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G-quadruplexes are guanine-rich nucleic acids that fold by forming successive quartets of guanines (the G-tetrads), stabilized by intra-quartet hydrogen bonds, inter-quartet stacking, and cation coordination. This specific although highly polymorphic type of secondary structure deviates significantly from the classical B-DNA duplex. G-quadruplexes are detectable in human cells and are strongly suspected to be involved in a number of biological processes at the DNA and RNA levels. The vast structural polymorphism exhibited by G-quadruplexes, together with their putative biological relevance, makes them attractive therapeutic targets compared to canonical duplex DNA. This chapter focuses on the essential and specific coordination of alkali metal cations by G-quadruplex nucleic acids, and most notably on studies highlighting cation-dependent dissimilarities in their stability, structure, formation, and interconversion. Section 1 surveys G-quadruplex structures and their interactions with alkali metal ions while section 2 presents analytical methods used to study G-quadruplexes. The influence of alkali cations on the stability, structure, and kinetics of formation of G-quadruplex structures of quadruplexes will be discussed in sections 3 and 4. Section 5 focuses on the cation-induced interconversion of G-quadruplex structures. In sections 3 to 5, we will particularly emphasize the comparisons between cations, most often K + and Na + because of their prevalence in the literature and in cells.

1 Introduction: G-Quadruplex nucleic acids G-quadruplexes (G4) encompass guanine-rich nucleic acids that fold by forming successive quartets of guanines (also called G-tetrads), stabilized by intra-quartet hydrogen bonds (Fig. 1A), inter-quartet stacking, and cation coordination (Fig. 1B). This specific although highly polymorphic type of secondary structure deviates significantly from the classical B-DNA duplex [1][START_REF] Neidle | Quadruplex Nucleic Acids[END_REF][START_REF]Quadruplex Nucleic Acids[END_REF]. Such G-rich sequences are found in telomeres, and at a statistically remarkable frequency in other part of the genome, notably in promoters [START_REF] Huppert | [END_REF][5][6]. G-quadruplexes are detectable in human cells and are strongly suspected to be involved in a number of biological processes at the DNA and RNA levels [7][8][9][10][11][12][13][14][15]. The vast structural polymorphism exhibited by G-quadruplexes (see section 1.1), together with their putative biological relevance, makes them attractive therapeutic targets compared to canonical duplex DNA [16][17][18][START_REF] Parkinson | Guanine Quartets: Structure and Application[END_REF][START_REF] Patel | [END_REF]. A very largeand exponentially increasing -number of studies have consequently been dedicated to Gquadruplexes involved in telomeric sequences, oncogenes, 5'-untranslated regions (5'-UTRs) to cite the most common [21]. Most studies so far involve potassium or sodium cations because of their prevalence in human cells, but a number of other monovalent and divalent cations promote quadruplex formation (vide infra). However, among alkali metals, only potassium, sodium and rubidium are truly effective at stabilizing G4s. This chapter focuses on the essential and specific coordination of alkali metal cations by Gquadruplex nucleic acids, and most notably on studies highlighting cation-dependent dissimilarities. Section 1 surveys G-quadruplex structures and their interactions with alkali metal ions while section 2 presents analytical methods used to study G-quadruplexes. The influence of alkali cations on the stability, structure, and kinetics of formation of Gquadruplex structures of quadruplexes will be discussed in sections 3 and 4. Section 5 focuses on the cation-induced interconversion of G-quadruplex structures. In sections 3 to 5, we will particularly emphasize the comparisons between cations, most often K + and Na + because of their prevalence in the literature and in cells.

Overview of Structure

The core structure of all G-quadruplexes is constituted by the stacking of at least two Gtetrads (or G-quartets), each formed by the quasi co-planar association of four guanines linked by a network of eight hydrogen bonds (Figure 1A,B). The guanines forming the tetrads coordinate some mono-or divalent cations in their center (referred to as central stem), typically K + and Na + , via their oxygen O6. The single-strand sections linking the guanines tracts are called loops, and can adopt a variety of geometries (Figure 1C): lateral (or edgewise), diagonal, and double chain reversal (or propeller). Furthermore, the four guanine tracts can be oriented (regarding their 5' to 3' polarity) into four different topologies: parallel (the four strands share the same polarity), antiparallel (two strands in a way, the two other in the opposite way; these pairs may correspond to two adjacent or diagonally-opposed strands, resulting in very different geometries), or hybrid (three strands sharing the same polarity, and the last one the opposite) [22,23].

Figure 1 (A) Guanine tetrads contain four guanines linked by eight hydrogen bonds (donor and acceptor groups in blue and green, respectively). Guanine O6 selectively coordinate a metal cation (red). (B) Tetrads can stack to form G-quadruplexes. Cations of larger ionic radii are located between the tetrads (case of K + ; blue), while smaller ones can also coordinate within the plane of the tetrads, or assume an intermediate position (case of Na + ; green). (C) Gquadruplexes can fold into a variety of topology, that differ mainly by the relative orientation and number of strands (1 to 4), the number of tetrads (at least 2), and the geometry of the loops.

In antiparallel topologies, the strands sharing the same direction can be diagonally opposed or adjacent. This distinguishes 'chair'-type G-quadruplexes (three lateral loops, e.g. the thrombin binding aptamer [24]) and 'basket'-type G-quadruplexes (lateral-diagonal-lateral loops, e.g. the human telomeric sequence d[AG3(T2AG3)3] in Na + conditions [25]; Figure 2, 143D) [25][26][27][28][29][30][31][32]. Intramolecular parallel structures (three double-chain reversal loops) are sometimes referred to as 'propeller' topologies (e.g., the crystal structure of d[AG3(T2AG3)3] in K + conditions [26], Fig. 2,1KF1).

Figure 2 Examples of human telomeric G-quadruplex structures deposited in the PDB that were solved by NMR or X-ray crystallography: 143D [25], 1KF1 [26], 2GKU [27], 2YH9 [28], 2JSM and 2JSL [29], 2JPZ [30], 2KF8 [31], and 2KKA [32]. Guanosines are depicted in brown, inosine in yellow, adenosines in blue, thymidines in green, the phosphate backbones as white ribbons, and K + as purple spheres where available. All structures except 143D (Na + ) were solved in K + conditions.

The glycosidic bond angle of guanines involved in tetrads can adopt an anti or syn geometry depending on the relative strand orientation: parallel topologies contain almost exclusively anti guanines (for exceptions, see [33][34][35]), whereas a mixture of syn and anti is observed for antiparallel and hybrid structures [36]. Consequently, parallel G-quadruplexes generally contain anti/anti stacks (syn/syn is not favored; see section 1.2), antiparallel ones have anti/syn and syn/anti, and hybrid ones can have all of the above.

Furthermore, G-quadruplexes may be formed by the folding of a single strand or the association of two to four strands, and some sequences have a tendency to oligomerize [37][38][39]. One should therefore not confuse the term "quadruplex" or "G-quadruplex" (designating any structure containing stacked guanine taetrads) with the strand molecularity (for which we will adopt the nomenclature "intramolecular", "bimolecular", "trimolecular" [40], and "tetramolecular").

Finally, a number of uncommon features have been observed, such as strand bulges and snapbacks [41][42][43], base-pairing in loops [44], alternative tetrads [45], and other stacked planar entities (triads, pentads, hexads, heptads, and octads) [31,[46][47][48][49][50][51][52]. The combination of different loop geometries, strand orientations, and molecularities, implies that G-quadruplexes display an important polymorphism. It has been reported that there is a theoretical number of 26 possible G-quadruplex topologies, not taking into account unexpected folds (e.g. isolated guanines involved in tetrads [53]), but only a few of them (six) have been observed in vitro [22,23], possibly meaning that some are energetically disfavored, thermodynamically or kinetically. A number of insightful review articles and books cover the G-quadruplex structures published so far [START_REF]Quadruplex Nucleic Acids[END_REF]12,36,[54][55][56][57][58][START_REF]Guanine Quartets: Structure and Application[END_REF].

Stabilizing Interactions

The factors contributing to the stabilization of G-quadruplexes and yielding a particular folding topology or mixture of topologies are: stacking interactions, hydrogen bonding, solvation, and cation binding. Cation effects on G-quadruplexes differ significantly from those on duplexes (see chapter 6). Cation coordination is indeed absolutely required to form G-quadruplexes, to stabilize the G-tetrad stacks. Moreover, sufficient ionic strength is required to compensate electrostatic repulsion between the phosphate oxygens of four strands in G-quadruplexes, instead of two for duplexes (loops may be considered as unfolded single strands depending on the structure).

The total free energy can be decomposed in a number of free energy contributions (e.g. Coulombic forces, hydrogen bonding, hydration, van der Waals terms), which can themselves be decomposed in entropic and enthalpic contributions. Analysis of G-quadruplex melting and calorimetric data revealed that G-quadruplex formation is enthalpically driven [START_REF] Alberti | [END_REF]61]. This results from a more negative (favorable) enthalpy of tetrad formation, only partially compensated by more negative (less favorable) entropies of tetrad formation. Below are presented some key elements to understand G-quadruplex stabilization, and cation coordination per se is explored in the section 1.3. An excellent review discussing in details the stability of G-quadruplexes has been published by Lane et al. [62].

Stacking

Similarly to other nucleic acid secondary structures, G-quadruplex stabilization relies in part on  stacking of aromatic bases, and more precisely of guanine from consecutive tetrads. Molecular mechanics simulations have predicted the relative stability order among guanine stacks to be (from 5' to 3'): syn/anti > anti/anti > anti/syn > syn/syn [63]. This is not fully consistent with the structures solved so far as it does not explain the parallel orientation of the strands in tetramolecular assemblies, possibly because of force-field biases. Quantum mechanical (QM) dispersion-corrected density functional theory (DFT-D3) calculations on stacking of two tetrads, containing one K + cation gave a more consistent picture with the structures solved so far: anti/anti > syn/anti > anti/syn > syn/syn (E vs anti/anti = 1.2, 3.5 and 7.8 kcal.mol -1 , respectively) [64]. It was also suggested in the same study that 5'-terminal H-bonds present a stabilizing effect on 5'-terminal syn guanines.

Ultimately, the topology of a G-quadruplex depends on its precise sequence, which can provide additional stabilizing interactions (see below), and on buffer conditions (cations, cosolvents). Because the stacking interactions likely account for a large part of the net energetic gain, increasing the number of quartets is energetically favorable. The number of consecutive tetrads is typically equal to the length of the guanine tracts, although exceptions have been observed. For instance, the 22 mer of the human telomeric sequence d[(G3T2A)3G3T) (PBD ID: 2KF8) contains four tracts of three guanines, but folds predominantly in a two-tetrad Gquadruplex (Figure 2) [31].

The formation of higher-order G-quadruplex structures (usually dimers) via the stacking of external tetrads of monomer units also provides additional stabilization. Almost all published dimer structures exhibits a 5'-5' interface [65], although 3'-3' stacking remains possible [66,67]. QM and 100-ns MD simulations suggest that while 5'-5' interface readily stack in a favorable manner (60-65° rotation), the 3'-3' interface cannot reach the same type of geometry because of guanine-sugar clashes and therefore yields less favorable stacks (45° or 30° rotations, E vs 5'-5' = 4 and 10 kcal.mol -1 , respectively) [65].

Stacking of other nucleotides (non-tetrad bases) might also contribute to the overall stabilization of the G-quadruplex [31,68]. For instance, in the aforementioned two-tetrad Gquadruplex 2KF8, loop nucleotides provide G•G•G and A•G•G triads, which stack on both tetrads [31]. Alternative planar entities have been identified, such as G•C•G•C tetrads [45], as well as the larger pentads [46,47], hexads [48][49][50], heptads [51] and octads [52] that provide additional hydrogen bonds. Finally, formation of base pairs is also possible [69]. Searle et al. have described a bimolecular G-quadruplex whose two loops form mini-hairpin motifs [44]. The above mentioned 2KF8 structure involves mismatched T•T base pairs [31]. Base-pairing can mediate the formation of stacked G-quadruplex dimers, as observed by NMR for the c-kit2 sequence that exhibits an A•A base pair at the interface [70].

Hydrogen bonding

Hydrogen bonding is another stabilization element found in biomacromolecules, and in particular between bases in nucleic acids, typically interacting through two (A•T/U) or three (G•C) H-bonds. In such Watson-Crick base pairing, the stability of H-bonds is linked to donor-acceptor orbital interactions and polarization of the  system by partially neutralizing the charges in the -electrons system. In G-quadruplex nucleic acids, there is a network of (C2)NH2:N7 and O6:N1H hydrogen bonds. As acceptor and donor groups are likely hydrogen-bonding to water for unfolded/unassociated strands, there is only a small enthalpy change, but the release of water molecules to the bulk medium may induce an entropy gain [62].

A combination of high-resolution variable-temperature STM and DFT calculations suggested that the stabilization of a tetrad induced by the network of eight hydrogen bonds is higher than the sum of four individual G•G pairs [71]. This cooperativity was first ascribed to  assistance, however, DFT-D calculations by Fonseca-Guerra et al. suggested that the cooperativity in guanine tetrads more likely arises from the charge separation that is associated to charge transfer between pairs of guanine, i.e. donor-acceptor orbital interactions in the -electron system [72]. This results in an interruption of the -electron system, and an enhancement of both the positive charges on the H atoms of H-bond donor groups and negative charges of N and O atoms of acceptor groups. In the same study, it was evidenced that in aqueous solution, the hydrogen bond energy is significantly diminished as compared to the gas phase (-34 vs -80 kcal/mol). Compared to solvation, stacking of three tetrads (in water) has a weak favorable (-2 kcal/mol) effect on the cooperativity. However, introduction of two Na + cations in this system entirely restores the stability observed in the gas phase, although it weakens the hydrogens bonds as compared to the system without cation.

Alkali Metal Ion Coordination in G-Quartets

Cation preference

Pinnavaia and co-workers' pioneering work on 5'-GMP provided the first indication of the formation of anionic cavities in G-quadruplex-type structures that can selectively complex cations small enough to fit, but large enough to bridge the carbonyl oxygens [73], analogously to the binding of metal alkali to crown ethers [74]. This led the authors to propose the complexation of Na + in the plane of tetrads, while potassium would fit in the interplanar spacing and be classically octa-coordinated. Follow-up studies [75,76] expanded the scope to four-stranded poly(G) strands [77], helical poly(I) structures including the binding of ammonium [78][79][80].

