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Table of contents 1. Introduction

Nucleic acid complexes are at the crossroads between chemistry and biology. On the one hand, nucleic acids are essential players in the central dogma of molecular biology: our DNA contains the blueprint of the genetic information. It can be replicated for cell division, and transcribed into pieces of RNA that either have their own function, or are themselves the blueprint for translation into proteins. Consequently, small molecules that target natural nucleic acids can have pharmacological interest, the best known being as anticancer therapeutics [START_REF] Hurley | DNA and Its Associated Processes as Targets for Cancer Therapy[END_REF][START_REF] Nitiss | Targeting DNA Topoisomerase II in Cancer Chemotherapy[END_REF] or antibiotics. [START_REF] Poehlsgaard | The Bacterial Ribosome as a Target for Antibiotics[END_REF][START_REF] Kohanski | How Antibiotics Kill Bacteria: From Targets to Networks[END_REF] On the other hand, nucleic acids and derivatives can be chemically synthesized, and form structures or supramolecular assemblies that can adopt a variety of functions: molecular recognition, [START_REF] Hermann | Adaptive Recognition by Nucleic Acid Aptamers[END_REF] catalysis, [START_REF] Park | DNA-Based Hybrid Catalysts for Asymmetric Organic Synthesis[END_REF] switches, [START_REF] Wang | DNA Switches: From Principles to Applications[END_REF] therapeutics, [START_REF] Panigaj | Aptamers as Modular Components of Therapeutic Nucleic Acid Nanotechnology[END_REF] … Their assemblies can be complex and beautiful. [START_REF] Hong | DNA Origami: Scaffolds for Creating Higher Order Structures[END_REF][START_REF] Mclaughlin | Supramolecular DNA Assembly[END_REF] To characterize non-covalent complexes, mass spectrometry has the unique advantage of providing an assumption-free determination of the stoichiometries present in the sample, while the peak intensities inform on the relative abundance of each species in solution. Furthermore, advanced mass spectrometry method can be exploited to further characterize the complexes in the gas phase, e.g., their kinetic stability, reactivity, shape, or spectroscopic properties. But as in all measurement sciences, a key question is the extent to which the molecular system could be perturbed by the measurement itself. Mass spectrometry is carried out in the gas phase, and on ions. Ionization and desolvation will inevitably affect the complexes: the hydrophobic (water exclusion) effect can't exist in the gas phase, specific interactions with water will be lost, while electrostatic interactions are magnified by the lower dielectric constant of vacuum. So, the key question is not whether the structure will be different in the gas phase compared to in solution but rather: To what extent? Does it matter for the question at hand? Can we tailor better experiments depending on the question? Depending on the system?

In section 2, we will describe the structures of nucleic acids and their complexes, focusing on the types of non-covalent forces at stake in solution. This will allow us to better reflect on how these forces will be altered upon transfer from the solution to the gas phase. This section will also allow mass spectrometrists to learn the basics of nucleic acid structures and follow the discussion of the specific results. Researchers with a good command of nucleic acids complexes can directly switch to section 3, where we will describe all mass spectrometry approaches that can be used to study non-covalent complexes and have been applied to nucleic acids. This section will introduce each approach and its fundamental principles, so that readers with no prior knowledge of native mass spectrometry can also follow how information is obtained for various nucleic acid complexes. Finally, section 4 will gather case studies on non-covalent interactions in nucleic acids, studied by mass spectrometry. We comprehensively gathered the literature on MS studies of intramolecular oligonucleotide folding, and intermolecular complexes between nucleic acid structures and ligands (cations, small molecules, peptides, proteins…). We however restricted the bibliography to articles using native mass spectrometry (not, for example, papers describing solution affinity capture with mass spectrometry readout). We also left aside the literature where the nucleic acid had no secondary or tertiary structure (lone nucleobases, or unstructured single strands). Finally, in the vast literature on proteinnucleic acid complexes, we include here only the references where the complex was studied from the nucleic acid side of the coin. The readers may find complementary information in the following past reviews on nucleic acid studies by native mass spectrometry, [START_REF] Hofstadler | Analysis of Noncovalent Complexes of DNA and RNA by Mass Spectrometry[END_REF][START_REF] Beck | Electrospray Ionization Mass Spectrometry of Oligonucleotide Complexes with Drugs, Metals, and Proteins[END_REF][START_REF] Rosu | Electrospray Mass Spectrometry to Study Drug-Nucleic Acids Interactions[END_REF][START_REF] Brodbelt | Evaluation of DNA/Ligand Interactions by Electrospray Ionization Mass Spectrometry[END_REF][START_REF] Yuan | Mass Spectrometry of G-Quadruplex DNA: Formation, Recognition, Property, Conversion, and Conformation[END_REF][START_REF] Fabris | A Role for the MS Analysis of Nucleic Acids in the Post-Genomics Age[END_REF][START_REF] Fabris | MS Analysis of Nucleic Acids in the Post-Genomic Era[END_REF][START_REF] Silvestri | Tandem Mass Spectrometry for Characterization of Covalent Adducts of DNA with Anticancer Therapeutics[END_REF][START_REF] Abi-Ghanem | Nucleic Acid Ion Structures in the Gas Phase[END_REF] and more general reviews on either supramolecular mass spectrometry [START_REF] Schalley | Molecular Recognition and Supramolecular Chemistry in the Gas Phase[END_REF][START_REF] Hofstadler | Applications of ESI-MS in Drug Discovery: Interrogation of Noncovalent Complexes[END_REF] or nucleic acids. [START_REF] Hofstadler | Analysis of Nucleic Acids by FTICR MS[END_REF][START_REF] Banoub | Recent Developments in Mass Spectrometry for the Characterization of Nucleosides, Nucleotides, Oligonucleotides, and Nucleic Acids[END_REF] The unmodified, natural DNA bases are adenine (single-letter code: A; nucleoside name: deoxyadenosine/dA) and guanine (G; deoxyguanosine/dG), which are purines, and cytosine (C; deoxycytidine/dC) and thymine (T; thymidine/dT), which are pyrimidines. In RNA, uracil (U; uridine/rU) Hypoxanthine and xanthine are naturally-occurring purine bases, whose structures differ from guanine at the position 2. [START_REF] Kulikowska | Xanthine, Xanthosine and Its Nucleotides: Solution Structures of Neutral and Ionic Forms, and Relevance to Substrate Properties in Various Enzyme Systems and Metabolic Pathways[END_REF] Specifically, hypoxanthine lacks the H-bond donor amino group, and xanthine substitutes it by an acceptor carbonyl (Chart 1B). Their nucleoside names are inosine (I) and xanthosine (X). 5-methylcytosine (5mC) is an abundant and important DNA modification. The addition of a methyl group in position 5 (the same that constitutes the difference between T and U) does not alter its basepairing capabilities compared to cytosine (Chart 1B). 49 

Modified phosphodiester linkage and sugar moieties

L-nucleic acids are mirror image of natural D-nucleic acids (Chart 1C), with whom they share physicochemical and base pairing properties, but form left-handed rather than right-handed helices. 50 Unlike the synthetic analogs presented thereafter, which can bind to complementary DNA or RNA with both Watson-Crick and Hoogsteen motifs, L-DNA cannot form stable duplexes with D-DNA in physiological conditions (regardless of sequence complementarity). [START_REF] Fujimori | Enantio-DNA Recognizes Complementary RNA but Not Complementary DNA[END_REF][START_REF] Garbesi | L-DNAs as Potenital Antimessenger Oligonucleotides: A Reassessment[END_REF] They can be used as aptamers for their high biostability and low immunogenicity properties, [START_REF] Vater | Turning Mirror-Image Oligonucleotides into Drugs: The Evolution of Spiegelmer® Therapeutics[END_REF] or as molecular tags. [START_REF] Hayashi | Application of L-DNA as a Molecular Tag[END_REF][START_REF] Ogata | L-DNA-Tagged Fluorescence in Situ Hybridization for Highly Sensitive Imaging of RNAs in Single Cells[END_REF] They can be targeted selectively (vs. D-DNA) by small molecules. [START_REF] Ho | Quantitative Detection of Small Molecule/DNA Complexes Employing a Force-Based and Label-Free DNA-Microarray[END_REF] A common and minimal type of nucleic acid modifications is the substitution of the (deoxy)ribose 2' position. For instance, 2'-OMe RNA (Chart 1C) sequences, first reported in 1959, [START_REF] Smith | An Additional Sugar Component of Ribonucleic Acids[END_REF] have an improved resistance to nucleases and altered sensitivity towards other enzymes. [START_REF] Cummins | Characterization of Fully 2'-Modified Oligoribonucleotide Hetero-and Homoduplex Hybridization and Nuclease Sensitivity[END_REF][START_REF] Rottman | Polynucleotides Containing 2'-O-Methyladenosine. I. Synthesis by Polynucleotide Phosphorylase[END_REF] The modification does not impact the sugar puckering and base pairing of nucleotides, and therefore 2'-OMe oligonucleotides form stable duplex with complementary sequences (modified or not). [START_REF] Cummins | Characterization of Fully 2'-Modified Oligoribonucleotide Hetero-and Homoduplex Hybridization and Nuclease Sensitivity[END_REF][START_REF] Inoue | Sequence-Dependent Hydrolysis of RNA Using Modified Oligonucleotide Splints and RNase H[END_REF][START_REF] Inoue | Synthesis and Hybridization Studies on Two Complementary Nona(2'-O-Methyl)Ribonucleotides[END_REF][START_REF] Lesnik | Oligodeoxynucleotides Containing 2'-O-Modified Adenosine: Synthesis and Effects on Stability of DNA:RNA Duplexes[END_REF] Substitution of phosphorothioate moieties for the phosphate linkage is another example of a simple modification providing nuclease resistance. [START_REF] Eckstein | Phosphorothioate Oligodeoxynucleotides: What Is Their Origin and What Is Unique About Them?[END_REF] Although this modification is minimal, it generates a chiral center that may affect the oligonucleotide properties, for instance the stability of the duplexes formed. [START_REF] Boczkowska | Stereodefined Phosphorothioate Analogues of DNA: Relative Thermodynamic Stability of the Model PS-DNA/DNA and PS-DNA/RNA Complexes[END_REF] Peptide nucleic acids (PNA) are nucleic acid variants whose achiral backbone is constituted by N- (2aminoethyl)-glycine units linked by peptide bonds, with the bases attached by a methylene carbonyl linkage (Chart 1C). PNAs were designed to be homomorphous to DNA with respect to the number of backbone bonds and distance between, with the aim to bind double stranded DNA (dsDNA) in the major groove (see section 2.2.2). [START_REF] Nielsen | Sequence-Selective Recognition of DNA by Strand Displacement with a Thymine-Substituted Polyamide[END_REF] Importantly, in the context of mass spectrometry, the PNA backbone is neutral (bases may still be charged at non-physiological pH). This allows for stronger binding to natural nucleic acids. [START_REF] Egholm | PNA Hybridizes to Complementary Oligonucleotides Obeying the Watson-Crick Hydrogen-Bonding Rules[END_REF][START_REF] Nielsen | DNA Analogues with Nonphosphodiester Backbones[END_REF] PNAs are most notably used in antisense, anti-and pro-gene, and anti-microRNA therapies, [START_REF] Gupta | Peptide Nucleic Acids: Advanced Tools for Biomedical Applications[END_REF][START_REF] Quijano | Therapeutic Peptide Nucleic Acids: Principles, Limitations, and Opportunities[END_REF] gene editing, [START_REF] Quijano | Therapeutic Peptide Nucleic Acids: Principles, Limitations, and Opportunities[END_REF][START_REF] Ricciardi | Peptide Nucleic Acids as a Tool for Site-Specific Gene Editing[END_REF] and biosensing. [START_REF] Gupta | Peptide Nucleic Acids: Advanced Tools for Biomedical Applications[END_REF][START_REF] Briones | Applications of Peptide Nucleic Acids (PNAs) and Locked Nucleic Acids (LNAs) in Biosensor Development[END_REF] Locked nucleic acids (LNA) are synthetic analogs of DNA that feature a bicyclic -D-2'-O-4'-Cmethylene ribofuranose sugar (Chart 1C). LNA-containing DNA oligonucleotide form more stable duplexes with DNA or RNA than unmodified strands, and LNA:LNA duplexes are exceptionally stable. 71- 73 These properties have been leveraged for therapeutic and biosensing applications. [START_REF] Briones | Applications of Peptide Nucleic Acids (PNAs) and Locked Nucleic Acids (LNAs) in Biosensor Development[END_REF][START_REF] Veedu | Locked Nucleic Acids: Promising Nucleic Acid Analogs for Therapeutic Applications[END_REF][START_REF] Campbell | Locked vs. Unlocked Nucleic Acids (LNA vs. UNA): Contrasting Structures Work towards Common Therapeutic Goals[END_REF] Glycol nucleic acids (GNA) are simplified nucleic acid analogues that rely on an acyclic propylene glycol backbone (Chart 1C), while preserving hybridization properties by Watson-Crick base pairing for both the R-and S-enantiomers (but only with a complementary strand of same chirality). [START_REF] Zhang | A Simple Glycol Nucleic Acid[END_REF][START_REF] Schlegel | Duplex Formation of the Simplified Nucleic Acid GNA[END_REF][START_REF] Schlegel | Duplex Structure of a Minimal Nucleic Acid[END_REF] They were introduced fairly recently to streamline the synthesis of artificial nucleic-acids for e.g. nanotechnology applications. [START_REF] Zhang | A Simple Glycol Nucleic Acid[END_REF] A variety of 6-membered-ring nucleotides have been reported, including and -Homo-DNA, p-RNA, CeNA, CNA, ANA, p-ara-NA, and HNA. [START_REF] Lescrinier | Difference in Conformational Diversity between Nucleic Acids with a Six-Membered "sugar" Unit and Natural "Furanose" Nucleic Acids[END_REF] Among these, Hexitol (1',5'-anhydro-Darabino-hexitol) nucleic acids (D-HNA) form HNA:HNA duplexes with good thermal stability, and can hybridize with complementary RNA oligonucleotides as well. [START_REF] Lescrinier | Solution Structure of a HNA-RNA Hybrid[END_REF][START_REF] Hendrix | 1′,5′-Anhydrohexitol Oligonucleotides: Hybridisation and Strand Displacement with Oligoribonucleotides, Interaction with RNase H and HIV Reverse Transcriptase[END_REF][START_REF] Hendrix | 1′, 5′ -Anhydrohexitol Oligonucleotides: Synthesis, Base Pairing and Recognition by Regular Oligodeoxyribonucleotides and Oligoribonucleotides[END_REF] 

