100 mM TMAA + 1 mM KCl after 3 days incubation without (A) and with 5 µM ligand 

360A (B), Phen‐DC3 (C), PDS (D), TrisQ (E), L2H2 (F) and TMPyP4 (G). Zooms on the 5‐ charge state showing the K
+
 distribution 

for each complexes. 
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Figure S12. Circular dichroism spectrum of 5 µM c‐myc in 100 mM TMAA + 1 mM KCl (A) and in 20 mM KH2PO4/K2HPO4 + 70 mM 

KCl (B) without (Black) and with ligand 360A (Red), Phen‐DC3 (Yellow), PDS (Pink), TrisQ (Blue), L2H2 (Orange) and TMPyP4 

(Purple). All spectra are almost superimposed and indicates no change in c‐myc conformation. 

 

 

 



S14 
 

 

Figure S13. Circular dichroism spectra of 5 µM 26TTA in 100 mM TMAA + 1 mM KCl (A) and in 20 mM KH2PO4/K2HPO4 + 70 mM 

KCl (B) after 3 days without ligand (black) and in the presence of Phen‐DC3 (yellow), 360A (red), PDS (green), L2H2 (orange) and 

TrisQ (blue). 



S15 
 

 

Figure S14. Circular dichroism spectra of 5 µM 23TAG in 100 mM TMAA + 1 mM KCl (A) and in 20 mM KH2PO4/K2HPO4 + 70 mM 

KCl (B) after 3 days without ligand (black) and in the presence of Phen‐DC3 (yellow), 360A (red), PDS (green), L2H2 (orange) and 

TrisQ (blue). 
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Figure S15. Circular dichroism spectra of 5 µM 22GT in 100 mM TMAA + 1 mM KCl (A) and in 20 mM KH2PO4/K2HPO4 + 70 mM 

KCl (B) after 3 days without ligand (black) and in the presence of Phen‐DC3 (yellow), 360A (red), PDS (green), L2H2 (orange) and 

TrisQ (blue). 
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Figure S16. Melting experiment obtained by circular dichroism of 5 µM 24TTG in 100 mM TMAA + 1 mM KCl without and with 

ligand 360A, TrisQ, Phen‐DC3, L2H2 and PDS. Blue curves are the curves at 4 °C, the lowest temperature, and the red ones are at 

the highest temperature, 90 °C. T1/2 is the temperature where half of the maximum signal is lost. 
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Figure S17. Melting experiment obtained by circular dichroism of 5 µM 26TTA in 100 mM TMAA + 1 mM KCl without and with 

ligand 360A, TrisQ, Phen‐DC3, L2H2 and PDS. Blue curves are the curves at 4 °C, the lowest temperature, and the red ones are at 

the highest temperature, 90 °C. T1/2 is the temperature where half of the maximum signal is lost. 
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Figure S18. A, CD spectra of 5 µM 22GT in 100 mM TMAA with no KCl, 200 µM, 1 mM and in 20 mM KH2PO4/K2HPO4 + 70 mM 

KCl (from light to dark, increasing KCl concentration). Mass spectra of 5 µM 22GT in 100 mM TMAA with no KCl (B), 200 µM KCl 

(C) and 1 mM KCl (D). 

 



Etude de G-Quadruplexes par Spectrométrie de Masse: 
Chemins de Repliement et Modes de Liaison de Ligands 

Résumé : Un G-quadruplex (G4) est une structure non-canonique d’acides nucléiques formée par des 
séquences riches en guanines. Certains G4s sont polymorphiques, une même séquence peut former des 
G4s de différentes topologies. Les G4s sont proposés comme régulateurs de processus biologiques car ils 
sont trouvés dans des régions génomiques clés telles que dans des promoteurs de gènes et au niveau des 
télomères. Stabiliser ces G4s par rapport à la forme duplexe est une stratégie proposée pour combattre le 
cancer. Pour ce faire, des ligands spécifiques et affins sont utilisés. Le design de ces ligands implique 
habituellement de larges plans aromatiques, optimisés pour se lier par des interactions π-π sur les G-
quartets extérieurs. Cependant, si ce type d’interaction était le seul mode de liaison, tous les ligands 
auraient des affinités similaires pour tous les G4s.  
Afin de caractériser les structures ciblées et de quelle manière les ligands vont interagir avec celles-ci, nous 
avons utilisé la spectrométrie de masse de type native (MS). 
D’abord, nous avons développé une méthode de préparation d’échantillons en conditions KCl pour former 
les G4s dans des conditions biologiquement pertinentes. Ensuite, nous avons caractérisé les équilibres de 
liaison du K+ aux G4s et caractérisé leur mécanisme de repliement. Ce mécanisme implique la présence 
d’une impasse constituée de G4s antiparallèles à 1- et 2-K+ qui sont formés rapidement. Enfin, nos études 
de liaison de ligands ont montré que certains des ligands les plus affins pouvaient influencer la structure 
des G4s comme observé par le nombre d’ions potassium liés. Les ligands Phen-DC3, 360A et PDS sont 
capables de déplacer les équilibres vers la forme à 1-K+ antiparallèle. La structure antiparallèle à 2-K+ est 
favorisée par la liaison coopérative de deux ligands Cu-ttpy. Ces résultats démontrent l’importance de la 
caractérisation des stœchiométries de complexes ternaires (G4:ligand:K+), obtenue par la spectrométrie de 
masse native.  

Mots clés : Spectrométrie de masse, G-quadruplexe, potassium, mécanisme de repliement, mode de liaison, ligand 

Mass Spectrometry Study of G-Quadruplex Nucleic Acids: 
Folding Pathways and Ligand Binding Modes 

Abstract: A G-quadruplex (G4) is a non-canonical nucleic acids structure formed by guanine-rich 
sequences. Some G4s are polymorphic, a given sequence can form G4s of different topologies. G4s are 
proposed to be biological regulators because they are found in key regions of the genome, for example, in 
gene promoters or at the telomeres. Stabilizing G4s formed in those regions as compared to the duplex 
form is a strategy to fight cancer. To do so, specific and affine ligands are used. Ligand design usually 
implies the optimization of large aromatic planes to π-π stack on external G-quartets. However, if this was 
the only binding mode, all ligands would bind with similar affinities to all G4s.  
To characterize which structures should be targeted and how the ligands interact with these structures, we 
used native mass spectrometry (MS). 
First, we developed a MS-compatible sample preparation method in KCl conditions in which G4s are folded 
with similar topologies as compared to those obtained in biologically relevant conditions. Then, we 
characterized the K+ binding equilibria and G4s folding pathways. This folding pathway involves the 
presence of a dead-end constituted by antiparallel G4s with either 1- or 2-K+ cations that are folded first. 
Finally, our ligand binding studies showed that some of the most affine ligands can influence G4’s 
structures, as probed by the number of K+ ions bound. Ligands Phen-DC3, 360A and PDS are able to shift 
the equilibria towards the 1-K+ antiparallel G4s. The formation of antiparallel with 2-K+ complexes is induced 
by the cooperative binding of two Cu-ttpy ligands. Our results demonstrate the importance to characterize 
ternary complex stoichiometries (G4:ligand:K+) as obtained from native mass spectrometry. 

Keywords: Mass spectrometry, G-quadruplex, potassium, folding pathway, binding mode, ligand 
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