A seminal report by Blackburn et al. suggested the existence of "G•G base pairs" in the telomeric sequence of several organisms [81]. Following these findings, Williamson, Raghuraman and Cech proposed a model for telomeric sequences where they formally described the G-quadruplex structure for the first time [82]. The studies conducted on Oxytricha and Tetrahymena telomeric sequences provided the first hints regarding the critical importance of monovalent cations for G-quadruplex formation, stoichiometry, and stability. It was postulated that Li + is too small to bind in the center of G-quadruplex tetrad, whereas Na + fits perfectly, and larger ions such as K + and Cs + bind in the interplane cavity [82]. It is now widely accepted that cation coordination is essential for the stabilization of G-quadruplexes. By compiling a number of studies, one can estimate that G-quadruplex stabilization follows the general trend: Sr 2+ > K + > Ca 2+ > NH4 + , Na + , Rb + > Mg 2+ > Li + ≥ Cs + (alkali cations in bold) [83][84][85].

Although the bulkiness of these cations is certainly critical for binding within a G4 cavity, and is historically presented as the main explanation for the cation-dependent stability differences (vide supra), other factors play an important role in the stabilization of the complexes [86][87][88][89]. Cation binding to G-quadruplexes can be classified as non-specific (diffuse [90]), where the cations retaining their outer-sphere hydration bind the negatively charged phosphates, or specific (site-bound) by coordination to the guanine O6, where the hydration sphere has been lost and the binding follow the law of mass action (Figure 3). For instance, Gray and Chaires have determined that, at concentration of K + above 2.5 mM, d[AG3(T2AG3)3] attracts up to 6-8 more cations than the predicted two specific binding sites [91]. The binding of these non-specific cations to the negatively charged phosphate backbone reduces the electrostatic repulsions and thus also promotes folding. Note that external coordination to G-quadruplex is not necessarily diffuse: specific external coordination to loops has been suggested for Tb 3+ on the basis of CD and luminescence data [92]. Notably, cations coordinated between the top G-quartet and the loop are often detected in the density maps provided by X-ray crystallography (see section 1.3.3). By comparing K + binding to the 22-mer G-quadruplex d[AG3(T2AG3)3] with the binding to the unfolded d[T22], it was suggested that the G-quadruplex may specifically bind up to five cations on external sites [91]. However, the use of a control oligonucleotide with such a different sequence and different structure (random coil vs globular) may not mimic properly the diffuse binding of the G-quadruplex.

Figure 3

Multiple equilibria involved in cation coordination and G-quadruplex folding. Each cation can either bind to a preformed G-quadruplex (K1 then K2), or bind to the random coil that subsequently fold in a G-quadruplex (K4 then K3). The folded species on the right shows the differences between specific and unspecific binding as well as other stabilizing (stacking) and destabilizing (phosphate repulsions) factors.

Cation binding energetics

In specific coordination to the tetrads, the cations are involved in electrostatic and donoracceptor orbital interactions with the lone pairs of guanine O6, yielding tight M + O coordination bonds [72]. Stabilization is also provided by a screening of electronic repulsion of these O6 lone pairs [93]. In solution, potassium is typically hexa-hydrated, and hence the coordination per se by guanine O6 instead of water molecules shall not provide a large enthalpy change. Alkali cations specifically bind within the electronegative cavity formed by the O6 of tetrad guanines in distinct fashions.

As with crown ethers, sodium and potassium bind G-quadruplexes with different affinities, although other factors than the cation radii account for it. The difference in free energies is estimated to be around 2±0.5 kcal.mol -1 [88,[94][95][96][97]. The thrombin binding aptamer sequence (TBA; d(G2T2G2TGTG2T2G2)), which contain only two tetrads binds a single cation, with a folding constant Kfold measured by monitoring the folding by spectroscopic means of 1.3 x 10 7 and 5.5 x 10 5 M -1 at 10 °C for K + and Na + , respectively [98], or an association constant Ka of 2 x 10 5 M -1 for K + , determined by mass spectrometry [99]. Specific ion binding has been described thermodynamically by Lane et al. by multiple equilibrium involving the folded and unfolded G-quadruplex as shown in Figure 3 [62].

Cation coordination to G-quadruplexes is typically accompanied by G-quadruplex folding that brings further stabilization, which is not experimentally distinguishable except in molecular modeling studies (see section 2.1). Regarding the equilibrium constants defined in Figure 3, in most cases the K1 value is large, and the apparent dissociation constant is K1K2 (exclusive binding mechanism) [95]. When the solution is devoid of alkali cation, the fraction of folded strand is presumably small. Cation binding to the unfolded strand is also small, and thus an important stabilization is attributed to specific cation binding (K2/K4 ratio) [62]. The analogy with alkali cations binding to crown ethers is noteworthy. In aqueous solutions, the crown ether 18-crown-6 binds K + and Na + with log K ≈ 2 and 0.7, respectively, and complexation enthalpy rH° of -6 and -2 kcal.mol -1 , at 37 °C, including the desolvation and structural change energies [74,[100][101][102]. Comparatively, the net G at 37 °C of three-tetrad G-quadruplex formation has been estimated to 5-10 kcal.mol -1 , which supports the idea that the energy of potassium binding and of subsequent conformation changes accounts for most of the stabilization [62,91]. For instance, the 22-mer of the human telomeric sequence d[AG3(T2AG3)3] has an overall -2.4 kcal.mol -1 folding free energy, while in 5 mM potassium, K + contributes to roughly -4.9 kcal.mol -1 [91]. This is also consistent with the unfolded state being largely populated in absence of cation (Figure 3,left). Consequently, binding of potassium or sodium is likely fast and cooperative, whereas the subsequent structural change is quasi irreversible with a net binding energy of around 5 kcal.mol -1 . This is the case of the human telomeric sequence for instance [95].

The apparent binding of Na + and K + to human telomeric sequences is very cooperative and lies within 5-15 and 0.5-2 mM, respectively [94,95,103]. Comparatively, Na + forms 1:1 complexes with isolated 5'-GMP with a Ka of 2.85 M -1 at 5 °C [104]. Feigon et al., and Leszczynski et al., have shown that the free energy of hydration of specific cations can explain the stability difference observed between Na + and K + solutions, the dehydration of the former inducing a greater energetic cost [88,105]. Indeed, unlike diffusely bound cations, tetrad-bound cations lose their whole hydration sphere [106]. The energetics of cation binding to G4s can be decomposed into a positive free energy of dehydration and a negative free energy of coordination per se. Na + gives favorable coordination energy of coordination, as shown by NMR [88,107], but its binding is penalized by its stronger hydration as compared to K + . Meyer et al. have also observed by DFT calculations that solvation effects explain the favorable coordination to K + , and shown that the cation coordination contribution accounts for 50% of the total interaction energy of a two-tetrad construct [108]. Hydration energy of alkali cations is usually presented as being inversely proportional to their ionic radii. K + systematically presents the best compromise, and stabilizes G4s more than Na + and Rb + (other alkali cations provide very weak to no stabilization). However, the extent to which it does so depends hugely on the studied sequence, and in particular, on the sequence's ability to adopt different structures in presence of different cations (see section 3.2) [85,89,94,[109][110][111][112][113][114][115][116][117][118][119].

Cation location

It is often stated that Na + is small enough (0.95 Å) to fit in the plane of a quartet, while any cation larger than that, such as K + (1.33 Å) or Rb + (1.52 Å), are coordinated between two planes. In reality, there is a continuum of possible binding sites resulting from (i) the abovementioned cation lone pair attraction, (ii) the presence of additional cation coordination sites (e.g. loops, dimer interface), and (iii) cation-cation repulsion. Indeed, when more than one cation is bound by the G4, the cations' mutual repulsion also influences their precise locations and the fine structure of the G-quadruplex. Phillips et al. showed crystals of [d(TG4T)]4 coordinated to Na + and Ca 2+ that provides a nice illustration of this phenomenon for Na + [120] (Figure 4A,B,C) [120,121]. The G-quadruplex is arranged in a head-to-head dimer with eight consecutive tetrads. Out of the seven bound sodium cations, only the two outer ones lie in the G-tetrad's plane, in a four-coordinate fashion, completed by the binding of water molecules. The 5 other sodium cations are equally spaced between the two other ones, and adopt intermediate coordination positions in a continuum ending at the central cation that is sandwiched exactly halfway between two tetrads, with a bipyramidal geometry similar to the one usually adopted by K + . As a result, the average distance between Na + cations (4.2 Å for outer cations, 3.6 Å for internal cations) is higher than the distance between G-tetrads. A slight distortion of the external quartets is also observed in this crystal, putatively allowing the inter-cation distance to increase. One should note however, that crystal packing forces might account for the position of the cations, which therefore could not reflect the reality of solution-based G-quadruplexes. Creze et al. obtained a similar dimeric structure with Na + being coordinated increasingly more within the tetrad planes when going towards the extremities of the Gquadruplex (dNa + -Na + = 3.4-4.7 Å), with water molecules capping at the external tetrads (dNa + -H2O = 2.4-2.5 Å) [122]. Crystallization was carried out from a sodium solution of quadruplex using lithium sulfate as a precipitating agent. A single Li + ion was observed in a groove, and none of them in the central stem.

Incidentally, in the first reported crystal structure of a small molecule (daunomycin) bound to a G-quadruplex, the Na + cations are all coordinated in the plane of the tetrads [123]. The tetramolecular [d(TG4T)]4 G-quadruplex is also observed as a dimer, with two daunomycin molecules at the interface between the individual tetramers, which might also be linked to the difference of sodium positioning. In a more recent report on the high-resolution crystal of the dimeric [d(TG4T)]4/daunomycin complex employing syn glycosyl linkages, Na + cations are not in the plane of the tetrads, but rather sandwiched in various fashions [124]. Notably, the Na + closer to the 5'-interface lies almost midway between two tetrads, with a square prism geometry, due to the syn glycosyl orientation of the first guanine residue. Interestingly, Na + also occupies a site at a daunomycin-daunomycin interface.

Conversely, in the crystal structure of the intertwined dimeric quadruplex formed by the B-raf sequence d(G3CG4AG5A2G3A) (PDB ID: 4H29), the six potassium cations are all observed in-between the tetrads, in a quasi linear arrangement, and are equidistant from each other (dK + -K + = 3.44 ± 0.09 Å) (Figure 4D,E,F) [121].

The differences in location of sodium and potassium cations has been extensively investigated by NMR and X-Ray crystallography for the telomeric sequence from Oxytricha Nova d(G4T4G4), forming an antiparallel bimolecular G-quadruplexes, where the thymines form two diagonal loops (Figure 5) [96,107,[125][126][127][128]. The crystal structures 1JPQ and 1JRN exhibits five equidistant K + cations, spaced by 3.4 Å on average, three being sandwiched between the tetrads and the two other coordinated between the external quartets and within the loops [128]. The K + -K + distance is the same that has been measured for the human telomeric sequence [26]. Similar results were observed with Tl + cations, which have a similar radius than K + (5 bound cations with a 3.6 Å spacing; average RMSD = 0.26 Å) [129]. Conversely, only four Na + cations are coordinated, the binding sites in the loops being empty (PDB ID 1JB7) [127]. Sodium cations are coordinated in the planes of the central tetrads while the external cations are bound slightly outer of the tetrads, towards the loops, and are coordinated by the thymines O2. This partial loop coordination leads to a distribution of Na + location that differs from [d(TG4T)]4, but here too the distance between sodium cations is higher than the distance between tetrads. Overall, K + cations are specifically coordinated in between tetrads, in a nearly octahedral way, or alternatively within loops above tetrads, satisfying the usual hexacoordinate stereochemistry of these cations. Positioning of bases outside of the plane of the tetrad may be necessary to comply with this geometry, to an extent balanced by stacking and hydrogen bonding energies. Smaller Na + cations can be coordinated within the plane of tetrads, and can occupy a range of positions owing to lower steric constraints, hence reducing the electrostatic repulsions. K + is bound with higher affinity than Na + and Rb + , while Li + and Cs + are poorly coordinated by G-quadruplexes. Although the cationic radius certainly accounts for these differences, the energy of hydration has been demonstrated to be the cause of the energetic preference for K + vs Na + .

All these examples highlight that the stability of G-quadruplexes is massively driven by cation binding and the resulting structural (re-)organization, rather than by other weak interactions.

2 Methods to study G-quadruplex nucleic acids

Folding Topology

A number of high-and low-resolution analytical methods are used to determine the topology of G-quadruplexes [130], and some are presented hereafter. NMR spectroscopy, X-ray crystallography, and molecular modeling give access to atomic-scale structure information [36,[131][132][133][134], and have revealed over the last decades an impressive structural polymorphism among G-quadruplexes (Figure 2). A number of other spectroscopic and spectrometric methods (e.g. UV absorption spectroscopy, electronic circular dichroism spectroscopy, native mass spectrometry, electrophoresis, and chromatography) are employed to determine strand orientations and stoichiometry, and molecular sizes. As each of these techniques give different types of information, and furthermore presents certain drawbacks, it is advisable to combine a number of these techniques before drawing final conclusions.