Secondary structures

In nucleic acids, the definition of secondary, tertiary and quaternary structure is blurrier than in the case of proteins. Here, we will define "secondary structures" as structures formed by the contiguous stacking of hydrogen-bonded bases, independently of whether these structures may form intramolecularly or with several strands. The term "tertiary structure" will be reserved to structures formed intramolecularly by the interactions between distinct secondary structures as building blocks. The term "quaternary structures" will not be used in this review and we will speak about "complexes".

Duplexes

A, B, and Z forms

Nucleic acids can form three major forms of double stranded helices: the A-helix, B-helix, and Z-helix. All three are made of two strands intertwined in opposite 5'-to-3' directions, with the sugar and phosphate groups sitting on the outside, their bases associated internally by Watson-Crick H-bonds and stacked to their intra-strand neighbors (see section 2.3.1). [START_REF] Sinden | DNA Structure and Function[END_REF] Base pairing is possible between complementary bases, but may also take place when bases are mismatched and by alternative binding modes (see section 2.2.1.2). Self-complementary oligonucleotides, called palindromic sequences, can form an intermolecular duplex with a second identical oligonucleotide (see all three double-stranded structures in Figure 1), or fold intramolecularly into a hairpin (see section 2.2.1.3). [START_REF] Bingman | Crystal and Molecular Structure of the Alternating Dodecamer d(GCGTACGTACGC) in the A-DNA Form: Comparison with the Isomorphous Non-Alternating Dodecamer d(CCGTACGTACGG)[END_REF] ; X-ray diffraction), B-form dCGCGAATTCGCG, PDB: 9BNA [START_REF] Westhof | Re-Refinement of the B-Dodecamer d(CGCGAATTCGCG) with a Comparative Analysis of the Solvent in It and in the Z-Hexamer d(5BrCG5BrCG5BrCG)[END_REF] ; X-ray diffraction), or left-handed Z-form dCGCGCGCGCGCG, PDB: 4OCB [START_REF] Luo | Phosphates in the Z-DNA Dodecamer Are Flexible, but Their P-SAD Signal Is Sufficient for Structure Solution[END_REF] ; X-ray diffraction). Middle: Triplex formed by the binding of a DNA hexamer dCTCTCT, gold; parallel base pairing) into the major groove of dsDNA truncated to a dodecamer dCTGAGAGACGTA + complementary sequence, PDB: 1BWG; 87 solution NMR). Right: i-motif (PDB: 1YBL; [START_REF] Esmaili | I-Motif Solution Structure and Dynamics of the d(AACCCC) and d(CCCCAA) Tetrahymena Telomeric Repeats[END_REF] solution NMR) and G-quadruplex (PDB: 2O4F; 89 X-ray diffraction) formed by the association of four identical dAACCCC or dTGGGGT strands, respectively. All the structures (excluding the TFO from the triplex) contain 24 nucleotides and are scaled identically. Adenosines are colored in blue, cytidines in pink, guanosines in tan, thymidines in green, phosphodiester backbone in white, and sodium in purple.

Figure 2. A. The syn and anti configurations of nucleosides (here guanosines), indicating the position of the base relative to the glycosidic bond angle. B-F. Stacking between a guanine and a cytosine in a B-DNA (B; extracted from 9BNA [START_REF] Westhof | Re-Refinement of the B-Dodecamer d(CGCGAATTCGCG) with a Comparative Analysis of the Solvent in It and in the Z-Hexamer d(5BrCG5BrCG5BrCG)[END_REF] ), four cytosines in an i-motif (C; 1YBL [START_REF] Esmaili | I-Motif Solution Structure and Dynamics of the d(AACCCC) and d(CCCCAA) Tetrahymena Telomeric Repeats[END_REF] ), two guanines from successive G-quartets with anti/anti (D; 2O3M [START_REF] Phan | Structure of an Unprecedented G-Quadruplex Scaffold in the Human c-Kit Promoter[END_REF] ), syn/anti (E; 2JPZ [START_REF] Dai | Structure of the Hybrid-2 Type Intramolecular Human Telomeric G-Quadruplex in K+ Solution: Insights into Structure Polymorphism of the Human Telomeric Sequence[END_REF] and anti/syn (F; 1JPQ [START_REF] Haider | Crystal Structure of the Potassium Form of an Oxytricha Nova G-Quadruplex[END_REF] ) steps. Nucleosides n are on top, n+1 at the bottom. Glycosidic torsion angles  are defined by the O4′-C1′-N9-C4 atoms for purines, and O4′-C1′-N1-C2 for pyrimidines.

Figure 3. Minor and major grooves in a B-helix

Both the A-and B-helices are right handed, whereas the Z-helix is left-handed. [START_REF] Neidle | Principles of Nucleic Acid Structure[END_REF][START_REF] Sinden | DNA Structure and Function[END_REF][START_REF] Wang | Molecular Structure of a Left-Handed Double Helical DNA Fragment at Atomic Resolution[END_REF] The B-helix has a width of 20 Å with a helical twist of around 36° per base pair, that is 10 base pairs (bp) per helical turn, and sugar moieties in the C2' endo conformation (Figure 1). [START_REF] Neidle | Principles of Nucleic Acid Structure[END_REF][START_REF] Sinden | DNA Structure and Function[END_REF] The bases are in anti conformation, stacked over the axis, almost exactly perpendicular to it, with a vertical rise between two consecutive bp of 3.38 Å (Figure 2A,B). [START_REF] Neidle | Principles of Nucleic Acid Structure[END_REF] Two distinct grooves, namely the major and minor grooves, are defined by the surface between the sugars-phosphodiester backbones (Figure 3). Grooves provide surfaces for not only protein but also synthetic small molecule binding (see section 2.5.1). In physiological conditions, DNA:DNA duplexes favor the B-helix conformation.