X-Ray crystallography

X-Ray crystallography gives access to atomic-scale resolution structure of DNA, RNA, or LNA G-quadruplexes, including the cations (see section 2.2.1), water molecules, and binders [132,133]. A fair number of structures containing alkali cations (or Tl + as a K + surrogate; vide infra) have been solved using this method [26,67,[120][121][122][123][124][127][128][129], mainly by the teams of Parkinson and Neidle, and the late prof. Sundaralingam. Screening of sequences, as well as base modification (e.g. heavy-atom addition) and loop/flanking sequence changes are typically performed in order to obtain a sequence that crystallizes and diffracts well. These aspects, as well as crystallization protocols are discussed in details in reference [133]. Almost all of the available crystal structures are tetrameric [120,122,123,[135][136][137][138][139][140][141][142][143][144][145] or dimeric, via association of distinct strands or external stacking of monomer units, often templated by binders [26,67,121,124,[127][128][129][145][146][147][148][149][150][151][152][153][154][155][156][157][158][159][160]. Moreover, stacked monomer units and intermolecular species [26,158,159] are systematically parallel-stranded within each subunit, except for the thrombin binding aptamer (TBA) bound to -thrombin [161]. This raises questions as to the possibility to crystallize structures such as intramolecular antiparallel-stranded or hybrid structures (either because they do not crystallize or because the crystal packing forces induce conversion to parallel and multimeric folds), and this in turns casts some doubts about the complete relevance of this method for solution-based folding studies. Crystallography is nevertheless very powerful when it comes to characterize cation coordination (see section 2.2.1), and more generally ligand binding (reviewed in [162]). It also provides better defined structures than NMR in cases where the latter is limited by internal dynamics or the presence of mixtures of conformations, with or without interconversion between structures.

Nuclear magnetic resonance (NMR) spectroscopy

High-field NMR is broadly used to study G-quadruplex structures and their dynamics [36,131,163,164]. The full topology of many structures has now been solved, including the human telomeric DNA [25,[27][28][29][30][31][32]45,[165][166][167][168][169][170][171][172] and RNA sequences (TERRA) [50,173,174], telomeres from other species [46,68,83,96,125,126,[175][176][177], human oncogenes [53,70,[178][179][180][181][182], minisatellites [43,183], and aptamers against biological targets [24,41,[184][185][186] or viruses [15,69]. Besides, even when solving the full topology is not possible or required, several types of NMR experiments can provide information on particular aspects of the structure.

First, the formation of G-quadruplexes can be affirmed by the presence of guanine imino protons H1 in the 10-12 ppm range, typical of G-tetrads, whereas canonical Watson-Crick base-pairing shifts the protons to 13-14 ppm [134,187]. Moreover, compared to Watson-Crick protons, tetrad protons -particularly the ones from central tetrads -exchange more slowly with water, which results in sharp peaks [125,188].

Second, the number of imino proton peaks is linked to the number of tetrads (one peak per guanine, hence four peaks per tetrad, unless some protons are equivalent) [183], and a number of peaks higher than the number of guanines indicates a mixture of species. The kinetics of quadruplex formation are easily accessible given that the time-scale is compatible with NMR experiments [164].

To fully solve a structure however, a number of issues must be tackled: formation of multiple species by a single sequence, higher-order structures, ambiguous assignments [131]. Sequences folding in multiple conformers (e.g. [167,170]) can be characterized if the peaks are sufficiently resolved, or more frequently by screening for or favoring a given conformation by sequence modification (flanking and loop bases, modified bases [170,172]), sample preparation, and buffer and cationic conditions (reviewed in [131]). Stoichiometry can be studied by titration [170,176], or diffusion ordered spectroscopy (DOSY) experiments [189,190], or alternatively by other methods described hereafter (ESI-MS, SE-HPLC, PAGE). Peak assignments was historically performed by through-space NOE experiments [125], possibly helped by base modifications (typically, guanine to inosine or bromoguanine, or thymine to uracil). Site specific 15 N-and 13 C-enrichement of defined residues allow the unambiguous elucidation of G-quadruplex structures routinely [191]. Fold determination can be typically performed by studying either the connectivity between guanine H1 and H8 from the following residue in NOE patterns, the J-couplings through tetrad hydrogen bonds [131]. Hydrogen bonds have been characterized by the H-bond scalar coupling [107].

Molecular modeling

Molecular modeling is a third way to get atomic-scale information on the structure of quadruplexes. Advantageously, it gives access to individual energetic terms, dynamics, intermediates, and does not suffer from mixtures of conformations because it studies one molecule at a time [64,65,[192][193][194][195][196][197][198][199][200]. As a result, the structure, energetics and dynamics of rare conformations or of putative reaction intermediates, which would not be possible to isolate experimentally, can be explored. The quality of force fields is however an issue, notably the treatment of the loops, inter-cation repulsion, and the treatment of specific and non-specific electrostatic interactions [193][194][195][196]201,202], and combination with biophysical data can prove useful [203].

Electronic circular dichroism (CD) spectroscopy

The most common and straightforward low-resolution technique for the study of Gquadruplex topology is circular dichroism (CD) [204][205][206][207]. CD is a spectroscopic method that measures the difference in absorption of left-and right-circularly polarized light by chiral compounds or by compounds in a chiral environment. G-quadruplex nucleic acids are typically characterized by their bands in the UV area (210-300 nm), arising from electronic transitions between stacked guanines. More precisely, -* transitions within guanine exciton couplets occur at 279 and 248 nm, giving rise to CD bands. The sign and intensity of these bands is dictated by the relative orientation of the stacked guanines (head-to-head: anti/syn, syn/anti; head-to-tail: anti/anti, syn/syn).

As a result, the G-quadruplex topology can be inferred from the CD spectrum by analysis of the characteristic bands. Parallel topologies exhibit an intense positive bands centered at 260 nm and a negative bands at 240 nm, antiparallel topologies are characterized by a positive band at 290 nm, a (sometimes shallow) negative band at 260 nm, and a positive band at 245 nm, and hybrid-type structures have a positive band at 290 nm, and a shoulder at 260-270 nm. CD is relatively fast and easy to perform but has a low resolution as it only provides a global information on guanine stacks from the sample. It is not possible to easily distinguish mixtures of structures from pure species. For instance, mixtures of antiparallel and hybrid or parallel structures might lead to spectra that can be confused with a pure hybrid-type signature (see the controversy over the topology of d[AG3(T2AG3)3] in section 4.1.1).

Finally, other supramolecular features (additional base stacking, double helices, mismatches) can account for the overall spectrum and possibly lead to misinterpretations [205]. An example of additional guanine stacking modifying the CD signature is provided by the 2KF8 structure, described in section 1.2 (Figure 2) [31]. Although this G-quadruplex has a 2-tetrad antiparallel topology where the tetrad guanines are stacked in a syn/anti fashion, its CD signature exhibits a positive band at 260 nm that could be mistakenly interpreted has a hybrid-type topology, due to additional base stacking on both tetrads of triads composed of loop nucleotides, yielding anti/anti stacks [205]. Additionally, non-classical tetrads (such as G•C•G•C as in the human mutant telomeric GGGCTA motif) may also alter the CD spectra [45]. Similarly, the presence of two loops forming a mini-hairpin motifs in an antiparallel Gquadruplex leads to the presence of a wide peak centered at 280 nm, characteristic of a B-DNA duplex, masking the expected minimum at 260 nm [37,44].

UV absorption spectroscopy

The UV absorption spectrum slightly differ between single structures, and differences in topologies are usually appreciated by variations in absorbance spectra, monitored by difference spectra between folded and unfolded forms. For example, thermal difference spectra (TDS) fingerprints monitor the difference between unfolded spectrum (high temperature) and the folded spectrum (low temperature) [205]. TDS fingerprints of Gquadruplexes typically exhibit local maxima at 240, 255, and 275 nm, and a minimum at 295 nm [113]. As with CD, different guanine-guanine stacks may indeed modify the intensity and wavelength of absorption bands. Hence, parallel topologies appear to be discriminated from hybrid and antiparallel topologies thanks to their greater A240nm/A295nm ratio. The use of TDS signatures is however not optimal because high melting temperatures leading to decreased TDS intensities, and temperature-dependent changes in molar absorption coefficient both contaminate the signature. Isothermal difference spectra (IDS), which are calculated by subtraction of the UV-spectra of a given sample acquired in absence or presence of cation, at constant temperature. IDS are not strictly identical to TDS because they do not suffer from the drawbacks mentioned above. It is possible to study kinetics of folding and interconversion by this method [208]. In both cases the main advantages are the high throughput and ease of use that compensate their low resolution. Coordination, can be indirectly monitored by either of these methods because it translates into quadruplex folding. Displacement of a cation by another can be observed by IDS, although the signature can differ significantly from case to case, and a significant change in guanine stacking is required for a signal to be observed [208].

UV-melting at 295 nm is a very common methodology to assess the stability of Gquadruplexes [209,210]. As mentioned above, the formation of G-quadruplexes lead to a change in absorbance at 295 nm that can be followed as a function of temperature: increasing temperatures induce an unfolding of the G-quadruplexes that translates into a hypochromism at 295 nm. Alternatively, oligonucleotides tagged with two fluorophores compatible with Förster resonance energy transfer can be used for melting experiments (FRET-melting) [94,98,211,212]. This is not the favored technique for structural studies since the fluorophores tend to form stacked exciton couplets that might affect both the structure and the stability of the G-quadruplex. Whatever the method used to detect the fraction folded, cation binding is related only indirectly to the fraction folded, monitored by the melting curve. Because the relationship is indirect, thermodynamics parameters extracted from such curves do not directly give access to the Kd of coordination.

Separative techniques

Native gel electrophoresis can be employed to determine strand stoichiometry, although it suffers from a number of drawbacks (charge screening effects, smearing, and tedious/ambiguous quantification). It was recently combined to CD for the study of multimers [38]. Size-exclusion HPLC (SE-HPLC) was shown to be a valuable alternative to get insight into oligonucleotides secondary structures, and most notably the strand stoichiometry of quadruplexes [37,164,[213][214][215]. The salient advantages of this technique is the possibility to work in a variety of conditions including cation nature and concentration, and various strand concentrations (µM-mM) that are not all accessible by NMR and X-Ray crystallography. Additionally, it is possible to work with mixture of structures, which are abundant with G-quadruplex-forming sequences, whereas it is more difficult with techniques such as NMR or CD. Thermodynamics and kinetics of G-quadruplex folding can be studied with this method. It however does not provide information regarding the strand orientation or the number of quartets. Analytical ultracentrifugation (AUC) is a thermodynamically rigorous approach for the determination of absolute molecular weights and get insight into the hydrodynamic shapes of macromolecules in solution [216], and is thus broadly used for the determination of topology and stoichiometry of quadruplexes [203,214,[217][218][219][220][221][222][223].

Native mass spectrometry

Mass spectrometry (MS) in non-denaturing conditions (both in solution and in the mass spectrometer) is called native MS. Electrospray ionization (ESI) ensures non-denaturing ionization and vaporization. Native ESI-MS is another straightforward way to determine strand stoichiometry [39,224], as well as kinetics and thermodynamics of folding of quadruplexes [225], from pure species or from mixtures, without however getting direct information on the structures. Matrix-assisted laser desorption/ionization (MALDI) has also been used to determine the strand stoichiometry [173], but this ionization method has higher risk of denaturing the complexes than ESI [226,227].

Interestingly, the number of potassium cation bound by a given G-quadruplex can be determined by ESI-MS (see section 2.2.3 for more details), which can give insight into its folding topology [228,229]. Indeed, given the preferred location of specifically bound K + cations, the number of tetrads of a G-quadruplex is usually equal to the number of coordinated K + cations plus one. In order to get additional insights into structures of macromolecules, ionmobility spectrometry (IMS) can be coupled in-line to ESI-MS [230]. ESI-IMS-MS is a technique that, in addition to mass-to-charge ratio, further separates ions on the basis of their mobility in a drift tube filled with gas (typically, nitrogen or helium), where a static electric field is applied [231]. The travel time is related to the collision cross section of the ions with the gas: compact structures collide less with gas and travel faster as a result. Gas phase structural determination by MS-and spectroscopy-based methods have been reviewed in a recent book [232].

Miscellaneous

Other [61,84,112,[246][247][248], temperature-jump relaxation experiments [62,170,236,249,250]. Gquadruplex characterization assays are reviewed in references [62,130,251,252].

Cation Coordination

X-Ray crystallography

X-ray crystallography is an invaluable method for the study of cation binding in G4 nucleic acids because it directly locates cation binding sites through electron density. Crystal packing forces may however change the location of the cation as compared to solution-state structures [107,190]. Tl + cations can be used as probes for potassium binding sites. Tl + and K + have close atomic radii (1.44 and 1.33 Å, respectively), dehydration energies and bond lengths, and can therefore lead to similar folds, yet Tl + exhibits a higher X-ray scattering potential [142]. Crystals obtained in the presence of K + cations can be converted to Tl + -crystals by soaking in thallium acetate [129].

NMR spectroscopy

NMR provides evidence not only on the location of cations within G-quadruplex structures but also on their dynamics [97,163]. First examples of alkali cation coordination by tetrads of 5'-GMP, detected by NMR involved 23 Na + , 39 K + and 87 Rb + [75,253,254]. Notably, the resonance of 23 Na + cations undergoes a significant line broadening and up-shifting upon binding [254]. The detection of these cations was extended to G-quadruplexes by Wu et al. [190,255]. The coordination and dynamics of sodium cation coordination can also be directly monitored by solution-and solid-phase 23 Na NMR experiments [190,256,257]. In the same vein, 39 K exhibits a characteristic signature on solid-state magic-angle spinning (MAS) NMR spectra upon coordination by G-quadruplexes [258]. Indirect observation of potassium binding has been performed based on proton NMR, chemical exchange and dynamic analysis on d(G3T4G3) and the Oxytricha telomeric sequence d(G4T4G4) bound to Na + and K + [88,96]. Another indirect mean of studying K + coordination is the use of Tl + cations as surrogate, in a strategy reminiscent of the one used in X-Ray crystallography studies (vide supra). 1 H-205 Tl scalar couplings provide important constraints for structure determination [129,259]. 15 NH4 + dynamics can be monitored directly with heteronuclear correlations exchange spectroscopy ( 15 N-1 H NzExHSQC) [97], and serve as a reporter probe. Ammonium can indeed displace Na + , or be displaced by K + , allowing an indirect measurement of Na + and K + movements within G-quadruplexes [260]. Changes in topology by displacement of Na + by K + can also be used to study cation binding, albeit more indirectly [88]. Finally, Na + cation dynamics have been studied by nuclear magnetic relaxation dispersion study [261].

Native mass spectrometry

Mass spectrometry seems to be an obvious choice for the study of cation binding to Gquadruplexes, since each coordinated cation increases the mass of the complex. A number of mass spectrometry studies were devoted to NH4 + binding determination [52,224,225,231,[262][263][264][265][266], because ammonium acetate is a traditional volatile buffer used in biomolecule mass spectrometry. The study of alkali cations is however more tricky because (i) they tend to form clusters even at submillimolar concentrations, and (ii) they are not volatile like the classically employed ammonium acetate. The former issue leads to very noisy spectra from which no information can be inferred, while the latter means that diffuse (unspecific) coordination of alkali cation is at least partially preserved in the gas phase, which results in a higher number of bound cations than tetrad coordination sites. These issues have recently been partially tackled by Gabelica et al. with the use of trimethyl ammonium acetate (TMAA) as a volatile co-solvent [228]. TMA is too bulky to be coordinated by the O6 of tetrad guanines and is therefore a cation of choice to fix the ionic strength and neutralize the backbone phosphates while allowing to study the specific binding of potassium (or other cations) to the tetrads. Mathematical subtraction of diffusively bound cation can be performed in a second step, by using a reference sequence that does not form a G-quadruplex [229], yielding cleaned mass spectra. Titration of G4-forming sequences with increasing potassium concentrations, and subsequent cleaning of the non-specific adducts, give access to the Kd of coordination of potassium for each tetrad binding site. This methodology is only applicable to G-quadruplexes stable at low (submillimolar) cation concentrations, which is usually not the case when working with sodium. Gross et al. have also developed a method that utilizes the gas-phase signal fractions from the bound and unbound species as input into a mathematical model that determines the binding constants [99]. This method was applied to the measure of the Kd of potassium (and strontium) to TBA.

Another bulky ammonium derivative, namely tetrabutylammonium phosphate, had already been used for the same purpose by Gray and Chaires in spectroscopic experiments involving the human telomeric sequence [91]. This allows the determination of apparent binding constants by CD. Another salient point of this study is the use of a potassium-binding benzofuran-isophthalate crown ether indicator (PBFI) to determine the concentration of free potassium by fluorescent titration, and hence deduce the concentration of coordinated cations and thermodynamic parameters [91,267].

Role of alkali metal ions in G-quadruplex stability

The stabilization of G-quadruplexes by cations has been studied for the past fifty years on increasingly complex systems. Decades after the first observation of guanosine gels [268], Gellert and co-workers have reported in 1962 the formation of gels by 5'-GMP in presence of sodium, at acidic pH, and postulated the structuration of guanines in tetrads (or quartets), stacked upon each other to form helices [269]. Similar structures were observed a decade later using various guanosine derivatives, in presence of potassium [270]. However, the seminal paper regarding the necessary and selective complexation of cations by such structures, at neutral pH, dates from the late seventies [73]. Pinnavaia and co-workers have demonstrated by NMR experiments that K + , Na + , and Rb + all lead to the formation of stacks of three tetrads of 5'-GMP, in a head-to-tail or alternating head to tail and head to head stacking, whereas Li + and Cs + were found to be ineffective. Additionally, it was evidenced that potassium induces a higher thermal stability than sodium. In the same manuscript is reported the first qualitative ranking of alkali cation-induced stability for 5'-GMP, K + > Na + , Rb + >> Li + , Cs + , which remarkably contrast with the ranking observed for duplex DNA where the binding constant decreases with increasing ionic radii. Research on that topic moved to biologically relevant sequences, notably the telomeres of various species, and model G-quadruplexes such as [d(TG4T)]4. Hereafter, we will review studies highlighting the influence of alkali cations on the stability of simple tetramolecular G-quadruplexes (section 3.1), and sets of telomeric or artificial sequences (section 3.2). The contribution of folding and unfolding rates in the cation-dependent stability of G-quadruplexes is discussed in the section 3.3.

Case Study: dTG3-5T Tetramolecular G-Quadruplexes

Parallel-stranded tetramolecular G-quadruplexes formed by dTGnT (n = 3-5) sequences have been used extensively as models. These short sequences form unambiguous G-quadruplex structures devoid of loops that makes them "minimal" G-quadruplexes ideal to conduct basic research. A typical measure of the stability of G-quadruplexes is the melting temperature (Tm), usually provided by 210,271], CD-melting, and DSC [61,84,112,246] experiments. Mergny et al. have reported the melting temperatures obtained by UV-melting for a number of DNA and RNA tetramolecular G-quadruplexes [117]. Typically, tetramolecular RNA G-quadruplexes are more stable than their DNA counterparts, thanks to higher association rates and lower dissociation rates. Noteworthy, RNA tetramolecular Gquadruplexes were shown as early as 1991 to be highly stable in K + , and more than in Na + and Li + [272]. For instance, the difference in Tm is large (35 °C) between [r(UG4U)]4 and [d(TG4T)]4, in 110 mM Na + solutions (Table 1) [112,117,273,274]. Finally, no dissociation is observed in most cases for G5 and longer tracts in Na + , and G4 and longer tracts in K + , further highlighting the cation effect on the stability of tetramolecular G-quadruplexes.

The short tetramolecular G-quadruplex [d(TG3T)]4 is characterized by an apparent melting temperature of 48 °C in presence of 110 mM KCl and 16 °C (Tm = 32 °C) in presence of 110 mM Na + [117]. In the case of slow association/dissociation kinetics, the melting curve is not an equilibrium curve, and therefore depends on the temperature gradient. Melting of intermolecular quadruplexes is also affected by the strand concentration. A close result was obtained in 100 mM K + by Balasubramanian et al. (51 °C;200 The stability of the longer [d(TG4T)]4 has been studied by different groups [89,112,117]. In presence of 110 mM KCl, the melting temperature is higher than 94 °C [89,117], indicating a very high thermal stability. An increase in Na + concentration did not affect significantly the stability (Tm < 2 °C in the 50-400 mM Na + range), but changed dramatically the association rate (see section 3.3) [117]. A large difference (Tm = 75 °C) can be noticed with another study by Petraccone et al. [112], performed in 210 mM NaCl but at a higher strand concentration (160 µM). Addition of thymines at both termini [d(T2G4T2)]4, substitution of the 5'-dT by a dA [d(AG4T)]4, or use of the RNA counterpart [r(UG4U)]4, all increase the thermal stability in 110 mM Na + (Tm = 71, 60, and 89 °C, respectively) [117]. Further increase of the guanine tract leads to even more stable G-quadruplexes: the melting temperature is higher than 94 °C in both K + and Na + conditions for [d(TG5T)]4.

All these examples highlight the influence of the cation nature and concentration on the stability of G-quadruplexes, where little to no structural changes are expected, and thus the cation dehydration and binding per se accounts for most of the stabilization. 

General Trends

Libraries

The Mergny group contributed several systematic UV-melting based studies on a very large number of oligonucleotides, illustrating the difference of G-quadruplex stabilization by coordination of K + or Na + . In a 1998 publication illustrating the use of UV-vis spectroscopy to follow the folding of G-quadruplexes, very large differences of melting temperatures in potassium-and sodium-rich conditions were observed for the 26-and 27-mer sequences d[T3A2G3(TGTG3)3] (63 and 37 °C, respectively) and d[G3(TGTGTG3)3] (62 and 37 °C, respectively) [111]. In a more recent study, the melting temperature of eighty different sequences containing four tracts of three guanines with loops of variable length (between 1 and 15 bases), following the template d(G3LaG3LbG3LcG3), where La, Lb, and Lc are thymines or TTA loops, were determined in presence of 100 mM K + or Na + [115]. Potassium stabilizes these sequences by on average 18.3 °C more than sodium, but the difference is highly variable since it can be as low as 1.2 °C, and as high as 39.2 °C. The Tm decreases when the loop length increases both in K + and Na + , but to different extents -particularly for short loops -as seen from the large Tm variability. For loops of 7-15 nt, the difference within a given sequence family tends to be relatively constant, from 1-2 °C (for La = Lc = TTA) to more than 30 °C (for La = Lc = T). More generally, there is a strong inverse correlation between total loop length and Tm for K + (each added base leads to a 2 °C drop) but the trend is less clear in Na + . Also, the presence of adenines in the loops is favorable in presence of sodium, when the central loop contains at least two nucleotides. Thirty-six sequences following the general formula d(G3T3G3HNHG3T3G3) were analyzed in similar conditions (N can be any base, H = C, T or A) [116]. The average difference of Tm is 12.7 °C in favor of potassium, but is also sequence dependent, ranging from 9.5 °C (for ACC and TGC central loops) to 16.2 °C (for AAT). In the same study, twenty-six additional sequences that vary in length, number of quartets and loop composition and positions were also investigated. The average of (measurable) potassium-sodium Tms is 14.4 °C, with a very large sequence dependence, ranging from 7.1 °C (d(G3T2AG3CGCG3T2AG3)) to more than 40 °C (d(G3TG3ACTG3TG3)). Overall, K + stabilizes particularly well G-quadruplexes containing YDH loops, and poorly ACH loops, while Na + favors YDC loops and disfavor ACW loops (Y = C or T; H = A, C or T; W = A or T and D = A, G or T.).

Risitano and Fox have examined a randomized library of oligonucleotides based on the sequence d[T(G3H2)3G3], by FRET-melting, in presence of various concentrations of K + and Na + (5-100 mM) [94]. A clear increase in Tm is observed with the concentration, ranging from 27 to 85 °C for K + . For Na + , lower concentrations (5 and 10 mM) do not allow sufficient folding for the Tm to be measured, and Tms at higher concentrations (20-100 mM) range from 24 to 57 °C. The difference of stabilization, where measurable, decreases slightly with increasing cation concentration (29.4-27.6 °C).

Smargiasso et al. have investigated the melting temperature of libraries of sequences based on the sequence d(G3WiG3WjG3WkG3), where W is either a thymine or an adenine, and the loop sizes (i, j, k) were systematically varied between 1 and 3, yielding a total of 2744 distinct sequences grouped as a function of their loop lengths [39]. The stability in all the groups is higher with 150 mM K + than with 150 mM Na + , but again this is very sequencedependent. The stability in K + is inversely dependent on loop length: shorter loops promote parallel structures with average Tm above 80 °C, whereas longer loops (at least one loop of two and one loop of three nucleotides) promote hybrid structures with average Tm in the 65-70 °C range. Conversely, longer loops yields more stable G-quadruplexes in Na + , and the loop length has less influence. Note however that some of these sequences are suspected of forming multimeric G-quadruplexes, notably in K + conditions [39].

Human telomeric sequences

The 2) [85,89,94,110,111,117,118,271]. At ~ 100 mM in K + , Na + , Rb + , and Li + , the Tm is respectively 59, 50, 40, and 32 °C, nicely illustrating the important role of alkali metal ions in G4 stability. This ranking is conserved at lower concentrations (~ 50 mM), ranging from 50 to 28 °C, and the G-quadruplex is still reasonably stable at 10 mM in K + (Tm = 44.3 °C) and to a lower extent Rb + (Tm = 26.4 °C). Higher Na + and K + concentrations bring further stabilization (62 and 71 °C, respectively, at ~ 300 mM), and partial folding in observed at room temperature with 180-230 mM Cs + (Tm = 27.4-27.7 °C). CD spectra were acquired at 2 °C and 20 °C with increasing concentrations of cations. Saturation was not observed for Li + at 20 °C and Cs + at both temperatures, consistent with their weak G-quadruplex stabilization properties. The presence of high Cs + concentrations seemingly destabilizes the G-quadruplex. Conversely, only 4 and 30 mM were enough to reach saturation for K + and Na + , respectively.

Sugimoto and co-workers have found similar results in 100 mM Na + (~ 47 °C) and K + (~ 61 °C) [271], and Balagurumoorthy and Brahmachari have observed melting temperatures of 63 and 49 °C in 70 mM KCl and NaCl,respectively [110]. This is somewhat higher than found by Włodarczyk et al., maybe because the values were extracted from 10-data point melting profiles. The 9-mer d(G3T2AG3), forming a bimolecular G-quadruplex, was also studied in the same conditions (Tm = 42 and 31 °C, respectively; 20.5 µM strand concentration). The 22-mer d[AG3(T2AG3)3)] was found to be more stable in K + than in Na + by 7°C in two distinct publications (62/63 vs. 55/56 °C), and than in Li + by 26 °C [89,111].

The difference of stability is identical for the shorter oligonucleotide 21-mer sequence d[(G3T2A)3G3], with both the K + -form (Tm = 65 °C) and the Na + -form being slightly stabilized (Tm = 58 °C) as compared to the 22-mer counterpart [111]. The short 6-and 7-mers d(T2AG3) and d(T2AG3T) forming tetramolecular G-quadruplexes are unstable in presence of Na + (17 and 24 °C), and much more stable in K + (50 and 55 °C) [117].

Modified human telomeric sequences are also under scrutiny. An 18-mer sequence that contains repeats of only two guanines (d[(AG2T2)3AG2)]) is destabilized as compared to the unmodified 22-mer sequence counterpart, and has almost the same melting temperature in K + and Na + conditions (42 and 40 °C, respectively) [117]. The addition of extra nucleotides in 5' to obtain the 26-mer d[T3A2(G3T2A)3G3] is also detrimental to the stability but yields a higher Tm difference (55 vs. 44 °C) [118]. Risitano and Fox have examined the sequence d[T(G3T2A)3G3], which contains an additional dT nucleotide in 5' as compared to the nonmodified 21-mer sequence, by FRET-melting in presence of various concentrations of K + and Na + (5-100 mM) [94]. A clear increase in Tm is observed with the concentration, ranging from 45 to 82 °C in K + and 28 to 70 in Na + , with the difference of stabilization decreasing from 17 to 12 °C. The high melting temperatures could be attributed to the presence of fluorophores at both ends of the oligonucleotides that may stabilize the G-quadruplexes. ) telomeric sequences containing four repeats of four guanines form particularly stable structure in potassium-rich solutions (> 80 °C), respectively at least 16 and 14 °C more stable than in sodium solutions, which was also observed in previous studies [82,111]. For most of these sequences, and as opposed to tetramolecular G-quadruplexes described earlier, the difference of stability as a function of the cation can be partially ascribed to the formation of distinct topologies (see sections 1.2 and 1.3). Finally, some sequences do not form G-quadruplexes in neither K + nor Na + (yeasts S. pombe and C. guillermondii).