The sugars in the A-helix are in a C3' endo conformation, which leads to closer 5' and 3' carbons, in turn resulting in a smaller rise (2.54 Å), slightly wider helix with a smaller helical twist (32.7°, ~ 11 bp per turn), and base pairs twisted, tilted and displaced away from the helix axis. [START_REF] Neidle | Principles of Nucleic Acid Structure[END_REF][START_REF] Sinden | DNA Structure and Function[END_REF][START_REF] Fuller | The Molecular Configuration of Deoxyribonucleic Acid[END_REF] This leads to shallower and wider minor grooves, and deeper and narrower major grooves. [START_REF] Neidle | Principles of Nucleic Acid Structure[END_REF] RNA duplexes are constrained in this conformation because the 2'-OH (absent in DNA) precludes the adoption of the C2' endo sugar puckering. RNA:DNA duplexes (formed during transcription and replication) also favor the A-form. Although DNA has also been observed in the A form, it is in many cases due to the crystallization conditions. [START_REF] Neidle | Principles of Nucleic Acid Structure[END_REF] Z-DNA can be formed by alternating GC repeats, particularly in cases where DNA is negatively supercoiled, and in high salt conditions. [START_REF] Neidle | Principles of Nucleic Acid Structure[END_REF][START_REF] Sinden | DNA Structure and Function[END_REF][START_REF] Pohl | Salt-Induced Co-Operative Conformational Change of a Synthetic DNA: Equilibrium and Kinetic Studies with Poly(DG-DC)[END_REF][START_REF] Phan | DNA Architecture: From G to Z[END_REF] The repeating unit is the dinucleotide, in which the guanosine and cytosine residues have distinctly different conformations. Guanosines are in syn conformation, with a C3' endo sugar puckering, whereas cytidines maintain the C2' endo, anti conformation found in B-DNA. [START_REF] Sinden | DNA Structure and Function[END_REF][START_REF] Wang | Molecular Structure of a Left-Handed Double Helical DNA Fragment at Atomic Resolution[END_REF] The rise of a dinucleotide unit is 7.25 Å, corresponding to an average rise of 3.6 Å per nucleotide, slightly larger than in B-DNA. [START_REF] Neidle | Principles of Nucleic Acid Structure[END_REF] The helical twist (~30° on average, 12 bp per turn) is smaller than is A-and B-DNA, as is the width (18 Å). [START_REF] Neidle | Principles of Nucleic Acid Structure[END_REF][START_REF] Sinden | DNA Structure and Function[END_REF] Phosphates adopt a zig-zagging backbone with a virtually inexistent major groove, but a deep and narrow minor groove. [START_REF] Neidle | Principles of Nucleic Acid Structure[END_REF][START_REF] Sinden | DNA Structure and Function[END_REF][START_REF] Wang | Molecular Structure of a Left-Handed Double Helical DNA Fragment at Atomic Resolution[END_REF] 

Non-canonical base pairing 2.2.1.2.1 Mismatches

Mismatch nucleotides (or mispairs) are pairs of nucleotides within dsDNA that do not follow the classical Watson-Crick base pairing (Chart 2A). Mismatches can occur naturally during replication or homologous recombination, [START_REF] Iyer | DNA Mismatch Repair: Functions and Mechanisms[END_REF] following the hydrolysis of cytosine into uracil (yielding a G•U mismatch), [START_REF] Lindahl | Instability and Decay of the Primary Structure of DNA[END_REF] or be caused by external factors such as mutagenic molecules or ionizing radiations. [START_REF] Iyer | DNA Mismatch Repair: Functions and Mechanisms[END_REF][START_REF] Young | DNA Mismatch Repair Proteins: Potential Guardians against Genomic Instability and Tumorigenesis Induced by Ultraviolet Photoproducts[END_REF] The efficiency of enzymatic mismatch repair depends on the nature of the mismatched pair (and neighboring canonical pairs), and deficiencies in mismatch repair is associated with many cancers. [START_REF] Iyer | DNA Mismatch Repair: Functions and Mechanisms[END_REF] There are eight possible mispairs for natural DNA bases, for which the nearest-neighbor thermodynamic parameters have been determined, yielding the following trend of decreasing stabilities: G [START_REF] Allawi | Thermodynamics and NMR of Internal G•T Mismatches in DNA[END_REF][100][101][102][103][104] Generally, mismatches are destabilized compared to canonical base pairs. 104,105 Single or even double mismatches do not significantly alter the overall helix shape of double-stranded DNA, and they are usually well stacked in the helix (Figure 4A). [105][106][107][108][109] Still, they may produce local structure alterations (e.g. minor groove dimensions) and destabilization (increase in breathing frequency), in a sequence-dependent manner. 105,106 Some mismatches can yield different base-pairing motifs in equilibrium, for instance T•T (Chart 2A). 109 A particular case of mismatch yielding a fundamentally different secondary structure is C•C + (actually a hemi-protonated C-H + -C base pair) which is the building block of the quadruple-stranded i-motif structure (see section 2.

•G > G•T ≥ A•G > T•T ≥ A•A > C•T ≥ A•C ≥ C•C.

2.4).

There is a large number of mismatches in RNA. 110 Among these, G•U is prevalent, presents a stability close to those of canonical base pairs, and is nearly isomorphic to them (Chart 2A). 111,112 In fact, G•U base pairs are not considered as a mismatch in part of the literature, and are sometimes referred to as wobble pairs. 110,113 

Chart 2. Non-canonical hydrogen-bonding pattern and base pairing. A. Example of wobble base pairing observed in G•U 112 and T•T 109 mismatches. B. Example of three tautomers of cytosine, wherein the predominant amino tautomer can form

Watson-Crick base pairs with guanine (see also Chart 1), the imino tautomer presents an altered H-bonding pattern. Tautomers can be favored by binding to metals, and be produced during electrospray ionization. 114 C. Reverse Watson-Crick and D. Hoogsteen base pairs typically found in parallel duplex and parallel triplex structures, respectively (see also Figure 5). E. metal mediated base pairs, where bases behave as monodentate ligands without engaging in H-bonding.

Abasic sites

An abasic site is a nucleotide lacking its base. Such depurination or depyrimidination result from the hydrolytic cleavage of the glycosidic bond, leaving only the (deoxy)ribose moiety in the DNA or RNA strand. 115,116 This can occur with high frequency naturally, via different mechanisms, or exogenously (e.g. after alkylation by small molecules, UV irradiation). 115,117,118 Like mismatches, these defects can be repaired, 119,120 and are involved in many biological processes. 115 Duplex DNA containing a single abasic site remains in the B configuration, with an increased flexibility, and sequence-dependent localized alterations. [121][122][123][124][125] In particular, pyrimidines facing an abasic site tend to flip out of the helix, whereas purines can remain intrahelical, thus preserving -stacking interactions. [124][125][126] The presence of an abasic site significantly decreases the melting temperature of duplex DNA (by about 10°C), to an extent that depends on the facing base and neighboring base pairs (GC pairs provide more stability). 127,128 2.2. 1.2.3 Tautomers DNA bases are subjects to tautomerism, a chemical equilibrium between at least two species differing by the location of a hydrogen atom (Chart 2B). Generally speaking, tautomerism equilibria are regulated by various factors, including the pKa of the labile proton, the solvent polarity, and the temperature. 129,130 The preferred tautomers are those classically depicted in canonical base pairs. The formation of a non-dominant tautomer can significantly alter the hydrogen bonding-and therefore base pairing-capabilities of nucleobases. Consequently, tautomers are frequently involved in mismatches and other non-canonical pairing. Such tautomers can be promoted by metal cations (including alkali cations). 129,131 Importantly within the context of mass spectrometry, tautomers of isolated bases can coexist in the gas-phase, and be produced during ionization. 114,132

Reverse Watson-Crick and Hoogsteen pairs

Reverse Watson-Crick pairing associates the traditional pairs (A-T and G-C), but with a different relative orientation that is typically encountered in parallel duplexes (see 2.2.1.4) (Chart 2C). 133,134 Hoogsteen pairing is another variation of base pairing in which the major groove face of purine bases is involved in H-bonding (with the N7 acting as an acceptor; Chart 2D). 135 This type of association is possible at neutral pH for A•T, as observed in parallel triplexes (see Figure 5A; section 2.2.2). G•C + Hoogsteen pairs are also observed in parallel triplexes, provided the pH is sufficiently acidic. 136,137 The most famous instance of Hoogsteen pairing is probably the G-quartet, in which each of the four guanines are H-bonding with their Hoogsteen face to the Watson-Crick face of another guanine (see Figure 6, section 2.2.3). Reverse Hoogsteen base pairing, in which the thymine is flipped along the glycosidic bond, can also be achieved in A•T pairs, e.g. in antiparallel triplexes (Figure 5B).

Metal-mediated base pairs

Natural nucleotides can form metal-mediated base pairs. 138 In this context, mismatched nucleotides can be hybridized with high stability, which can be leveraged for supramolecular chemistry and DNAbased nanotechnology applications. 138,139 An early example is the T-Hg II -T base pairs, in which two thymines bind one mercury cation by their deprotonated N3, with a linear coordination geometry (Chart 2E, Figure 4B). 140,141 Similarly, two cytosine N3's or guanine N7's (on the Hoogsteen face) can coordinate a silver cation to produce stable C-Ag I -C and G-Ag I -G base pairs, respectively (Figure 4C). 142- 144 A duplex can contain several consecutive metal-mediated base pairs, with the metal ions able to engage in metal-metal bonds, and promote non-canonical helices. 145,146 Many modified bases have also been designed to form metal-mediated base pairs including imidazole, 146 thiopyrimidine, 147 and pyrrolo-dC 148 derivatives. Phophodiester backbone in white, guanosines in tan, adenosines in blue, thymidine in green, cytosines in pink, Hg and Ag atoms as grey spheres. Non-canonical base pairs have colored heteroatoms (oxygen: red, nitrogen: blue, hydrogen: white), H-bonds in blue, and metal coordination bonds in purple.

Hairpins

Hairpins, also called stem-loops, are essentially intramolecular double-stranded nucleic acids. They consist of a double stranded stem and a single-stranded loop bridging them. In RNA, they are the most common secondary structural elements. They can guide folding, and play a central role in protein binding and gene regulation. [149][150][151] DNA and RNA stems differ by the type of helix they adopt (B and A, respectively).

Both the loop size and composition influence hairpin stability. 104,149,[152][153][154][155][156][157] In RNA, short loops are favored both thermodynamically and kinetically. 158 Stabilizing interactions may occur in the loop itself, such as base stacking, intra-loop base pairing, inter-loop contacts (for longer sequences), and cation binding. 156,159 As a result, the hairpin stability can vary dramatically as a function of the loop sequence (for a constant length). 152,157 Additionally, naturally occurring hairpins often contain mismatches and bulges (i.e. unpaired nucleotides) that have destabilizing effects. 155 Classically, such structures are favored by higher counter-ion concentrations (in particular with Mg 2+ ) to overcome the coulombic repulsion between phosphates. 149,159,160 Palindromic sequences can fold into hairpins by sacrificing some base pairs to form the loop, to an extent depending on the sequence. 152,161 The hairpin is generally favored over the corresponding bimolecular duplex by lower strand concentration and ionic strength, [162][163][164] and higher temperatures (too high temperatures yielding a random coil). 152,163 The interconversion between hairpins and intermolecular duplexes is usually a slow process, 152,153 which may be of importance when preparing samples for mass spectrometry analysis. The thermodynamics of hairpin formation and intermolecular duplex hybridization can be simulated using the Mfold and DINAMelt web servers, hosted at http://www.unafold.org/, and available in the UNAFOLD software package. 165-167 2.2.1.4 Parallel-stranded duplexes Parallel-stranded duplexes are right-handed double helices in which the two strands are oriented in the same 5'-to-3' direction through reverse Watson-Crick A-T and G-C base pairing (Chart 2C). 133,134,168- 170 Such structures can form under normal solution conditions, particularly by A-T rich sequences, but are thermodynamically disfavored compared to antiparallel dsDNA. 171 They can also be promoted by metal-mediated base pairs. 145