The two-repeat Oxytricha telomeric sequence d(G4T4G4), which share the same bimolecular, antiparallel topology in Na + and K + (vide supra), has been examined by various techniques. A CD-melting study from 1992 indicates that the 70 mM Na + -stabilized Gquadruplex melts cooperatively at 55 °C (20 OD260 strand concentration) [109]. NMR on a 5-55 °C temperature range revealed that, in presence of Na + , unfolding is detected above 35 °C by the heterogeneity of the spectra [107]. Conversely, the spectra acquired with K + retain their homogeneity on the full temperature range. These observation were presented as consistent with CD-melting experiments evidencing melting of d(T4G4) in Na + at around 40 °C [119], but the comparison is not entirely relevant since (i) such a short sequence certainly forms a G-quadruplex of distinct topology (parallel), as seen from the CD signature, (ii) of distinct molecularity (tetramolecular) and strand concentration (2.2 vs 0.1 mM, respectively), and (iii) the cation concentration is different (50 vs [109,119]. The low-temperature transition has been attributed to an intramolecular pre-melting event. FRETmelting experiments were performed on the four-repeat d[T(G4T4)3G4T] sequence, but the melting temperatures were very dependent on the heating/cooling rates, and the melting curves presents an hysteresis, because of the exceptionally slow dissociation rates observed in K + and Na + conditions (see 3.3) [249]. Overall, higher Tm were observed with K + than Na + and with increasing cation concentrations. In some cases, biphasic melting profiles were also observed.

In various studies, TBA (d(G2T2G2TGTG2T2G2)) was shown to be unfolded in Li + , fairly unstable in 100 mM NaCl (Tm ≈ 20 °C), and largely more stable in K + (48-50 °C) [89,98,111]. Large differences were also observed for c-myc sequences in FRET-melting experiments, notably for d(G4AG4TG4AG4) (Tm = 25 °C at 5 mM in K + vs. Na + ) [94]. The melting temperatures of the closely related sequences d[G3(T2G3)3] and d[TG3(T2G3)3T] in presence of various alkali cations, ranging from 85 and 77 °C, respectively, in 100 mM K + to less than 18 °C in 100 mM Li + [208]. An intermediate behavior is found for Na + and Rb + that give comparable melting temperatures for both sequences, around 45 °C.

Summary

Overall, cation stabilization follows the order K + > Na + , Rb + > Cs + > Li + . From all these studies it can clearly be seen that the difference of G-quadruplex stability between K + and Na + conditions is always in favor of potassium. However, one cannot predicts the stability of Gquadruplex in sodium from the result obtained in potassium or vice versa, since this difference spans from a couple of degrees to almost 40 °C, depending on the sequence. Differences in stability are particularly important for tetramolecular assemblies ([TG3T]4, [TG4T]4, single repeat human and Oxytricha telomeric sequences), where the structure is the same regardless of the cation. Increasing cation concentrations lead to higher Tm, as expected from the law of mass action, and reduces the Tm difference between cations. This difference is classically attributed to the greater cost of Na + dehydration, which is only partially compensated by a more favorable free energy of binding than K + [88,105]. However, the differences in Tm are also strongly sequence -and hence sometimes structure -dependent. The influence of cations on the structure of G-quadruplexes is addressed in section 4.

Kinetics of strand association, dissociation, folding and unfolding

Early work on tetramolecular G-quadruplex nucleic acids show that they generally display slow association and dissociation rates [277,278]. As mentioned previously, the guanine imino proton exchange is very slow as compared to duplex DNA, and lies in the day-to-week scale in D2O solutions for the tetramolecular RNA G-quadruplex [r(UG4U)]4 [279]. Intermolecular G-quadruplex formation is extremely slow, and the rate is very concentration dependent (for both the strand and the cation). A key study regarding the association and dissociation of short G-rich strands in tetramolecular G-quadruplex, in Na + or K + conditions, demonstrated that this association is close to fourth order in monomer, whereas the dissociation is first order in G-quadruplex [117]. The association rate constant decreases with increasing temperatures, reflecting a negative apparent activation energy, and is increased by an increase in strand or alkali cation concentration. On the other hand, the dissociation is also temperature dependent, but is virtually not affected by the ionic strength. The association halftime of [d(TG4T)]4 ranges from six seconds to more than a hundred years for strand concentrations decreasing from 1 mM to 1 µM, in 110 mM Na + . Substituting Na + by K + affords a 20-50 fold increase in association constants, fairly constant in a 2-37 °C temperature range and 50-300 mM cation concentration range. Although an increase in sodium concentration from 50 to 400 mM does not affect significantly the melting temperature of [d(TG4T)]4 (see section 3.1), it dramatically increases the association rates. An increase of one order of magnitude of Na + concentration leads to 1000-2000 increase in association constant. The fact that the cation-dependent increase in stability observed for many G-quadruplexes is mainly reflected in the association rate constant is similar to duplex and triplex nucleic acids (chapter 6 by Ennifar et al.?). The dissociation is not observed in most cases for G5 and longer tracts in Na + , and G4 and longer tracts in Bardin and Leroy [164]. NMR experiments demonstrated that increasing salt concentrations favors the association rate, but that the cation nature (K + , Na + , Li + ) only weakly contributes. However, the lifetime of the G-quadruplex is much higher in K + than in Na + and Li + , and increases with the guanine tract length. The authors suggest that, in 125 mM K + solutions, the G-quadruplex formation proceeds step-by-step via successive duplex and -kinetically limiting -triplex intermediates, and follows a reaction order of three. On the other hand, the reaction order is found to be four in Li + , and each step is strand-concentration dependent. The formation of mismatched G-quadruplexes, particularly at low temperature and K + concentrations, is believed to impede the formation of the canonical G-quadruplex by kinetic trapping. In the same vein, Kim et al. have performed PAGE experiments showing that the formation of a tetramolecular RNA G-quadruplex by the r(GC2GAUG2UAGUGUG4U) sequence is faster in Na + than K + , despite the higher stability observed in the latter case [272]. They also suggest that the formation of unproductive intermediates impedes the formation of the G-quadruplex in potassium conditions.

The cation-dependent kinetics of intramolecular G-quadruplex formation by telomeric sequences was investigated by different groups. Raghuraman and Cech evidenced that the half-life of the Oxytricha telomeric sequence [d(G4T4)4] unfolding is shorter in 50 mM Na + than K + (4 vs 18 hours at 37 °C) [280]. The FRET-tagged sequence d[T(G4T4)3G4T] shows exceptionally slow dissociation rates in K + and Na + conditions [249]. The half-life at 37 °C is roughly 10 years in 50 mM K + , while the corresponding association half-life is of about 0.9 seconds. The rate of association is 10-60 fold faster than in sodium in the 50-100 mM cation concentration range. Differences in dissociation rates are much more marked (t1/2 37 °C = 3900 s in 50 mM Na + ). From these results, Fox and coworkers suggested that, although there are differences in the rates of association of G-quadruplexes under different conditions, the dissociation rate constant is the most important factor that affects the relative stabilities [249], in clear contrast with the abovementioned conclusions of Mergny et al. on tetramolecular Gquadruplexes [117]. However, as mentioned in the latter study, and others [164,209], association rates decrease with increasing temperature and suggests a nucleation-zipper mechanism for G-quadruplex formation. Using a PNA trap, large cation-dependent differences were observed for the average unfolding time constants of the human telomeric sequence d[G3(T2AG3)3], in presence of either 100 mM K + (40 h at 20 °C) or Na + (30 min) [281]. This is qualitatively consistent with the higher melting stability observed in K + (see section 3.2.2).

Time-dependent FRET monitoring as a function of complementary strand hybridization of TBA revealed a first-order kinetics, where the unfolding of the G-quadruplex if the ratedetermining step [98], consistent with some previously mentioned studies [280,281]. The unfolding rate is also strongly cation-dependent (62 x 10 5 and 3200 x 10 5 s -1 at 10 °C, in respectively K + or Na + ). If the nature of the cation affects largely the dynamics of Gquadruplex folding and unfolding, other factors are to be taken into account such as the cation concentration, and the oligonucleotide sequence. At low K + concentration, the human telomeric sequence display a relatively fast dynamic behavior (< 100s) [243]. The sequenceand hence structure -that is studied also affects the dynamics of folding and unfolding. As seen above, the Oxytricha telomeric sequence can maintain its G-quadruplex structures for longer times than its human counterpart [249,280], even at low K + concentrations [243], likely because it contains four quartets instead of three.

In the past years, several groups have explored folding intermediates and their interactions with cations (mostly K + ). G-quadruplex folding intermediate may adopt preorganized structures inclined to fold into a G-quadruplex after cation binding. Mashimo and coworkers have investigated the folding pathways of the human telomeric sequence [282][283][284]. A combination of ab initio calculations and molecular dynamics hinted at the formation of hairpin containing Hoogsteen G•G base pairs, possibly yielding a more stable triplex intermediate. Coordination of K + favors each step of the folding by decreasing the electrostatic repulsions [284]. Binding to a hairpin near the second lateral TTA loop was found to be preferable, and more generally to 5′-G(syn)G-(anti)-3′/5′-G(syn)G(anti)-3′, rather than to 5′-G(anti)G(anti)-3′/5′-G(syn)G(syn)-3'.

The Chaires group also thoroughly investigated the folding and unfolding of human telomeric sequences in presence of K + , notably by CD, 2-aminopurine fluorescence, FRET, and molecular modeling (molecular dynamics) [285][286][287]. The latest results suggest a fourstep pathway [285] (Figure 6A) [171,285,288]. The first folding intermediate I1 is a mixture of hairpin structures that is rapidly formed thanks to cation-induced collapse of the unfolded strands. Intramolecular fold over of I1 may form antiparallel G-quadruplex structures I2 upon binding to K + (1 ≈ 0.1 s in 25 mM KCl, at 25 °C), the latter further converting to a triplex intermediate I3 (2 ≈ 3700 s) that finally yields the final G-quadruplex (3 ≈ 750 s). Other groups have suggested the triplex structure as an unfolding intermediate for the human telomeric sequence [289][290][291], including in conformational switching context [165]. Zhang and Balasubramanian stated that, regardless of the structure of the DNA or RNA quadruplex formed, the folding pathway involves two steps initiated by the binding of a single K + cation, leading to a hairpin intermediate, followed by the formation of a triplex [292].

A triplex folding intermediate, stabilized by a K + cation, was also proposed for the folding of TBA [293,294]. In MD calculations, K + was manually positioned between the two triads according to distances observed for the high-resolution crystal structure of TBA [161]. The guanine G10, despite being out of plane, seems well positioned to coordinate K + with its O6. Na + poorly stabilizes the triplex of TBA (folding is partially visible by NMR under 1 °C), which is not surprising as it was shown to be a poor TBA stabilizer [89,98,111].

Plavec et al. have recently proposed a new folding intermediate for the G-quadruplex of the Oxytricha sequence Oxy-1.5, namely i-Oxy-1.5, existing as two symmetric bimolecular forms containing G•G N1-carbonyl symmetric base pairs [246]. This intermediate was characterized by NMR, TDS, CD, DSC, and PAGE, nicely illustrating how the use of a combination of analytical methods allows to unearth insightful results. DOSY, PAGE and concentration-dependent Tm results demonstrated that i-Oxy-1.5 is bimolecular and has a comparable compactness than the final G-quadruplex. It however does not contain tetrads as seen by NMR and DSC, the latter allowing to evaluate the difference in enthalpy of unfolding between i-Oxy-1.5 and Oxy-1.5 at around 48 kcal.mol -1 . The three-fold lower enthalpy observed for the intermediate has been attributed to twice as less H-bonds, less favorable stacking interactions, and, more importantly, the absence of cation coordination. Its formation is a slow kinetically governed process, while K + binding and subsequent restructuration consist of two fast processes.

Studies investigating folding intermediates mostly focus on K + , and hence do not give much information about the cation nature dependence in the folding process. Comparable behaviors may be expected as compared to final G-quadruplex structures (e.g. Na + would stabilize the intermediates to a lower extent), as hinted by the triplex intermediate of TBA [294], but insufficient data had been gathered so far. However, they all highlight the rapidity and the importance of processes that involve cation binding as compared to strand folding and unfolding. This will be further emphasized in sections 3.4 and 5 that focus on cation exchange and conformational switching. 

Cation Exchange Mechanisms

Na + and K + have a different mobility inside G-quadruplexes. Sodium is moving faster [295], presumably because its size does not hamper passing through tetrads [97]. The mobility of Na + depends on the binding site, as observed by 23 Na NMR spectroscopy [190,257], and 15 NH4 + displacement NMR experiments [97]. In the bimolecular G-quadruplex formed by d(G4T4G4) (see section 1.3 and Figure 5), Na + ions bound in loops have a residence lifetime of 220 µs at 15 °C (koff = 4.5 x 10 3 s -1 ) [190,257], whereas the lifetime in the central stem is at least two-order of magnitude higher [97]. Sodium is in a relatively dynamic exchange between coordination sites and the bulk medium, and the more affine potassium can displace sodium from these binding sites [256,257]. Replacement of Na + by K + within the Gquadruplex central stem is completed within ~250 µs [190,257,296].

Hud et al. suggested that two K + binding events occur on the G-quadruplex [d(G3T4G3)]2, where the displacement of Na + by increasing amount of K + does not impact significantly the topology. Hence, each sodium cation is exchanged in a step-wise process where the intermediate is a mixed-cation species that is in fast exchange (on the NMR timescale) with the pure species [88]. A decade later, Plavec and co-workers have shown that the conversion of the 15 NH4 + -coordinating [d(G3T4G4)]2 G-quadruplex to the K + -form also proceeds by step-wise exchange of the cations [260]. The second binding site is not exchanged before the first one is fully occupied by potassium, yielding a mixed-cation intermediate. This can be explained by the differences between the two coordination sites; the variations in G between the two cations are not identical for both sites (G = -5.7 and -4.3 kcal.mol -1 , respectively, including cation dehydration energies). 23 Na NMR spectroscopy also evidenced that increasing amount of K + displaces Na + cations from the abovementioned [d(G4T4G4)]2 G-quadruplex, without unfolding of the G-quadruplex, and that both cations may reside in the G-quadruplex simultaneously [190]. Differences in binding sites leading to mixed-cation species were also observed with quadruplexes built from lipophilic guanosine derivatives [297]. Within a four tetrad construct, the replacement of the central Na + by K + takes place before the outer cations are exchanged, whereas the wider Cs + cation can exclusively be coordinated by the central binding site.

The Na + to K + exchange in the human telomeric was also particularly intensely investigated. It was proposed on the basis of NMR and CD experiments that human telomeric sequences (26 and 22-mers) form an antiparallel 'basket-type' structure in Na + solutions and a hybrid-1 structure in K + [165], so here the cation exchange is accompanied by a dramatic change in G-quadruplex topology. Therefore the authors hypothesized that the cation exchange from the former to the latter involves a partial unfolding and restructuration steps, after the cation exchange (see section 5). In the same vein, Gray et al. have shown that the (30 mM) Na + to (50 mM) K + exchange of the 22-mer d[AG3(G3T2A)3] is also followed by a conformation change, from the Na + -basket type to the K + -hybrid (Figure 6C) [288]. Three distinct kinetic processes and two intermediates I1 and I2 are involved (see section 5 for more details). The cation exchange per se is believed to be fast (5 ms), as compared to the ensuing conformational change (11-14 min). Chang et al. have proposed that the 23-mer sequence d[TAG3(T2AG3)3] adopts the same hybrid-1 topology in both K + and Na + solutions despite very different CD spectra, and thus exclude unfolding of the G-quadruplex for the exchange to take place (Figure 6B) [171]. The exchange is complete in around 80 seconds, and its mechanism involves two steps, each Na + cation being exchanged independently via a mixedcation intermediate as observed by aforementioned studies on bimolecular G-quadruplexes [88,190,260]. This step-wise exchange is proposed notably on the basis of a 22-fold difference between the binding constants of the two coordination sites.

The residence lifetimes of Na + cations are much shorter than tetrad breathing movements. This strongly suggests that Na + ions exchange through the central stem of Gquadruplexes without requiring partial tetrad opening [298]. Accordingly, all studies show that the exchange of Na + by K + does not require unfolding, although unfolding may take place after cation exchange to allow conformational switching (see section 5). Consistent with that hypothesis is the lower residence lifetime measured for tetramolecular G-quadruplexes vs. mono-and bi-molecular G-quadruplexes, whose loops could impede cation release [189].

Solution-state NMR experiments on 15 NH4 + evidenced that cation movement is slower at the 5'-end of G-quadruplexes, and that it is slower through an all-syn tetrad than through all-anti one [299]. NMR also confirmed that cation movement occurs between each coordination site and the bulk medium rather than between the coordination sites. Exchange of "cation 1" by "cation 2" can thus be described as four successive steps: (i) release of cation 1, (ii) hydration of cation 1, (iii) dehydration of cation 2, and (iv) coordination of cation 2 [62]. The highest energetic cost resides in step (i) where the coordination of the cation shall be removed, and, as a direct consequence, the structure of the G-quadruplex might change. Molecular dynamics simulations suggest that the entering or releasing of K + from the Gquadruplex is accompanied by significant changes in O6 distances [295]. Li + induces a shrinking of the structure, whereas larger cations (Rb + , Cs + ) significantly deform the structure and hence destabilizes the G-quadruplex. Re-hydration of cation 1 (step ii) is, however, favorable. The following steps (iii) and (iv) are the reverse mechanism [62]. Note however that the final G-quadruplex can exhibit a different structure than the starting one, which would affect the net energetic change. Therefore, this net energy change (2±0.5 kcal.mol -1 for a three-tetrad system [91]; see section 1.3) is a result of solvation, coordination, and structuration terms.

Reshetnikov et al. have described the cation coordination process with TBA, thanks to molecular dynamics simulation, and hybrid quantum mechanics/molecular mechanics simulations [300]. Cations enter TBA through 'gates', formed by either the G8 base at the base from the central TGT loop and the space between guanines' O6 from the upper tetrad, or by the non-canonical T-T pair and the space generated by guanine's O6 from the lower quartet. When the cation is captured by the quadruplex, it enters rapidly into the central stem, and the gates tend to close (the initial binding event lies in the ns range for both Na + and K + ). Conversely, in absence of coordinated cations, the gates are open. The TGT loop modulates the cation binding process in three ways, by (i) slowing down the cation binding by obstructing the gates, (ii) contributing to keep the coordinated cation in the quadruplex, and (iii) avoiding the quadruplex to collapse when no cation is bound. During the cation exchange between the bulk medium and other cations already coordinated, the release of the bound cation is correlated with the initial binding of the incoming cation. In short quadruplexes (small number of tetrads), the initial binding of a new cation can lead to electrostatic repulsions with the central stem-coordinated cation, eventually leading to the release of the latter.

Recently, DFT-D3 calculations have evidenced that binding of a second ion in a threetetrad system is accompanied by a large overestimation of the cation-cation repulsion at the molecular mechanics level of experiment because of its lack of polarization term [202], leading to large energy differences with the quantum mechanics level (20 kcal.mol -1 in the gas phase). Indeed, the polarization effect between the central stem and the cations decrease the energy cost of coordination of the second cation, by reducing the electrostatic repulsions of the cations. Because of this bias in the force fields that are currently employed, the authors question the validity of MD simulations published so far regarding the treatment of cations (reduced coordination rate, frequent cation ejections, destabilization of the cation coordination in loops above tetrads), and future work in this direction is therefore needed.

Influence of alkali metal ions on G-quadruplex structures

Case Study: The Human Telomeric G-Quadruplex Sequence

We have seen in section 3.2.2 that the G4 community has a predominant interest in the human telomeric sequence. This particular attention is part historical, with a number of seminal studies appearing in the late eighties and early nineties [81,82,301], part therapeutic [302][303][304], but also arises from its particularly intriguing polymorphism [172]. As described below, this polymorphism depends on a number of factors, including the cation nature, the precise sequence (number of repeats, flanking sequences), the putative presence of co-solvent, and other experimental factors imposed by the chosen analytical method. Many topologies have been proposed based on various methodologies including NMR [25,[27][28][29][30][31][32]50,168,[170][171][172][173][174]242], X-ray [26,150], 305], CD [85,173,174,245,[306][307][308] , contrary to earlier reports by three other groups that support an antiparallel-to-hybrid switch upon addition of K + to a Na + -solution [95,165,311]. The conversion from the Na + form to the K + form could be too fast to reflect a structural change as important as reported previously, and the differences in CD signatures could be assigned to changes in tetrad stacking due to specific K + coordination. complexes [238]. An earlier study involving cis-and trans-platinum complexes yielded similar results [237]. It is thus possible that the basket type is at least partially populated in K + conditions, and binding to this structure would be favored by the platinum complexes. Alternatively, different structures such as the 2-tetrad antiparallel fold could lead to identical platination sites.

It is likely that the crystal structure of Parkinson et al. is influenced by crystal packing forces [26]. Incidentally, water-depleting co-solvents such as polyethylene glycols [307,312], ethanol [306], and acetonitrile [309] promote the parallel fold. However, other groups have stated that this fold is not the favored one in physiological conditions [312][313][314]. Hänsel et al. have suggested by a combination of NMR and fluorescence spectroscopy that d[AG3(T2AG3)3)] predominantly adopts the hybrid-1 conformation in vivo, ex vivo, and in dilute potassium-based solution, and confirm the observation of a parallel fold in waterdepleted conditions [242]. Renciuk et al. also suggested that the difference between X-ray and NMR experiments arises from the unexpected DNA concentration dependence on the human telomeric intramolecular G-quadruplex [306]. Abu-Ghazalah and coworkers have observed a mixture of antiparallel and parallel structures at high strand concentrations (2 mM), in Na + solutions [245]. The parallel topology was tentatively attributed to either higher-order structures formed by propeller monomer, or tetramolecular assemblies.

Other Human Telomeric Sequences

The crystal structure of the 12-mer d[(TAG3T)2] is a parallel in K + , bimolecular G-quadruplex [26], whereas the solution structure is a mixture of parallel and antiparallel bimolecular Gquadruplexes in solution [170]. In the absence of 5'-flanking nucleotides, the bimolecular G-quadruplex [r(G3U2AG3U)]2 further dimerizes by 5'-5' stacking in K + solutions, as seen by NMR [50]. This was also observed on the 12-mer by ESI-MS, but with ammonium ions instead of alkali cations [224].

Unlike DNA 12-mers, no structure difference was observed for the 16-mer three-repeat d[G3(T2AG3)2T] in Na + and K + , when associating into an asymmetric, antiparallel bimolecular G-quadruplex [168,172]. The bimolecular G-quadruplex was also observed in Na + by association of two three-repeat strands, where one provides only one G-tract [168].

As stated earlier, four-repeat human telomeric sequences fold into a variety of structures. Vorlícková et al. have proposed that the 21-mer d[G3(T2AG3)3] folds into an antiparallel G4 in both Na + and K + , alike d[AG3(T2AG3)3] [306]. Other groups have attributed the CD signature to a mixture of hybrid and antiparallel folds [307]. Similar conclusions were drawn from 125 I-radioprobing experiments, that also suggest that the presence of 5'-flanking nucleotides stabilizes an hybrid fold in K + , while Na + promotes an alternative basket structure [240]. NMR experiments show that the addition of 5′ and 3′ flanking sequences stabilizes hybrid [27][28][29][30]171] (PDB ID: 2GKU, 2HY9, 2JSM, 2JSL, 2JPZ), or 2-tetrad antiparallel topologies (2KF8, 2KKA) [31,32], in K + solutions, which are all distinct from the Na + basket type of d[AG3(T2AG3)3] (143D) (Table 3) [25][26][27][28][29][30][31][32]50,150,168,[170][171][172][173][174]271,[306][307][308]. Hybrid-1 and Hybrid-2 structures are characterized by successive double chain reversal-lateral-lateral and lateral-lateral-double chain reversal loops, respectively. Chang et al. have used NMR to show that d[TAG3(T2AG3)3] adopts the same hybrid-1 topology in both K + and Na + solutions, despite different CD signatures [171]. A number of sequences starting by a guanine, including the 21-mer d[G3(T2AG3)3], adopt the 2-tetrad antiparallel topology (sometimes coined 'form 3'), that contains 2 tetrads, with lateral-diagonal-lateral loop bases being involved in externally stacked triplets/base pairs [31]. Gabelica et al. have evidenced by native ESI-MS experiments the binding of a single K + cation at low KCl concentrations, consistent with the 2-tetrad folding, while higher concentrations lead to the binding of a second K + , either by binding between an external tetrads and loop bases, or by conversion to a 3-tetrad hybrid structure [229]. Włodarczyk et al. have acquired CD spectra of d(T2AG3)4 at 2 and 20 °C at increasing concentrations of alkali cations [85]. No conclusion was drawn regarding the relative topologies formed, but the max were reported (290 nm for K + , 295 nm for Na + and Rb + , 300 nm for Cs + , and 301 nm for Li + ).

Renciuk et al. have suggested that, although flanking nucleotides can stabilize hybrid topologies, longer telomeric sequences fold in an antiparallel fashion [306]. The use of sitespecifically 15 N labeled G4-units in native-like single stranded telomeric in high resolution NMR experiments revealed that the 3′-terminal and internal G4 unit predominantly coexist in 2-tetrad antiparallel basket and hybrid-2 structures, arranged in "beads-on-a-string"-like fashion [242]. Sugimoto and co-workers have suggested that long sequences (5-12 repeats) form intramolecular G-quadruplexes arranged in distinct G-quadruplex units connected by TTA linkers in a beads on a string fashion, in both K + and Na + solutions, based on UVmelting experiments [271]. Na + promotes the antiparallel basket topology, whereas potassium is believed to lead to a mixture of parallel and antiparallel structures, or hybrid structures. Other sequences adopting the same fold: G3(T2AG3)3, G3(T2AG3)3T2, and G3(T2AG3)3T2A i Predominant fold (60%). Mutation of G7 to a Br G favors this topology (90%)

Summary

Clearly, K + allows d[AG3(T2AG3)3)] to adopt a variety of structures, whereas only the basket type G-quadruplex has been solved in Na + conditions. The precise topologies adopted in potassium conditions remains controversial, the consensus being that it is likely a mixture. Other four-repeat sequences spark similar debate, notably the minimal 21-mer sequence. A current issue is that a number of studies performed prior to the publication of the antiparallel 2-tetrad structures 2KF8 and2KKA (in 2009-2010) often attributed antiparallel signatures to the 3-tetrad antiparallel 'basket' topology ('Na + fold'). In the same vein, folding/unfolding intermediates are not usually considered (see section 3.3). Shorter two-repeat sequences also exhibit a clear cation-dependent folding topology, but not the three-repeat one. To complicate the picture, the exact sequence used clearly impacts the structure(s) formed, and the analytical methods sometimes influence those detectable. Progress is needed to separate conformation mixtures while preserving each of them, in order to disentangle the cation effects. In contrast with DNA G-quadruplexes, the topologies formed by RNA sequences do not seem to exhibit any cation-dependence. Finally, most studies on long DNA or RNA telomeric sequences (reviewed in reference [172]) only involve K + , and further work is required to bring insight into the cation-dependency of G-quadruplex folding.

Other Sequences

Following . The latter method suggested that the K +form is twice as long as the Na + form, and this was ascribed to the formation of a tetramolecular structure in K + . The intramolecular Na + -structure was solved in 1994 by Wang and Patel (PDB ID 186D) [46]. Despite its tracts of four guanines, it displays only three tetrads, linked by successive lateral-lateral-double chain reversal loops, in a pattern similar to the hybrid-2 G-quadruplex formed by the human telomeric sequence [29,30]. The 2-repeat sequence d(TG4T)2 was also examined in Na + , and adopts two distinct, interconverting, bimolecular, antiparallel 4-tetrad structures, which differ by the arrangement of the lateral loops (head-to-head or head-to-tail) [176].