Triplexes

Triple-stranded nucleic acids (triplexes), first observed in the fifties, 172,173 consist of the association of a third strand (called TFO for triplex-forming oligonucleotide) by pairing a purine-rich strand in the major groove of a duplex (Figure 1 and Figure 5). Triplexes have been studied for their biological functions (e.g. gene expression regulation, genomic instability), [START_REF] Devi | RNA Triplexes: From Structural Principles to Biological and Biotech Applications: RNA Triplexes[END_REF]174,175 therapeutic potential (e.g. gene targeting and modification, nucleic acid-protein binding inhibition), [START_REF] Nielsen | Targeting Double Stranded DNA with Peptide Nucleic Acid (PNA)[END_REF][START_REF] Devi | RNA Triplexes: From Structural Principles to Biological and Biotech Applications: RNA Triplexes[END_REF][START_REF] Vasquez | Triplex-Forming Oligonucleotides: Principles and Applications[END_REF]136 and nanotechnology applications (e.g. catalysis, hydrogels, switches, sensing, drug release). [START_REF] Hu | Triplex DNA Nanostructures: From Basic Properties to Applications[END_REF][START_REF] Chandrasekaran | Triplex-Forming Oligonucleotides: A Third Strand for DNA Nanotechnology[END_REF] Strand association in a triplex can be intramolecular, forming the so-called H-DNA, 174,176,176,177 or intermolecular by binding of a DNA TFO to dsDNA, or an RNA TFO to dsDNA or dsRNA. [START_REF] Devi | RNA Triplexes: From Structural Principles to Biological and Biotech Applications: RNA Triplexes[END_REF]136,175,178 PNA forms very stable triplexes with dsDNA, but it occurs via binding of two PNA oligonucleotides to one DNA strand while displacing the complementary strand. [START_REF] Nielsen | Targeting Double Stranded DNA with Peptide Nucleic Acid (PNA)[END_REF][START_REF] Nielsen | Sequence-Selective Recognition of DNA by Strand Displacement with a Thymine-Substituted Polyamide[END_REF] Chemically modified oligonucleotides (PNA, LNA, 2'-OMe RNA, phosphothiorates, phosphoramidates) have been exploited as TFOs. [START_REF] Devi | RNA Triplexes: From Structural Principles to Biological and Biotech Applications: RNA Triplexes[END_REF][START_REF] Vasquez | Triplex-Forming Oligonucleotides: Principles and Applications[END_REF][START_REF] Ricciardi | Peptide Nucleic Acids as a Tool for Site-Specific Gene Editing[END_REF] The nucleotides from the TFO can base pair the purine-rich strand in a parallel direction via Hoogsteen base pairing, typically a pyrimidine (Y) binding the purine (R) from a canonical Watson-Crick base pair (R-Y), e.g. T•A-T and C + •G-C (Figure 5A). 179 The association can also be antiparallel via reverse-Hoogsteen base pairing, often a purine-rich TFO forming mostly R•R-Y motifs (e.g. G•G-C, A•A-T), or Y•R-Y motifs (e.g. T•A-T) (Figure 5B). 180 Parallel triplexes with C + •G-C base pairs are favored in acidic conditions, wherein the N3 from TFO cytosines may protonate (pKa ~ 4.5). 136,137 The formation of antiparallel triplexes are not pH-dependent but may be inhibited by monovalent cations (particularly potassium) that may favor the folding of Grich strands into G-quadruplexes (see below). 181,182 Triplexes are more stable when binding uninterrupted long stretches of purines, although they can still form in presence of pyrimidines on the purine-rich strand. [183][184][185] Finally, triplex formation is very dependent on the ionic strength, and requires relatively high amounts of monovalent cations, or smaller amounts of Mg 2+ . 186 

G-Quadruplexes

G-quadruplexes (G4) are quadruple-stranded nucleic acid helices, formed by one (intramolecular), two (bimolecular) or four (tetramolecular) nucleic acid strands rich in guanines and preferably poor in cytosines. 187,188 They can be obtained from both natural and artificial (e.g. PNA 189 , L-DNA 190 ) nucleic acids. G4s from natural DNA or RNA are most often right-handed quadruple helices, and only a few sequences form left-handed G4s (called Z-G4). 191 G4s are involved in a number of critical biological processes (at both the DNA and RNA levels) making them promising therapeutic targets (e.g. gene regulation, telomerase inhibition, DNA damage). [192][193][194][195] They are sometimes formed by aptamers, 196 and can be used in nanotechnology. [START_REF] Mergny | DNA Quadruple Helices in Nanotechnology[END_REF] 

Figure 6. G-quartet (top left) and the four main tolopogies of G-quadruplexes

G4s are formed by a core of at least two stacked G-quartets (also called G-tetrads) (Figure 1 and Figure 6). A G-quartet is composed of four guanines associated by eight hydrogen bonds on both their Watson-Crick and Hoogsteen faces. A metal cation (typically K + or Na + ) is coordinated by the O6 of eight guanines belonging to two consecutively stacked G-quartets. 197 Consequently, a G-quadruplex containing n G-quartets generally coordinates n-1 cations, as confirmed by mass spectrometry. [198][199][200] The ionic radius greatly influences a cation's tendency to form G-quadruplexes (see further discussion in section 2.3.2.2.2).

In a G4, the guanines involved in G-quartets constitute G-tracts. The nucleotides from the 5'-and 3'termini positioned before the first or after the last G-quartets are called flanking sequences (Figure 6). Loops linking G-tracts can adopt different geometries, mainly the propeller (connecting guanines from adjacent G-tracts but opposite quartets), lateral (adjacent G-tracts and same quartet), and diagonal (diagonally opposed G-tracts and same quartet). 201 G-quadruplexes are particularly polymorphic; some sequences may adopt distinct conformations, sometimes co-existing in equilibrium. 202,203 Both the flanking and loop residues can favor specific conformers by forming base pairs with other flanking or loop residues, and stacking on external G-quartets. [204][205][206] As a rule of thumb, sequences with shorter loops tend to adopt a propeller geometry and yield more stable G4s than those with long loops. 207 The topology of G4s is usually defined by the relative orientations of the G-tracts and/or of the guanine stacking. It is parallel when all tracts are in the same direction (all guanines are homo-stacked in anti), antiparallel when two strands are oriented in the opposite direction to the two others (hetero-stacking of syn and anti guanines), and hybrid when one strand lies in the opposite direction to the three others (mix of homo-and hetero-stacking) (Figure 6). 201 The antiparallel topologies where the oppositedirection strands are laterally ("chair" type, all loops are lateral) or diagonally ("basket" type, one diagonal loop) opposed are not equivalent. The hybrid topology name was introduced late (2006), 208 and therefore a large portion of the earlier literature only discusses the parallel and antiparallel topologies. [START_REF] Phan | DNA Architecture: From G to Z[END_REF] 

i-motifs

At slightly acidic pH, oligonucleotides (DNA, RNA, PNA) containing several cytosine tracts (C-tract) can fold into another type of quadruple-stranded structure called i-motif. [209][210][211] i-motifs have emerged fairly recently, 209 and interest in these structures is currently high with evidences that some sequences or experimental conditions allow them to fold at neutral pH, [212][213][214] in fixed-cell nuclei, 215 and in artificial construct introduced in living mammalian cells. 216 They also have been touted for nanotechnological applications, in particular for their pH sensitivity. [START_REF] Mergny | DNA Quadruple Helices in Nanotechnology[END_REF]217 An i-motif is made of two head-to-tail-oriented parallel duplexes intercalated into one another, themselves composed of two C-H + -C hemi-protonated base pairs (Figure 1 and Figure 7), in anti configuration (Figure 2C). The resulting right-handed quadruple helix has both a small vertical rise (6.2 Å between two covalently linked residues, that is 3.1 Å between intercalated base pairs) and twist (12-20°), and contains two narrow minor grooves and two wide major grooves. 218 As a results, there are short distances between phosphates. Similarly to G4s, i-motifs can be formed by a single oligonucleotide containing four C-tracts, [219][220][221] two (hairpin) oligonucleotides containing two C-tracts, 222 or four oligonucleotides (usually identical) carrying a single C-tract. 223 A given sequence can form i-motifs of different strand stoichiometries. 161,224 An intramolecular i-motif contains three loops spread asymmetrically (one on the termini side, two on the other side). Furthermore, two conformations called 5'E and 3'E are theoretically possible, in which the outermost base pair contains the 5' residue or 3' residue, respectively. 225 Typically, a sequence complementary to a G4-forming sequence is a good candidate for i-motif formation (in which case both structures are competing with the canonical duplex), 217 for instance in human telomeres. 220,221,226 The stability of i-motifs is dependent on the solution pH; most often slightly acidic conditions are favored to form the C-H + -C base pairs, given that isolated cytosines have a pKa of around 4.5. 221,227 The stability is also influenced by the sequence, and in particular the C-tract length, 212,228 loop length and composition. [229][230][231][232] Contrary to G-quadruplexes, i-motifs remain mostly unaffected by the nature of cations. Other external factors such as molecular crowding (which favors the i-motif vs. unfolded or dsDNA, but are not MS compatible) and small molecule ligands can also influence their formation. 213 2.3 Non-covalent interaction involved in nucleic acid folding

Base pairing and base stacking

Nucleic acids secondary structures are stabilized by an ensemble of non-covalent interactions. Among these, base stacking (along the helix axis) and pairing (orthogonal to the helix axis) are the two main contributors. 233 Others factors might contribute significantly in specific cases, for instance cation binding to G4s, 197 or sugar-sugar interactions in i-motifs. 234 Base pairing is achieved by H-bonding, except in a few specific instances (e.g. metal-mediated base pairs, section 2.2. 1.2.5). The donor and acceptor groups, and the number of H-bonds, depend on the primary and secondary structure. Canonical base pairs have 3 (G-C) and 2 (A-T/U) H-bonds on their Watson-Crick faces (Chart 1), but other pairings are possible (e.g. reverse Watson-Crick, Hoogsteen; Chart 2), potentially within non-canonical motifs (e.g. triplets, quartets; Figure 5, Figure 6, and Figure 7). Watson-Crick H-bonds typically have lengths in the 2. 75-2.95 Å range; this varies depending on the measurement method but is consistent overall, and is not significantly dependent on cation binding. [START_REF] Neidle | Principles of Nucleic Acid Structure[END_REF][235][236][237] In silico, H-bonds provide interaction enthalpies of around 25-30 kcal/mol to G-C and 13-17 kcal/mol to A-T base pairs, that is 7-10 kcal/mol per H-bond, depending on the computational method. [START_REF] Neidle | Principles of Nucleic Acid Structure[END_REF][235][236][237][238] Similar contributions are obtained for quartets of guanines, i.e. ~79 kcal/mol or ~10 kcal/mol per bond. 239 i-motifs, which suffer from poor stacking, are stabilized by around 40 kcal/mol per C-H + -C base pair. 240 In aqueous media, H-bond formation between bases is disfavored enthalpically (disruption of H-bonds to water) and entropically (loss of translation and rotation freedom) contributions, but the driving force is stacking (if a sufficient number of base pairs form). 238,241,242 Base stacking stabilizes nucleic acids structure by - interactions (dispersion and electrostatic interactions) arising from the face-to-face overlap of neighboring (aromatic) bases, to an extent depending on several factors pertaining to the primary (nature of the bases) and secondary structures (extent of the juxtaposition) (Figure 2B-F). 241,242 Quantification of base stacking energy by computational methods is challenging and can be very dependent on the choice of functional and basis set. The highest level of theory should be employed. 235,238,242,243 The mean rise between stacked base pairs in B-helix is 3.38 Å. Base stacking is favored by non-polar interactions, therefore (9membered double-ring) purines provide more stabilization than (6-membered single-ring) pyrimidines. 244 Secondary structures dictate the nature of base stacking motifs (e.g. base pairs, triplets, quartets). Within these, the stacking parameters (rise, slide, shift, tilt) influence the extent of stacking energy. 245,246 