The one-repeat Oxytricha nova telomeric DNA sequence d(T4G4) forms a parallel, tetramolecular G-quadruplex in Na + or K + conditions, but oligomerizes only in the latter case [119]. The two-guanine tracts counterpart d(G4T4G4), sometimes refers to as Oxy-1.5, retains the same fold in the presence of K + or Na + these cations, whether it is studied by NMR [96,125,126] or X-Ray crystallography [127,128]. It is composed of four tetrads with the thymine loops connecting strands diagonally over external tetrads. The potassium and sodium forms differ by the position of the cations (Figure 5). Large chemical shifts differences between these species were evidenced suggesting that the geometry of the tetrads are somewhat different. Dingley et al. have evidenced by studying scalar couplings that (C2)NH2...N7 H-bonds are shorter in presence of Na + than K + , in agreement with the crystal structures (2.62 Å vs 2.78 Å), likely because Na + residing in the center of the tetrads holds the guanines more tightly than K + [107]. The similar sequence d(G3T4G3) also folds into a bimolecular antiparallel structure with diagonal loops in both alkali cations [316,317]. However, the loops are more flexible with K + , where they adopt two possible and interconverting conformations, and the K + -stabilized tetrads are slightly larger than with Na + [317]. Moreover, long incubation times after addition of K + on a Na + sample results in the likely formation of a tetramolecular G-quadruplex, while Na + alone does not facilitates this association.

Plavec et al. have shown that another related sequence, d(G4T4G3), folds into a Na +containing G-quadruplex similar to the above-mentioned oligonucleotide, but adopts a mixture of structures with K + [318], whereas d(G3T4G4) and d(G4T4G4) adopt the same bimolecular fold with both cations, evidencing that small and targeted changes can have a dramatic effect on both the G-quadruplex topology and sensitivity to cation nature [319]. Two groups have independently demonstrated by NMR that the four-guanine tracts sequence d[G4(T4G4)3] ('Oxy-3.5') adopts an antiparallel topology in Na + (PDB ID: 201D and 230D) [175,320]. Upon addition of K + cations, significant changes in the spectra were monitored, without apparent change in the global topology, as with Oxy-1. 5 [320]. Single molecule FRET spectroscopy gave consistent results with Na + that promotes an antiparallel Gquadruplex [243]. However, K + leads to a mixture of a parallel and an antiparallel structure, the antiparallel differing from the Na + fold. These different topologies were also observed with longer sequences d(T4G4)n≥4 by native PAGE and UV-melting [119]. Potassium seems to lead to the formation of a mixture of parallel and antiparallel intra-and intermolecular Gquadruplexes, whereas Na + promotes the formation of antiparallel G-quadruplexes only, either intramolecular (n = 4-7) or in a mixtures of intra-and intermolecular assemblies ( n = 8-12). In the same vein, Thomas Jr et al. published a phase diagram for Na + and K + of the sequence d(T4G4)4 ('Oxy-4') [244]. At low concentrations, both cations promote the formation of an intramolecular antiparallel G-quadruplex. However, at higher concentrations, K + was more effective at stimulating the formation of tetramolecular assemblies. The midpoints of conversion, estimated from the Raman spectra, are 65 mM and 225 mM for K + and Na + , respectively.

More generally, a number of other telomeric sequences have distinct CD signature in Na + vs K + solutions, including Arabidopsis, L. esculentum,C. glabrata,S. cerevisiae,and Paramecium [114]. These sequences have G3 or G4 repeats, and give antiparallel signature in Na + , but not in K + conditions, where hybrid structures or mixtures are likely. Conversely, Bombyx and Ascaris have an antiparallel signature in Na + and K + . Both have repeats of two guanines only, and therefore contain most likely two tetrads, which was confirmed by NMR for Bombyx mori in K + conditions [68]. Guédin et al. examined eighty sequences containing four tracts of three guanines with loops of variable length (between 1 and 15 bases), following the template G3LaG3LbG3LcG3, where La, Lb, and Lc are thymines or TTA loops, in presence of 100 mM K + or Na + [115]. In K + , all short looped sequences (two one-nucleotide loops) adopt a parallel topology, while longer loops (notably with two three-nucleotide loops) seem to promote hybrid structures, which is reminiscent of the human telomeric sequence. Even in the presence of long loops (up to nine nucleotides) that allow a certain flexibility, none of the sequences display a clear antiparallel signature. Conversely, some G-quadruplexes have an antiparallel signature in the presence of Na + (d(G3T2G3T3G3T3G3), d(G3T1G3T3G3T3G3), d(G3T4G3T4G3T4G3)), although short loops also promote hybrid folds.

Recently, Hartig and coworkers have shown by CD and NMR that the sequence d[(G4CT)3G4], from the human pathogen Treponema pallidum, exhibits a remarkable cation dependency [222]. Low K + concentrations promotes a 4-tetrad intramolecular antiparallel structure, while Na + and Li + do not markedly induce G4 folding, even at high concentrations. The corresponding G5 motif also adopts an antiparallel signatures, but not the G3 counterpart that favors a parallel conformation, as does the absence of thymine in the loops. Moreover, CD, AUC and EPR experiments demonstrate that higher K + concentrations (≥ 500 mM) lead to the formation of a parallel tetramer, which was confirmed by SE-HPLC shortly after [37]. Interestingly, low concentrations of K + supplemented by Na + of Li + to increase the ionic strength is sufficient to trigger the formation of the tetramer.

Russo Krauss and coworkers have obtained high resolution crystal structures of TBA (d(G2T2G2TGTG2T2G2)) bound to -thrombin in presence of Na + or K + (PDB ID: 4DIH and 4DII) (Figure 8) [161]. The difference in G-quadruplex stability in favor of the latter cation is well known [89,98,111], as is the antiparallel 'chair-type' structure observed with both alkali cations. However, this work highlighted subtle cation-induced differences in the structure that may explain differences in binding mode and potency, and as a possible consequence the enhanced clotting inhibitory activity of the aptamer in presence of potassium. K + is coordinated at the center of the cavity between the two G-tetrads and bridges together all the eight guanine O6 atoms in a distorted anti-prism geometry (dO-K = 2.7-2.9 Å), thereby increasing the rigidity and the stability of the G-quadruplex. On the other hand, Na + can occupy two alternative coordination sites, closer to one of the two tetrads (dO-K = 2.2-2.7 Å), therefore conferring a higher plasticity to the aptamer that allows a better fit with the binding surface of -thrombin. Accordingly, the Tm between K + -and Na + -coordinating TBA decreases from 29 (free) to 12 °C (bound). Another consequence is the absence of interaction of TBA•Na + with the His71 residue, crucial for the inhibition of the fibrinogen conversion to fibrin by a-thrombin, while this interaction is visible for TBA•K + . 

General trends

Very clearly, the nature of the cation impacts the structure of DNA G-quadruplexes, in terms of topology, loop geometry, and strand stoichiometry. This does not necessarily translates into a different topology, and has sometimes more subtle effects (e.g. cation location, loops flexibility, quartet size), but even these small modifications can lead to significant outcomes [161]. Other factors influence the structure, mainly the sequence (i.e. number of guanines, of repeats, length and composition of loops), the strand concentration (oligomerization), and the presence of co-solvents. In particular, small sequence alteration can dramatically change the structure(s) formed and, more importantly within the scope of this chapter, the cationdependency of G-quadruplexes (e.g. d(G4T4G3) vs. d(G3T4G4) and d(G4T4G4) [318]).

From all the studies performed on a wide range of sequences, it seems that potassium does not promote the formation of intramolecular antiparallel structures of four-repeat G3 motif sequences, whereas sodium can. Conversely, four-repeat 2-tetrad G-quadruplexes seem to adopt preferentially antiparallel fold in presence of K + (e.g. human telomeres [31,32], TBA [24], Bombyx mori and Ascaris telomeres [68,114], HIV-PRO1 [69], 21CTA [45]). Sequences with G4 and longer motifs are also able to adopt antiparallel conformations in K + conditions. Moreover, K + promotes more efficiently oligomerization and the formation of tetramolecular assemblies than Na + [39,222], although (i) oligomerization in Na + solutions has been observed [245], and (ii) it should be noted that a number of observations have been made with highstrand-concentration samples, and may not be reflected in dilute conditions. Finally, G-rich RNA sequences fold in parallel G-quadruplexes regardless of the cation, although differences have been noticed regarding their propensity to oligomerize.

Cation-dependent conformational switching

The first example of cation-dependent structural switch of G-quadruplexes was reported in 1990 by Sen and Gilbert [315]. Although the authors based their conclusions on native PAGE experiments only, and discarded intramolecular G-quadruplexes as intermediates structures or by-products, it clearly shows that sodium and potassium can dramatically affect the structure(s) adopted by guanine-rich oligonucleotides, as well as their rate of formation. In 1992, Hardin et al. provided a nice example of cation-dependent hairpin-to-quadruplex conversion, which led to ranking of cations as a function of their G-quadruplex stabilization properties: K + > Ca 2+ > Na + > Mg 2+ > Li + , and K + > Rb + > Cs + [321].

We have seen in sections 3 and 4 that the nature and concentration of the cation(s) has a large effect on the stability and structure of G-quadruplex-forming sequences. It is therefore not surprising to find a number of examples of cation-triggered conformational switch from a less stable structure coordinating a cation to a more stable structure coordinating another cation. Typically, the switch is triggered by adding a more stabilizing cation, hence often by adding K + to a Na + -containing solution.

The telomeric sequence is well known for its particularly pronounced polymorphism in presence of Na + or K + (section 4.1), so the conversion from the sodium to the potassium form(s) is extensively studied. In 2006, Yang et al. proposed that the conversion from the Na + -basket form to the K + -hybrid form of human telomeric sequences involves the cation exchange, followed by a partial unfolding and restructuration [165]. Partial unfolding possibly leads to triplex intermediates, as also suggested by Sugiyama et al. and Chaires et al. [282,[285][286][287]. Gray et al. have shown that the (30 mM) Na + to (50 mM) K + exchange of the 22-mer d[AG3(G3T2A)3] is followed by a conformation change, from the Na + -basket type to the K + -hybrid (Figure 6C) [288]. Three distinct kinetic processes are involved: (i) A fast cation exchange (1 ~ 250 µs) yields a K + -coordinating basket G-quadruplex 'I1', (ii) A partial unfolding giving two possible triplex intermediates 'I2' (opening in 5' or 3'; 2 ~ 50 s), and (iii) a slower (3 ~ 800 s) refolding that converts a diagonal loop to a lateral loop, yielding hybrid-1 and hybrid-2 K + -stabilized G-quadruplexes (opening in 5' gives the hybrid-1, 3' the hybrid-2). The free energy barrier between the starting and final structures is relatively modest (1.4-2.4 kcal.mol -1 ). These results were reassessed recently under the light of new G4CT)3G4], from the human pathogen Treponema pallidum promotes a 4-tetrad intramolecular antiparallel structure at low K + concentrations, while Na + and Li + does not markedly induce G4 folding, even at high concentrations [222]. Interestingly, CD, AUC and EPR experiments demonstrated that higher K + concentrations (≥ 500 mM) lead to the formation of a parallel tetramolecular assembly, which was also observed by SE-HPLC in an independent study [37]. Interestingly, low concentrations of K + supplemented by Na + of Li + to increase the ionic strength is sufficient to trigger the formation of the tetramer, possibly to screen the negatively charged phosphate repulsions upon strand association although the authors did not comment on that.

Abu-Ghazalah and coworkers have observed the structural conversion of human telomeric sequences d[G3(T2AG3)3] ('basket'), d[A3G3(T2AG3)3A2] ('hybrid-1'), and d[T2AG3(T2AG3)3T2] ('hybrid-2') at high strand concentrations (2 mM) [245]. CD suggested the formation of parallel tetramolecular aggregates for the former sequence in 100 mM Na + solutions, with a relaxation time of around 10 hours, which can re-dissociate rapidly upon dilution. The conversion takes place regardless of the Na + concentration, however the rate of conversion increases with increasing strand and Na + concentrations. The two latter hybridtype sequences can also aggregate, albeit only at high salt concentrations (1 M K + ).

Concluding remarks and future directions

G-quadruplexes' relevance to life sciences was revealed in the late 1980s with seminal works on telomeric sequences [81,82,315,323]. The role of monovalent cations was reviewed as early as 1991 [301], but an increasing number of other sequences have been investigated since. Bioinformatics studies suggest the presence of a very large number of putative Gquadruplex-forming sequences in the human genome only, ranging from 370 000 [START_REF] Huppert | [END_REF][5][6] to more than a million (Bedrat et al., unpublished results). Compared to this very large sequence space, only a few sequences have been explored in depth, but several (six) very different topologies have been observed thus far [22,23]. Many studies have dealt with the influence of alkali cation on G-quadruplex structures, as can be seen from the large range of publications cited in this chapter. A marked difference of stability between K + , Na + and Li + is indeed widely accepted as a good indication that G-quadruplex structures are involved.

Quadruplexes are often considered to operate as allosteric switches, implicated notably in gene regulation processes [7][8][9][10][11][12][13][14][15]. Hence, the interaction of intracellular potassium and sodium with G-rich sequences might play an important role in the regulation of biological processes. As a result, the importance of alkali metal coordination, most notably of sodium and potassium, on the stability and topology of structures formed by G-quadruplex-prone sequences, was intensively investigated, but there is a clear bias in favor of potassium because of their prevalence in cells. These studies were also prompted for other purposes such as artificial switch elements for DNA-based nanodevices, but to a far lower extent.

Comparison of Na + and K + in terms of G-quadruplex stabilization and structures yielded fairly consistent results. Potassium stabilizes G-quadruplexes better than sodium and the reasons are well understood. Cation coordination is the driving force towards G-quadruplex folding or interconversion, in accordance with the unfolded state of guanine-rich sequence in absence of suitable cation [62,285]. However, the question as to why a sequence folds into one or several structures in particular, in presence of a given cation, remains largely unanswered. Answering this question is difficult because the structure depends not only on the nature of the cation, but also on cation concentration, strand concentration, and temperature. Some basic trends are very well known: tetramolecular G-quadruplexes are parallel, RNA G-quadruplexes are parallel, regardless of the cation nature. However, when it comes to the folding of intramolecular DNA G-quadruplexes, the most interesting when it comes to studying genomes, venturing an educated guess seems very risky. In fact, even the structures of some heavily studied sequences such as the human telomeric sequence in potassium solutions are still controversial. Numerous studies clearly show that minor sequence alterations lead to large structural effects, and the human telomeric sequence is the epitome of this phenomenon [172,203].