Role of cations

In mass spectrometry, ammonium cations and their derivatives are more widespread, while in biophysics using NaCl is more common. Yet potassium cations predominate in cells (orders of magnitude of free cations: 100 mM K + , 10 mM Na + , 1 mM Mg 2+ ), while sodium dominates in extracellular media (5 mM K + , 150 mM Na + , 1 mM Mg 2+ ). 247,248 Nucleic acids are polyanions; they are therefore expected to bind cations to minimize phosphate-phosphate electrostatic repulsions and achieve folding. 249 The nature and concentration of cations therefore influences the structure, stability, and binding of nucleic acids. 247,[250][251][252] Here we will distinguish site-bound (specific) cations from diffuse (or non-specific) cations as two extremes of a continuum (Figure 8). 253 Specific cations have a discrete stoichiometry, and may lose some of their coordinated water molecules to produce inner sphere complexes with nucleic acids. 159,197,247,254,255 A prime example is the G-quartet coordination of K + in G4s. 197 Non-specific cations are delocalized around the nucleic acids structure, have non-complete occupancy, and can retain their hydration shell. 159,247,254,255 Electrostatic screening of phosphate groups typically occurs through diffuse (non-specific) cation binding, but this contribution is very important for the thermodynamic stability of any specific nucleic acid structure. A further distinction can be made with regard to the degree of covalency of nucleic acids-cation binding. The binding of hard acids such as Na + or K + tends to be electrostatic, and favors oxygen over nitrogen. Therefore they mainly bind O-rich phosphate groups (non-specifically) and base pairs and quartets oxygens, 256,257 but can still bind bases' nitrogen to some extent. 247,258 The binding of soft acids, however, has a more covalent character, and favors nitrogen over oxygen atoms, therefore promoting the interaction with nucleobases nitrogens. This is the case in metal-mediated base pairs, for instance Hg 2+ binds thymines' deprotonated N3, 140,141 and Ag + binds cytosines' N3 and guanines' N7 (see Chart 2 and Figure 4, and section 2.2.1.2.5). 142-144 22

Nonspecific cations and the effect of ionic strength

Increasing the ionic strength (𝐼 ∑ 𝐶 𝑧 where for all ions 𝑖, 𝐶 is the cation concentration and 𝑧 the ion charge) usually stabilizes secondary structures, thanks to an enhanced screening of phosphates' charges. [259][260][261] Notorious counterexamples are the neutral PNA:PNA duplexes, PNA:DNA duplexes, 262 and i-motifs. 227,263 Maintaining a constant ionic strength with different cation compositions does not necessarily yield an identical charge screening, in particular when changing the ratio of monovalent to divalent cations. 249 This is likely due to the contribution of condensed or associated cations. For example, Mg 2+ is more efficient at stabilizing duplexes. 249,254,264 Hairpin loops and RNA tertiary structures are also stabilized more effectively by Mg 2+ than Na + . 160,265 The stability of canonical double helices increases when monovalent cations (e.g. Li + , Na + , K + ) or Mg 2+ are added. 254 However, large salt concentrations (≳ 1 M) lead to dsDNA (including hairpins) destabilization. 260,[266][267][268][269] In the case of self-complementary DNA sequences, although an increase of ionic strength favors hairpin loops formation, 160 the equilibrium is displaced towards the corresponding intermolecular duplex at high cation concentrations. [162][163][164] Stabilization of dsDNA is only weakly dependent of small alkali cations; 261,270 in particular, K + and Na + yield very similar stabilities. 254,259,267 Ammonium, a mass spectrometry favorite, also stabilizes dsDNA, hairpins and tRNA, usually to an extent that is close to that of sodium. 261,[271][272][273] Larger tetraalkylammonium cations are less stabilizing because their alkyl groups are bulky, presumably because they cannot approach the backbone as closely in the double helix conformation (but can for random coils). 261 Trimethylammonium cation (TMA + ) also used in mass spectrometry could enter the grooves and interacts with the nucleobase as well as the phosphate groups. However the penetration in the grooves is not significant and TMA + act more as an electrostatic phosphate shielding. 274 Triplex DNA formation (stability, association/dissociation rates) is strongly dependent on ionic strength; it requires relatively high monovalent cation concentrations, or lower Mg 2+ concentrations, to allow the hybridization of three negatively-charged chains. 179,186,275,[275][276][277][278][279] The ionic strength dependence decreases with larger C + •G-C contents. 186 Triplexes are also stabilized by ammonium (somewhat better than Na + ), 280 and polyamines such as spermine. binding to dsDNA is generally considered diffuse, there are some evidences of more sequence-specific cation binding sites. For example, K + favors the major groove of GC-rich sequences, whereas Na + or NH4 + favor minor grooves an AT-rich regions. 247,271,282 Mg 2+ also has a stark preference for G-C vs. A-T base pairs, and can form inner-sphere complexes in the former case only. 255 RNA folding requires monovalent cations to form its secondary structural elements, mostly for charge screening, as described above. Mg 2+ is then sometimes involved to assemble these elements into their tertiary structure. This is the case of some kissing loops, but not all. For instance, the RNA dimerization initiation sites (DIS) of HIV-1 subtype A binds an hydrated Mg 2+ cation in the dimerization site through the Hoogsteen face of two guanosines and the O4 of two uridines (Figure 9A). 283 By contrast, the subtype B, in which these two uridines are replaced by cytidines, does not display this specific binding site and does not require Mg 2+ for efficient dimerization. Note that a recent analysis deduced that only 15% of Mg 2+ binding sites identified in RNA X-ray structure should be considered as thrustworty. 284 

Cation binding to G-quadruplexes

Although G-quadruplex folding requires a sufficiently high ionic strength to shield the electrostatic repulsion of phosphates, this is not sufficient. G4 folding is indeed driven by the specific coordination of cations by the G-quartets. 197 Consequently, when the ionic strength is set only by cations that are not well coordinated by G-quartets (e.g. Li + , Mg 2+ , Cs + , trimethylammonium), 286 the folding is not favored. 197,203 Specific cation coordination is ensured by the O6 of guanines involved in G-quartets, creating an ion channel (Figure 6, Figure 9B). The ionic radius greatly influences a cation's tendency to bind within Gquadruplexes. If the cation is too big, the coordination in-between G-quartets is sterically hindered. 198 If the cation is too small, it cannot coordinate with a sufficient amount of guanines' O6 to form a Gquadruplex. Moreover, when the ionic radius decreases, the dehydration enthalpy increases, which creates an additional thermodynamic and kinetic barrier for the cation to enter the G-quadruplex. 287 Typically, K + and, to a lower extent, Na + are used for their physiological relevance and ability to promote G4 folding. Other cations are used, and the consensus stabilization trend is Sr 2+ > Ba 2+ > K + > Ca 2+ > NH4 + , Na + , Rb + > Mg 2+ > Li + ≥ Cs + . 203,[288][289][290][291] The ionic radius of ammonium, r( VIII NH4 + ) = 1.54 Å, 292 more closely resembles that of K + (1.51 Å) than of Na + (1.18 Å). 293 Although the trend above is verified most of the time, the difference of thermal stability in presence of different cations depends strongly on the sequence. 207 The topology of quadruplexes is also strongly dependent on cation coordination. Notoriously, the structure of the human telomeric sequence has a strong dependence on the cation nature. 203,226,294 For instance, the 22-mer dA(G3T2A)3G3 adopts a single antiparallel topology in sodium conditions (PDB: 143D), 295 and a mixture of topologies (hybrid and antiparallel) in potassium-containing solutions. 199,296 Small sequence changes can alter the cation-dependency, e.g. the 24-mer dTT(G3T2A)3G3A adopts a single hybrid conformation in potassium solutions (PDB: 2GKU). 297 A change in specific cation concentration (at constant ionic strength) can also lead to changes in conformations. 200 For instance, some sequences form 3-tetrad G4s in presence of 100 mM KCl, and a 2-tetrad antiparallel G4 with 1 mM KCl (ionic strength adjusted with LiCl or trimethylammonium acetate). 199,203 Cations coordinated within a G4 can exchange with the bulk medium. [298][299][300] Consequently, it is possible to displace one cation by another. 203,208,301 

Tertiary structures

The tertiary structure of nucleic acids is defined as the tridimensional structures incorporating several secondary structure elements. In DNA, the overall tridimensional shape mediates the binding of proteins. 302 In RNA, tertiary structures are the results of interactions between secondary structure elements (helices, loops, bulges), possibly mediated by ions, without much distortion of these elements. 110,158,159 Coaxial helix stacking, forming a more stable pseudo-contiguous helix, is prevalent in RNA tertiary structures. 303 Other motifs such as triplexes, kissing complexes, and pseudoknots can occur by interdomain (often non-canonical) hydrogen bonding. Some RNA molecules (e.g. ribozymes) require such compact structures to be functional. 304 structures. [START_REF] Devi | RNA Triplexes: From Structural Principles to Biological and Biotech Applications: RNA Triplexes[END_REF] RNA can form major-groove triplexes similarly to DNA (except that U substitute T), in particular when containing many U•A-U triplets and in presence of Mg 2+ . [START_REF] Devi | RNA Triplexes: From Structural Principles to Biological and Biotech Applications: RNA Triplexes[END_REF] Additionally, "A-minor" minor-groove triplexes are present in many large structured RNA, although they are not stable in isolation. [START_REF] Devi | RNA Triplexes: From Structural Principles to Biological and Biotech Applications: RNA Triplexes[END_REF] 2.5 Targeting nucleic acids with organic ligands

Duplex ligands

Small molecules can interact with dsDNA by intercalation between base pairs or groove binding, although non-specific, electrostatic, external binding to the polyanionic backbone can also occur (with e.g. cationic porphyrins). [312][313][314][315] Less often, covalent binding to nucleobases (metal coordination, crosslinking) is involved. Although out of the scope of this review, it may occur concomitantly to noncovalent binding and will therefore be discussed in this context only. 316,317

Intercalation

Intercalating ligands usually contain an aromatic, planar polyheterocyclic core, often fused, with a size similar to that of a base pair (Chart 3). 312 Cationic porphyrins such as TMPyP4 and TMPyP3 can endstack on dsDNA when adopting a planar configuration, that is when the free rotating meso N-methylpyridyl groups are in the same plane as the tetrapyrrole core. 313 

Chart 3. dsDNA intercalators

For intercalation to occur, the duplex is partially unwound-which is energetically unfavorable-to form a binding site between two consecutive base pairs, allowing the ligand to intercalate parallel to the base-pair planes (Figure 11A-D). 318 Intercalation often leads to left-handed helix unwinding, lengthening (by ~ 3.4 Å per ligand), and stiffening, to a degree that depends on the ligand. 312,314,319,320 This step is an entropically favorable hydrophobic transfer process of a non-polar molecule from the polar bulk medium to the inner helix. 318 The binding of cationic ligands also benefits from the entropically favorable release of counter-anions, in line with the polyelectrolyte theory. 252,314,318,321 Following this step, several non-covalent interactions contribute to the overall binding free energy, including H-bonding, specific electrostatic bonds, polarization forces and van der Waals dispersion interactions. 312,318,322 This is favored if the ligand is more polarized (often by heteroatoms, e.g. nitrogen) and electron-deficient (e.g. presence of a positive charge as in proflavine and ethidium; Chart 3). 312 The binding of an additional ligand to a neighboring site is strongly disfavored or, in other words, binding can only occur every other base-pair. 312,[323][324][325] This may be a consequence of the structural constraints forced on the backbone by the first binding event. 312,326 Figure 11. Duplex DNA intercalation: A. ellipticine, a pure intercalator (dCGATCG, X-ray diffraction, PDB: 1Z3F), 327 B. doxorubicine, an intercalator with ancillary groups providing additional interactions in the minor groove (dCGATCG, X-ray diffraction, PDB: 1P20), 328 C. 9-amino-DACA, an acridine derivative with a dimethylamino-capped side chain H-bonding a guanine N7 in the major groove (dCGTACG, X-ray diffraction, PDB: 465D), 329 D. ditercalinium bis-intercalated via the major groove of dCGCG and H-bonding a guanine's N7 (X-ray diffraction, PDB: 1D32), 330 E. echinomycin bis-intercalated into CG steps of the self-complementary and significantly unwound dGCGTACGC, via the minor groove (X-ray diffraction, PDB: 1PFE), 331 and F. the -[Ru(phen)2(dppz)] 2+ complex fully intercalated in an TA step (central binding site), and semi-intercalated into GG/CC steps (extremity binding sites; dCCGGTACCGG, X-ray diffraction, PDB: 3U38). 332 DNA is shown in grey, ligands in orange. Some cations have been hidden for the sake of clarity.

Classical "pure" intercalators, such as ethidium, ellipticine, or acridine derivatives (e.g., proflavine) have no substituents, have weak (for 5'-pyrimidine-purine steps) to no binding selectivity, and do not interfere with the nucleobase hydrogen bonding (Figure 11A). 312,314,315,333 Increased specificity can be achieved -often in natural products -by ancillary groups such as side chains, sugars, and peptide units, which usually bind within the minor grooves by van der Waals interactions, and by establishing hydrogen bonds with neighboring bases (e.g. actinomycin, doxorubicin; Figure 11B). 328,334 Synthetic ligands have also been designed to provide additional interactions in the major groove (where proteins usually bind), for instance some acridine derivatives (Figure 11C). 329,335,336 Some intercalators can interact in both the major and minor grooves, and have slower association and dissociation kinetics than classical intercalators. 108,314,337 Bis-intercalators can also provide enhanced selectivities, in addition to enhanced affinities. For instance, the antibiotic depsipeptide echinomycin bis-intercalates preferentially to four-nucleotide stretches with a central GC step (Figure 11E). 331,338,339 Bis-intercalators can bind via the minor groove, as in the case of echinomycin, or the major groove like ditercalinium (an ellipticine dimer; Figure 11D). 330 Generally, bis-intercalators yield roughly twice the unwinding per ligand than monointercalators. 312 For instance, echinomycin and ditercalinum cause a much larger unwinding (49° and 36°; Figure 11D,E) than ethidium bromide (26°), or ellipticine (22°; Figure 11A). 327,330,331,[338][339][340] Transition metal complexes containing aromatic ligands can interact with DNA through a pure intercalative mode (if the metal is relatively inert), or by both intercalation and covalent binding. 316,319,341,342 The so-called bimodal metal complexes first intercalate into dsDNA, then covalently bind to nucleobases. For instance, the chloride of complexes such as [Pt(terpy)Cl] + , are hydrolysed, eventually leading to base coordination. 316,342 When such hydrolysis is not possible, as in [Pt(terpy)(HET)] + , only intercalation occurs. [342][343][344] In intercalative binding, the metal cations provide positive charges to the aromatic moieties that -stack with nucleobases. Typical aromatic ligands include terpyridines (terpy), phenantrolines (phen) and dipyridophenazine (dppz) (Chart 3). [341][342][343] The most used transition metals for intercalation are platinum (II) and ruthenium (II and III), but many others have been used (e.g. rhodium, copper, nickel, zinc, palladium or gold). 342 There can be several metal cations in each binder (multinuclear complexes), and there can be multiple stacking moieties to achieve bisintercalation. 342 Thanks to their structural rigidity and well-defined symmetry, metal complexes with fairly simple organic ligands can achieve sequence-selective binding. 341,342,344,345 The nature and geometry around the metal is also a determinant of nucleic acid binding. 313,332,342,346,347 2.5.1.2 Minor groove binding B-DNA contains two grooves, called minor and major, that differ in size, shape, hydration, and electrostatic potential in a sequence-specific manner (Figure 3). 348 They also present different Hbonding donor and acceptor groups along the edges of nucleobases (Figure 12A). A relatively diverse set of molecules, typically positively charged polyheterocycles, bind reversibly into the minor grooves of dsDNA, which is narrower than the major groove, and is surrounded by the phosphodiester backbone. Unlike intercalators, the heterocycles are linked rather than fused; the resulting rotational freedom allows the ligands to fit the helicity of the target. 312,314,349 Examples of minor groove binders include DAPI, Hoechst 33258, distamycin, and netropsin (Chart 4). Compared to intercalation, groovebinding generally offers superior sequence specificity, high affinities, and generally lower toxicity and mutagenicity. 349 

Chart 4. dsDNA minor groove binders

Groove binders interact with their aromatic moieties parallel to the DNA backbone, generating van der Waals contacts with non-polar atoms of the backbone, and their binding is therefore also largely hydrophobic in nature. 314,349 Indeed, upon hydrophobic transfer of the ligand from the bulk medium into the minor groove, the structured spine of water is released from the minor groove, while the ligand may also release water and counter-ions. 318,351,352 In the case of Hoechst 33258, these favorable entropic contributions are larger than the cost from the loss of rotational and translational freedom, and constitute the driving force in terms of binding free energy. 351 Additionally, ligands may establish H-bonds through their heterocycles or side chains, with the N3 of A and G and the O2 of C and T acting as acceptors (Figure 12). 314,349 The position of the latter changes with the sequence, groove shape and curvature, hence providing the ground for sequence specificity. 349 The gain of H-bonds is counter-balanced by the loss of H-bonds from displaced water molecules, and thus contribute little to the binding free energy. 351 Minor groove binding is therefore generally entropically driven, the enthalpic contributions being in fact sometimes unfavorable. 351 Molecular interactions remain important to tune the sequence-selectivity of minor groove binders, because different DNA sequences provide distinct binding sites with specific H-bonding opportunities. 318,351 Hence, the binding of some ligands, for instance netropsin, is enthalpically exothermic for some sequences but not others, depending on the relative contributions of specific Hbonding, van der Waals interactions, and overall hydration of the free DNA and ligands. 318,349,352,353 Unlike intercalators, minor groove binders usually favor AT-rich regions, and do not alter dsDNA structures significantly (Figure 13A). 312,314,318,350,354 Stretches of consecutive AT base pairs produce narrower grooves, allowing for a deep and tight binding of heterocyclic compounds. 349 Minor-groove binding in GC-rich grooves is disfavored because i) they are wider, which decreases van der Waals contacts, ii) the H-bond between guanines' N2 and cytosines' O2 lying in the minor groove sterically hinders binding, and iii) AT regions have a more negative electrostatic potential, which is favorable for the binding of positively charged molecules. 314,349,355,356 Accordingly, interruption of AT stretches by a GC base pair can lead to a large decrease of the equilibrium binding constant of classical minor groove ligands, although this can be overcome or even leveraged with adequate molecular designs. 349,357,358 This is sometimes accompanied by ligand dimerization within the groove, hence forming 2:1 ligand:DNA complexes (Figure 13B). Transition metal complexes can electrostatically bind in dsDNA grooves without helix perturbation, sometimes even if the organic ligand appears better adapted to intercalation (e.g. [Ru(bpy)3] 2+ , [Ru(terpy)3] 2+ ). 359 Metal complexes can also target the major groove. 360,361 TMPyP4 porphyrin derivatives coordinating Mn 3+ , Fe 3+ , Co 3+ and Zn 2+ with axially bound ligands bind to dsDNA grooves, contrary to their square-planar counterparts (see above). 313,346,347 In absence of metal coordination, non-planar positively charged porphyrins like TMPyP2 (Chart 3), in which the meso substituents cannot freely rotate, can bind in the minor grooves of AT-rich dsDNA as well. 313 Bimodal minor groove and covalent binding can also be achieved, for instance by conjugating a coordinating metal center (e.g. cisplatin) to a classical minor groove binder such as distamycin or netropsin. 362 Combilexins constitute another class of bimodal ligands, obtained by conjugation of a sequence-specific minor-groove binding moiety with an intercalator further stabilizing the complex. 363-365