Similarly, the pathways of folding/unfolding and interconversion of G-quadruplexes are still a matter of debate. No clear view of cation effects emerged yet, except that potassium can swiftly displace sodium, whether it is accompanied by structural alterations or not. Gquadruplexes are often presented as biological switches within the genome because of their ability to be either folded or unfolded (and in the latter case, hybridized in a canonical duplex). Moreover, even small differences in the structure of G-quadruplexes due to the binding of K + or Na + can have an effect on protein binding [161]. In this context, studies mimicking the cellular environment are needed (crowding agents, proteins, complex mixtures of cations), complemented by the use of appropriate oligonucleotides (long telomeric sequences, G-quadruplexes embedded in duplex matrices). Recent studies have started to tackle these issues [169,242,314,324], but the complexity of these experiments makes it difficult to assess the influence of the cations in cell-like environments. The elucidation alkali cation effects on G-quadruplex nucleic acids structure and stability is a difficult task, yet an important milestone towards the prediction of structure from the sequence and environment, and towards the design of stimuli-responsive artificial DNA switches. 

Abbreviations and Definitions
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Figure 4

 4 Figure 4 Crystal structure of [d(TG4T)]4 coordinating Na + (PDB ID 352D, [120]) (A, B, C), and d(G3CG4AG5A2G3A) coordinating K + (PDB ID 4H29, [121] ) (D, E, F): tetrad geometry depicted as balls and sticks (A, D) and spheres (B, E), the head-to-head dimer coordinating seven Na + adopting positions ranging from within the tetrads (external cations) to sandwiched midway between two quartets (central cation) (C), and the intertwined dimer of B-raf coordinating six sandwiched K + cations (F). Hydrogen bonds are shown in blue, Na + and K + cations and coordination in purple. Carbon atoms are in grey, nitrogen in blue, and oxygen in red except in panels C and F where guanosines are colored in brown and the phosphate backbone is a white ribbon. For the sake of clarity, dT, dA, and dC residues, Ca 2+ , H2O, and hydrogen atoms are omitted.

Figure 5

 5 Figure 5 Crystal structure of [d(T4G4T4)]2 coordinating K + (PDB ID 1JPQ) or Na + (PDB ID 1JB7). Guanines are shown in brown, thymines in green, the cations as purple spheres, and the oxygens from water molecules completing the spheres of coordination as red balls.

  µM strand concentration)[273]. Almost identical stability differences are observed with the addition of flanking bases mimicking the human telomeric sequence, as in [d(T2AG3)]4 (50 vs. 17 °C; Tm = 33 °C) and [d(T2AG3T)]4(55 vs. 24 °C, Tm = 31 °C) [117]. NMR experiments on a high d(T2AG3) strand concentration(6.4 mM), in a 110 mM KCl buffer, NMR produced a Tm of around60 °C [274].

  human telomeric sequence is certainly the most investigated intramolecular Gquadruplex-forming sequence. Telomeres consist of thousands of tandem repeats of the sequence d(T2AG3), with a 3'-end overhang of 100-200 nucleotides [275,276]. Telomere sequences are involved in the protection of the ends of chromosome and exhibit similar repeats of guanines in numerous species such as plants (d(T3AG3)), Oxytricha (d(T4G4)), Tetrahymena (d(T2G4)), or Bombyx (d(T2AG2)). Włodarczyk et al. have measured the melting temperature of the 24-mer d[(T2AG3)4] sequence in presence of various concentration of alkali metals [85] (Table

  K + . Melting and temperature-jump experiments of fluorescently-tagged G-quadruplexes ([d(TG4T)]4, [d(G4T)]4, [d(TG4)]4, [d(G4)]4) at different heating/cooling rates in Na + solutions confirmed that the rates of annealing are very slow [236]. Another comprehensive study on the cation-dependent formation of DNA [d(TGnT)]4 (n = 3-6) and RNA [d(UG4U)]4 tetramolecular G-quadruplexes has been provided by

Figure 6 A

 6 Figure 6 A) Folding of the human telomeric sequence in K + conditions as proposed in reference [285]. B) Step-wise Na + /K + exchange mechanism of the human telomeric sequence proposed in reference [171]. C) Na + /K + exchange and structural interconversion proposed in reference [288].

  , single molecule FRET [233], native [271] or denaturing PAGE [237-239], 125 I-radioprobing [239,240], UVmelting [271], fluorescence spectroscopy [242], Raman scattering [245], analytical ultracentrifugation and molecular modeling [203]. Available high-resolution structures of 4repeat human telomeric G-quadruplexes are depicted in Figure 2 and schematized in Figure 7 [25-32].

Figure 7

 7 Figure 7Topologies of the four-repeat DNA human telomeric G-quadruplex deposited in the PDB[25][26][27][28][29][30][31][32].

  A similar observation (change in CD signature but no change in topology) was proposed by Chang et al. for the 23-mer d[TAG3(T2AG3)3] [171]. In the same vein, Bombard et al. have observed an identical platination site (namely dA13) in both Na + and K + conditions, by gel analysis of 3'-exonuclease-digested d[AG3(T2AG3)3], previously incubated with platinum

  the work of Sen and Gilbert who first investigated the cation-dependence on the topology of various sequences [315], Hardin et al. have shown that the telomeric sequence of Tetrahymena d[(T2G4)4] folds into G-quadruplexes of different structures in relatively low K + and Na + concentrations(20 mM), by a combination of NMR, CD, gel electrophoresis and an early use of SE-HPLC for G4 nucleic acids[215]

Figure 8

 8 Figure 8 Crystal structure of TBA coordinating Na + (left; purple spheres: two positions; PDB ID: 4DIH) or K + (right; purple sphere: one position; PDB ID: 4DII), bound to -thrombin (not shown except for His71, in orange) [161]. Guanosines are depicted in brown, thymidines in green, and the phosphate backbones as white ribbons.

  folding pathway data, with 2 > 3 [285]. The presence of a folding intermediate (presumably a triplex) was also suggested in Na + solution for the 21-mer sequence d[G3(T2AG3)3] [322]. Worth mentioning, Chang et al. have argued that the Na + to K + exchange of the 23-mer sequence d[TAG3(T2AG3)3] does not involve a triplex intermediate, nor any unfolding, since the sequence adopts the same hybrid-1 topology in both K + and Na + solutions (Figure 6B) [171]. They postulate that either slightly different human telomeric sequences adopt different exchange mechanism or that other studies have not satisfyingly characterized the initial and final states.Besides cation nature, a change in cation concentration can also trigger structural changes. Hartig et al. have shown that the sequence d[(

  

Table 1

 1 Melting temperatures of tetramolecular G-quadruplexes.

	sequence	strand concentration (µM)	cation concentration (mM)	Tm K + (°C)	Tm Na + (°C)	refs
	d(TG3T)	10 200	110 100	48 51	16 ___	[117] [273]
		10	110	50	17	[117]
	d(T2AG3)	6400	110	≈ 60	___	[274]
	d(T2AG3T)	10	110	55	24	[117]
	d(TG4T)	10 160	110 210	> 94 > 94	54.5 75	[117] [112]
	d(T2G4T2)	10	110	> 94	71	[117]
	d(AG4T)	10	110	> 94	60	[117]
	r(UG4U)	10	110	> 94	89	[117]
	d(TG5T)	10	110	> 94	> 94	[117]

Table 2

 2 Melting temperature of human telomeric G-quadruplexes.Hardin et al. observed in 1991 that the four-repeat Tetrahymena telomeric sequence d[(T2G4)4] is much more stable in K + than Na + and Li + conditions[215]. More recently, Tran et al. analyzed the melting temperatures of minimal (i.e. without flanking base) telomeric sequences from fourteen species[114]. All the tested sequences bearing three or more consecutive guanines (in particular G3T1-4A motifs and G4T2,4 ciliate motifs) fold into stable G-quadruplexes both in potassium and in sodium. This is also the case of the G2T2A (e.g. Bombyx mori) and the G2CT2A telomeric motif sequences (e.g. Ascaris lumbricoides, Caenorhabditis elegans). Among the telomeric sequences containing a four repeated G3 motif, coordination to K + induces a stabilization of on average 11 °C as compared to Na + , at a 100 mM cation concentration. The difference is the most pronounced for S. cerevisiae(68 vs. 50 °C) and the least pronounced for the human telomeres(65 vs. 59 °C). A large difference of stability in K + and Na + conditions was equally observed in an independent study[111].

	sequence	cation concentration (mM)	Tm K + (°C)	Tm Na + (°C)	Tm Rb + (°C)	Tm Li + (°C)	refs
		300	71.2	62.2	___	___	[85]
		100	59.0	50.2	40.2	32.0	[85]
	d[(T2AG3)4]	100 70	61 63	47 49	___ ___	___ ___	[271] [110]
		50	50.2	42.4	34.8	27.8	[85]
		10	44.3	___	26.4	23.0	[85]
	d[AG3(T2AG3)3)]	110 110	62 63	55 56	___ ___	___ 37	[89] [111]
	d[(G3T2A)3G3]	110	65	58	___	___	[111]
	d(G3T2AG3) a	70	42	31	___	___	[110]
	d(T2AG3) b	110	50	17	___	___	[117]
	d(T2AG3T) b	110	55	24	___	___	[117]
	d[(AG2T2)3AG2)]	110	42	40	___	___	[117]
	d[T3A2(G3T2A)3G3]	100	55	44	___	___	[118]
	d[T(G3T2A)3G3]	5 100	45 82	28 70	___ ___	___ ___	[94] [94]

a bimolecular structure; 20.5 µM strand concentration b tetramolecular structure; 10 µM strand concentration Paramecium and L. esculentum (tomato plant) have degenerated telomeric sequences. The Tm does not strongly vary among tomato variant sequences, ranging from 55 to 58 °C in NaCl and from 64 to 69 °C in KCl while Paramecium variant sequences spanned a broader range: from 52 to 60 °C in NaCl and from 68 to 76°C in KCl. The ciliates Tetrahymena (d[(G4T2)3G4]) and Oxytricha (d[(G4T4)3G4]

  200 mM NaCl) (see section 3.1). Incidentally, this latter study by Kallenbach et al. shows that the addition of a single 3'-dT nucleotide dramatically increases the melting temperature (+ 20 °C), and that that the Gquadruplex formed in 200 mM KCl is not entirely melted at 100 °C [119]. Petraccone et al. have used DSC to determine the Tm of the two-repeat Oxytricha telomeric sequence forming a bimolecular G-quadruplex [d(G4T4G4)]2, in 200-mM sodium solutions [112]. Analysis of the heating curve revealed a two-step dissociation, centered around 47 and 67 °C, contrary to what has been proposed in earlier studies

  Bolton et al. suggested that the Na + fold is antiparallel [308].

	The RNA human telomeric (TERRA) counterpart r[(UAGGGU)2] does not exhibit the same
	cation-dependency since it associates into a bimolecular 'propeller' G-quadruplex in K + -
	crystals [150], and in both Na + [173] and K + solutions [174], reminiscent of the DNA crystal
	structure albeit for changes in sugar puckering. The topology of RNA 4-repeat sequences do
	not exhibit any cation-dependency either. CD suggests that r[(UUAGGG)4] forms a parallel
	G-quadruplex in Na + [173] and K + solutions [174].

Table 3

 3 Structures adopted by selected DNA and RNA human telomeric sequences Calculated for 70 mM KCl + 20 mM potassium phosphate (pH 7.0) b Calculated for 200 mM NaCl + 10 mM sodium phosphate (pH 6.8) c Calculated for 100 mM NaCl + 10 mM sodium phosphate (pH 6.8) d Unpublished e Addition of up to 100 mM in a 145 mM Na + solution f Calculated for 70 mM KCl + 25 mM potassium phosphate (pH 7.0)

	Sequence (5' to 3')	Cation	Topology	Assay	ID PDB	Reference
		Na + (140 mM)	dimeric antiparallel	CD	____	[308]
	d[(TAG3T)2]	K + (100 mM) a	dimeric parallel + antiparallel	NMR	____	[170]
		K +	dimeric parallel	X-ray	1K8P	[26]
		Na + (215 mM) b	dimeric parallel	NMR	____	[173]
	r[(UAGGGU)2]	K + (100 mM) a	dimeric parallel	NMR	2KBP	[174]
		K +	dimeric parallel	X-Ray	3IBK	[150]
	r(G3U2AG3U)	K + (100 mM) a	5'-5' stacked parallel dimer	NMR	2M18	[50]
	d[G3(T2AG3)2T]	Na + (140 mM) c K + d	dimeric antiparallel dimeric antiparallel	NMR NMR	2AQY ____	[168] [172]
		Na + (145 mM)	antiparallel (basket)	CD	____	[306]
		K + (variable) e	antiparallel (basket)	CD	____	[306]
	d[G3(T2AG3)3]	K+ (50 mM)	hybrid mixture	CD	____	[307]
		K + (100 mM) a	hybrid +(2-antiparallel tetrad)	NMR	____	[31]
		Na + (100 mM)	antiparallel (basket)	NMR	143D	[25]
	d[AG3(T2AG3)3]	K + (diffusion) Na + (145 mM)	parallel (propeller) antiparallel (basket)	X-ray CD	1KF1 ____	[26] [306]
		K + (variable) e	antiparallel (basket)	CD	____	[306]
	d[T2G3(T2AG3)3A]	K + (100 mM) a	hybrid-1	NMR	2GKU	[27]
	d[A3G3(T2AG3)3A2]	K + (100 mM) a	hybrid-1	NMR	2HY9	[28]
		K + (100 mM) a	hybrid-1	NMR	2JSM	[29]
	d[TAG3(T2AG3)3]	K + (150 mM)	hybrid-1	NMR	____	[171]
		Na + (150 mM)	hybrid-1	NMR	____	[171]
	d[TAG3(T2AG3)3T]		hybrid-1 + hybrid-2	NMR	____	[29]

a g n = 4-12 h
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