Major groove binding

Methyl green and a number of natural products and derivatives are among the few small molecules targeting the major groove of DNA. 366,367 Among these, some aminoglycoside antibiotics like neomycin, which are primarily known to bind RNA (see section 2.5.5.1), are able to bind the narrower major grooves of GC-rich, A-form dsDNA, and even induce the B-to-A form transition. 367,368 Some bisintercalators such as ditercalinium bind via the major groove and unwind significantly the helix as expected from a dual intercalative binding. 330 Note also that triplex formation is a particular case of major groove binding: TFOs of various nature (DNA, RNA, PNA, LNA, 2'-OMe RNA, phosphothiorates, phosphoramidates) bind in the major groove of dsDNA or dsRNA to form triplex structures (see section 2.2.2). [START_REF] Devi | RNA Triplexes: From Structural Principles to Biological and Biotech Applications: RNA Triplexes[END_REF][START_REF] Vasquez | Triplex-Forming Oligonucleotides: Principles and Applications[END_REF][START_REF] Ricciardi | Peptide Nucleic Acids as a Tool for Site-Specific Gene Editing[END_REF]136,175,178 The major groove is historically considered to be the usual recognition site for proteins. It is sterically more accessible than the minor groove (it is wide enough to accommodate -helices), and the arrangement of H-bonding donor and acceptor groups is unique for each base pair (GC, CG, TA, AT), which constitutes a sequence-specific recognition platform. [369][370][371] -helices can also bind to minor grooves, as can -sheets (Figure 14C,D). 370 H-bonding is also possible in the minor groove (Figure 14B,D), although without distinguishing between AT and TA base pairs . 370,372 In either major or minor groove binding, hydrophobic contacts with bases can occur, and many H-bonds are formed with the backbone and not the bases, contributing less to the sequence specificity. 370,373 Although this direct base readout has been evidenced in most DNA-protein complexes, the conformation of DNA (global and local shape readout, e.g. helix bending and base pair kinking, respectively), 374,375 and electrostatics (phosphate repulsion/neutralization) 376 can also influence protein binding energetics and specificity (see for instance the bending of the TATA element upon protein binding; Figure 14C). 370,372,373 Changes in DNA conformation may be necessary for H-bonding to take place, resulting in a so-called indirect readout. 370 Complexes where DNA is highly deformed have unfavorable formation enthalpy and favorable formation entropy, whereas the reverse is true when the DNA conformation remains mostly unchanged. 373 14. DNA complex with proteins. A and B. Complex between double-stranded human telomeric DNA (grey) and Trf2 (orange) (dGT2AG3T2AG3/dC3TA2C3TA2C, solution NMR, PDB: 1VFC). 377 The Lys447 (pink) from the N-terminal arm interacts with the T9 (green) in the minor groove, and the third -helix specifically binds the T3AGGG7 sequence in the major groove: Ala484 and Val485 make hydrophobic contacts with T3, Lys488 with G5, and Val485, Met486 and Asp489 make contacts with two Cs pairing with G6 and G7 (amino acids side chains in red, G in tan, A in light blue, C in purple, T in green). Trp450, Trp470, Ala471, Lys488, Arg490, Arg492, and Thr493 (yellow) make additional non-specific hydrophobic, electrostatic, and H-bonding (blue) interactions with sugars and phosphate groups. C and D. The TATA box-binding protein (orange) interacts with the minor groove of the adenovirus major late promoter TATA box (AdMLP; grey), establishing a number of H-bonds with the A/T-rich core sequence (dGCTATAAAAGGGCA/dTGCCCTTTTATAGC, X-ray diffraction, PDB: 1QNE). 372 

Triplex ligands

Triplex ligands are mostly classical dsDNA intercalators (e.g. acridine, 378 proflavine, 378 ellipticine, 378 ethidium bromide, [378][379][380] benzo[e]pyridoindole derivatives 381,382 ) and compounds with aromatic cores intercalating between the base triplets, generally favoring AT-rich sequences, and sometimes decorated with cationic side chains located in the minor groove contributing favorably to the binding free energy. [383][384][385][386][387][388] More triplex-specific ligands arose from the rational design of naphthylquinoline LS-8 and derivatives, whose unfused and torsionally-flexible aromatic moieties match the crescent shaped, propeller-twisted base triplets (Chart 5). 382,383,386,389,390 Positive charges (permanent or arising from in situ protonation) in the aromatic core are also desirable to balance the large negative charge density found in triplexes. 383,386,389,390 Crescent-shaped, but fused, intercalators such as benzoquinoquinoxaline (BQQ) derivatives can also selectively bind triplex DNA. 387,[391][392][393] Some dsDNA minor groove binders can interact with triplex DNA and DNA/RNA hybrids but favor dsDNA binding (e.g. DAPI, 378,380 distamycin, 394 Hoechst 33258, 395 netropsin 378,380,396,397 ) and in fact often destabilize the triplex. Aminoglycoside antibiotics, in particular neomycin (Chart 7), bind more specifically to the Watson-Hoogsteen triplex grooves (the wider section of the TFO-bound major groove, also called major-major groove 386 ), without altering the stability of dsDNA. 388,398,399 Chart 5. Triplex ligands

G-quadruplex ligands

In most cases, small molecules bind to G4s by stacking over the external quartets. Such ligands share structural features with dsDNA intercalators, i.e. a fused aromatic core promoting - stacking with the G-quartets, often decorated with side chains. (Chart 6). [400][401][402] Accordingly, numerous dsDNA intercalators also bind G4s. Positive charges favor electrostatic interactions, and can be provided by in situ protonation of side-chain amines (e.g. BRACO-19, PIPER, pyridostatin), [403][404][405] N-methylation of heterocycles (e.g. PhenDC3, RHPS4, TMPyP4), 313,403,406 or transition metals (e.g. Cu-ttpy, Pt-tripod). 407- 410 The design of the first generations of G4 ligands has consequently been heavily inspired by dsDNA intercalators. Given the difference in size and shape between G-quartets and base-pairs, increased affinity and specificity can rely on an increase of the aromatic surface to optimize its overlap with the G-quartets. An early example is RHPS4 (Chart 6). 403 Phen-DC3, with a high affinity and selectivity against dsDNA, is a good example of rational optimization of the aromatic core size and shape (Chart 6). 406 Its overlap over G-quartets was later confirmed by solution NMR (Figure 15A). 411 The addition of protonable side chains, and the optimization of their nature and length, can also favorably contribute to the binding, modulate selectivity, and provide enhanced water solubility. 412-417 A seminal example is BRACO-19, a 3,6,9-trisubstituted acridine (Chart 6; compare with proflavine in Chart 3) whose sidechain pyrrolidines provide favorable hydrophobic interactions with the sides of the grooves, while the 9-anilino substituent lies snugly in a third groove (Figure 15B). 403,412,418 Analogues with longer chains have lower affinities, probably because the pyrrolidines extend too far out of the grooves. 412 Similarly, pyridostatin is a derivative of 360A in which three side chains have been added, and the quinolines are no longer N-methylated (Chart 6). 405 

Chart 6. G-quadruplex ligands

Another approach to increase the G4 selectivity of end-stackers is to prevent dsDNA intercalation with off-plane substituents. For instance, the well-known dsDNA intercalator ellipticine can be converted into selective G4 binders by addition of sterically-clashing alkyl groups and side chains disrupting the ligand's planarity (Chart 6). 419 In the same vein, apical ligands in transition metal complexes can be a source of increased selectivity (e.g. Cu-ttpy). 420 Numerous metal (e.g. Pt(II), Pd(II), Cu(II), Ni(II), Ru(II), Zn(II)) complexes with aromatic ligands (e.g. salphens, terpyridines, phenantrolines) bind G4s. 400,[407][408][409] The metal withdraws some of the electron density from the aromatic ligands, increasing their stacking ability, and can act as an additional cation in the central ionic channel from G4s. 407,409 Metal cations can be conjugated to classical stackers, and there can be several metal cations for a single ligand, in which case the metal ions may interact with several grooves and loops (e.g. Pt-tripod, Figure 15C). 410 Macrocyclic scaffolds made of unfused heterocycles (e.g. 6OTD derivatives; Chart 6), inspired by telomestatin, a neutral natural compound with a great selectivity for G4s, are attractive for their lack of dsDNA affinity. Their shape and size are similar to those of G-quartets (Figure 15D). [421][422][423][424] Another family of macrocyclic G4 ligands are cationic porphyrins. 313,425,426 The archetype of this family, TMPyP4 (Chart 3), stacks over G-quartets thanks to their similar sizes, 313,425,426 but with little to no selectivity over dsDNA. [427][428][429][430] Other external binding modes of higher ligand:DNA stoichiometry and much lower affinity have been evidenced but are not well characterized. 313,431,432 The selectivity of cationic porphyrin for G4 DNA is improved by increasing the bulkiness of the meso substituents, preventing dsDNA intercalation and groove binding. 313,430 Metal coordination can improve their binding affinity, by decreasing the electron density of the porphyrin. 313 Generally, cationic porphyrins do not display any particular selectivity for individual G4 conformers. 313 An exception is the negativelycharged porphyrin N-methylmesoporphyrin IX (NMM; Chart 6), which favors parallel G4 over other topologies and dsDNA (with which charge repulsion is greater). [433][434][435][436] The important structural polymorphism of G4s opens avenues to achieve sequence-specific targeting of nucleic acids, but to date few ligands have the ability to significantly discriminate different conformers. In that regard, external stacking alone appears limited because it targets a structural feature, the G-quartets, shared by all G4s. The ability to also bind to loops, grooves and flanking sequence residues, which may be more unique to a given conformer, is therefore desirable. Side chains of adequate length and nature may help in that regard (see above). By analogy with dsDNA, higher specificities may be reached by the use of groove-binding ligands, but examples are scarce, and difficult to corroborate. 402 Unfused polyheterocycles like TOxaPy, resembling dsDNA minor-groove binders or non-macrocyclic telomestatin, bind preferentially to antiparallel G4s over other topologies, and not to dsDNA. 437,438 This selectivity was tentatively attributed to groove binding. Distamycin dimerizes into the grooves of d(TG4T)4, a binding mode sometimes visible in larger minor grooves of dsDNA (Compare Figure 15E and Figure 13B), but is obviously not G4-selective. 439 This lack of selectivity has been observed for another ligand for which groove binding was proposed. 440 

i-motif ligands

Compared to ds-and G4-DNA, small molecules targeting i-motif structures are few, and the determinants of binding are still not well known. 441 Many are in fact dsDNA intercalators, G4 stackers, or derivative thereof, which turn out to bind to i-motifs as well. [441][442][443][444] Accordingly, most reported imotif ligands (e.g. TMPyP4, thioflavin T, thiazole orange, crystal violet, BisA, Phen-DC3, BRACO-19, mitoxantrone, [Ru(bpy)2(dppz)] 2+ ) are not selective against ds-and/or G4-DNA, and often disfavor imotif binding. [441][442][443][444] Additionally, some (BRACO-19, mitoxantrone, Phen-DC3) may unfold i-motifs by interacting preferentially with the unfolded conformers. 443,444 Specific recognition of the hemiprotonated C-H + -C base pairs themselves with negatively-charged ligands has been proposed, with the negative charge also preventing interactions with ds-and G4-DNA. 445 2.5.5 RNA binders 2.5.5.1 Small molecule ligands RNA adopts a large variety of secondary and tertiary structures. These can be bound and sometimes altered by small molecules, eventually modulating their functions, similar to small molecule occupancy of protein binding pockets. [446][447][448] Many natural and synthetic antibiotics (e.g. macrolides, aminoglycosides, chloramphenicol, tetracyclines, oxazoladinones) target bacterial ribosomal RNA (rRNA). 446,[448][449][450][451][452][453] Additionally, a growing number of synthetic small molecules binding various other targets (non-coding RNAs, messenger RNA, viral RNA, riboswitches, splicing RNAs) have been designed or discovered by screening of chemical libraries, as reviewed elsewhere. [446][447][448][452][453][454][455][456] Chart 7. Structure of some rRNA-binding aminoglycosides.

The bacterial ribosome is historically the most studied RNA target, which is reflected in the mass spectrometry literature; we will therefore focus here on the binding of aminoglycosides to rRNA. Aminoglycosides are potent bactericidal small molecules (e.g. neomycin, paromomycin, tobramycin, and kanamycin; Chart 7) binding the A-site of the decoding region of bacterial 16S rRNA. 446,[448][449][450][451][452][453] The A-site possesses an opened form, wherein two adenines are flipped out of the helix when binding a cognate tRNA, resulting in correct peptide synthesis. 457 Aminoglycosides bind within the major groove of the stem-loop-structured A-site through an extensive network of H-bonds, sometimes mediated by water molecules (Figure 16A,B). 458 A number of these H-bonds are conserved across aminoglycosides, which also adopt very similar conformations. 458 In particular, the sugar ring I stacks on a guanine and forms two H-bonds with the Watson-Crick face of an adenine (Figure 16B). 458 The A-site subdomain can fold and function autonomously from the rest of the RNA molecule, which allows carrying out binding experiments with comparatively short oligonucleotide analytes. 459,460 2.5.5.2 Protein-RNA recognition Numerous and structurally diverse RNA-binding proteins (RBPs) interact dynamically with ss-and ds-RNA, with sometimes significant rearrangements in both RNA and protein. [461][462][463][464] These interactions are not fully understood but typically mediated by (i) H-bonds and van der Waals interactions between proteins (mostly side chains, and mostly by Arg, Lys, Asn and Ser) and the nucleobases (U and G more frequently than A and C), ribose 2'OH, and phosphodiester backbone of RNA (0.5-4.5 kcal/mol per bond), 461,462,465-467 (ii) hydrophobic interactions between RNA bases and hydrophobic side chains (1-2 kcal/mol per interaction), 461,462 (iii)  interactions between nucleobases and aromatic (Trp, His, Phe, and Tyr) or acyclic (Arg, Glu, and Asp) -containing amino acids (2-6 kcal/mol per interaction), with a preference for stacking arrangements, 461,462,468 and (iv) electrostatic attraction between positivelycharged patches on protein surfaces and polyanionic RNA (Figure 16C,D). 462 Compared to DNA, RNA nucleotides are less involved in base-pairing and present an additional ribose 2'-OH, which constitutes additional interaction opportunities. 461,467 RBPs cannot always surround their target the way DNA-binding proteins often do because of the large range of structural elements forming RNA tertiary structures (compare Figure 16 and Figure 14). 461 Some RPBs can also bind DNA, although not necessarily by the same binding mode. 469,470 Figure 16. RNA complexes with small molecules and proteins. A: neomycin B (orange) binds in the major groove of the 16S rRNA A-site (grey, flipped out adenines in light blue) by B. stacking of the ring I to a guanine (tan), pseudo base pairing to an adenine (light blue) and establishing an extensive network of hydrogen bonds (blue) with the bases, phosphodiester backbone and water (rCGCGUCACAC2G2UGA2GUCGC, X-ray diffraction, PDB: 2ET4). 458 C and D (zoomed): complex between the human U1A protein and the polyadenylation inhibition element (PIE) RNA contains examples of hydrogen bonding between nucleotides and amino-acid side chains (OH of Ser90, yellow with the O2 of C45, purple) or backbone (Asp91 with C45, Lys87 and Tyr85 with C43, purple), stacking (all stacking amino acids in red: Phe55 and Asp91 with A44, blue, and C45, purple; Gln53 with G42, tan; Tyr12 with C43, purple), and electrostatic (Lys49 and Lys87, green) interactions (r(G2CAGAGUC2U2CG3ACAU2GCAC2UGC2), solution NMR, PDB: 1AUD). 471 3. Mass spectrometry methods 472 is the most widely used method to transfer intact analyte ions from solution to the gas phase for mass spectrometry analysis. The process by which analytes in solution become ions in the gas phase can be decomposed in three steps: 473 (1) production of the charged droplet at the capillary tip (Figure 17A), ( 2) successive cycles of shrinkage and asymmetric fission of the charged droplets due to solvent evaporation and Coulomb repulsion (Figure 17B), and (3) formation of gas phase ions from charged droplets (Figure 18). The solution is infused through a metal capillary, which is held at a few kilovolts. 474 With the electric field, the solution at the capillary tip deforms into a Taylor cone that emits a fine mist of droplets. As the droplets evaporate, their charge density increases until the Rayleigh limit is reached. 475 At this point, the Coulombic repulsive forces become equal to the surface tension of the liquid (Equation ( 1)),

q = 8(ε0R 3 ) 1/2 (1)
where R is the droplet radius, q is the charge, ε0 is the permittivity of vacuum and  is the surface tension of the solvent. At droplet radii below the Rayleigh limit, asymmetric droplet fission occurs: the parent droplet typically produces ~20 offspring droplets, which carry away 2% of the mass and 15% of the charge of the parent droplet. 476 Figure 17B shows the droplet evolution at the Rayleigh limit. This type of fission is known as 'jet fission'. The succession of evaporation and asymmetric fission of the droplet depends on the initial size and charge of the droplets produced by electrospray. In standard electrospray, the initial droplets have radii in the micrometer range, while in nanoelectrospray the droplets are one order of magnitude smaller (further discussion in section 3.1.1.2.1). 477 The last step-the formation of gas-phase ions-can follow three different mechanisms (Figure 18): the ion evaporation mechanism (IEM), the charge residue mechanism (CRM) or the chain ejection mechanism (CEM): 475

 Low molecular weight species are believed to be transferred to the gas phase by the IEM (Figure 18A). 478 In this mechanism, ions evaporate from the droplet surface by carrying away only a thin solvation shell. The IEM limiting case requires high electrostatic energy, yet a droplet size larger than the analyte residue and larger than the Rayleigh limit. If the latter is reached first, ion evaporation can still occur: the field strength at the surface of the droplet becomes high enough to assist the desorption of solvated ions from the surface. 479 The physics involved is the same for such IEM and for the asymmetric droplet fission; the main difference is the size and charge of the offspring droplet.  Large globular analytes (e.g., native proteins) are released into the gas phase via the CRM (Figure 18B). 480 In this mechanism, droplets containing only one large analyte shrink due to the solvent evaporation. The solvent shell disappears and the charge carriers are transferred to the analyte (cation or anion adduction, protonation or deprotonation). During shrinkage, the radius of the nanodroplet containing the large analyte must remain larger or equal to the Rayleigh limit. If it becomes smaller, the charge density of the droplet can decrease by IEM ejection of small ions and solvated protons. 481,482 CRM is often contrasted with IEM, but the main difference between the two phenomena is the size of the analyte and thus of the solvent shell that surrounds it.  Finally, disordered organic polymers or unfolded proteins undergo ESI via the CEM (Figure 18C). 474 In this mechanism, when the conformation is extended and flexible, and when hydrophobic groups become exposed to the solvent, the molecule migrates on the droplet surface, like a surfactant. Another requisite for the CEM is that charges can be transferred to the molecule with sufficient density. The analyte is extruded from the droplet surface to the gas phase, one charge at a time. We can also see analogies between the CEM, IEM and droplet fission. One the one hand, the CEM can be viewed as a series of IEM events, where the charges are tethered on the molecule like beads on the string. 483 On the other hand, the CEM can be viewed as an asymmetric fission of the droplet, wherein a macromolecular chain is trapped in the filament produced from the parent droplet. 

Equilibrium partitioning effects on signal relative intensities

The relative intensities of the ions in an ESI mass spectrum do not always reflect the relative concentrations of the corresponding analytes in solution. Tang and Kebarle 484 interpreted this observation as an evidence for the IEM: the surface activity of the analyte plays a role because the ions evaporate from the surface of the droplet. In 1997, Enke proposed the equilibrium partitioning model to account for the concentration dependence of analyte response. 485 In this model, the effect is a consequence of the asymmetric droplet fission and not of the final ion production mechanism. Indeed, small offspring droplets are emitted from the surface of the parent droplet, and will thus be enriched in surface-active compounds. 486 Because the charges are located on the surface of the droplet, to become detectable ions the analytes must be present at the droplet surface, which is considered as a phase separated from the neutral droplet interior. If ion partitioning between these two phases is sufficiently rapid, one can define an equilibrium constant between the surface and the interior of the droplet.

At low concentration, the surface is not saturated and all ions can freely access the surface. At high concentration, the surface is saturated, the different analytes compete to access the surface, and the different response will highly depend on the respective partitioning constants. In nanoelectrospray, droplets are initially smaller and undergo fewer cycles of asymmetric fission before the ions are produced. Consequently, the ion relative intensities often better reflect the solution concentration ratios. 487 3. 1.1.1.3 Why is it recommended to use the negative ion mode for nucleic acids native mass spectrometry? Most of the literature in biomolecular mass spectrometry is focused on proteins ionized in the positive ion mode. However, nucleic acids carry an excess of negative charges in physiological conditions on the phosphate groups, while the bases are mostly neutral at physiological pH. Consequently, nucleic acid analysis is usually more sensitive in negative ion mode. Few groups have studied the ionization of nucleic acid complexes in both polarities. [488][489][490] For non-covalent complexes, the use of positive mode was problematic. 489 For example, complexes with intercalating agents could not be detected in positive mode, although they exist in solution and are detected in negative mode. Complexes with minor groove binders could be observed in positive mode but their relative intensity did not reflect their abundance in solution. The difference is a consequence of the nature of the charge carriers. In negative mode, the charge carriers in the sprayed ions are the phosphate groups, like in solution. However, not all phosphate groups remain negatively charged, as many are neutralized by counterions. In contrast, to produce multiply charged positive ions, the phosphate groups are all neutralized and in addition, some nucleobases must be protonated as well. As a result, the network of native noncovalent bonds is more likely to be perturbed in positive ions than in the negative ions.

Charge state distributions

Electrospray ionization of biomolecules results in multiply charge states. 491 For oligonucleotides, the charge state distribution (CSD) in negative mode depends on the ammonium ion concentration in solution. 492 Oligonucleotide solutions sprayed at low ionic strength show broad CSD and higher charge states. A higher ionic strength neutralizes a higher proportion of phosphate groups, and thus favors lower charge states and a narrower CSD (Figure 19). The extent of charging can also be manipulated by adding organic bases to the electrosprayed solution. 493 Additives with higher gas-phase basicity (the -ΔG° associated with the reaction B + H + → BH + in the gas phase) result in a higher density of negative charges being accommodated on the biomolecule, independently of the solution pH. Iavarone and co-workers discovered that the addition of m-nitrobenzyl alcohol (m-NBA) to the sprayed solution increases the charging when the original solution has a lower surface tension than m-NBA. 494 This phenomenon, called "supercharging", must necessarily occur in an intermediate regime between the bulk solution and the pure gas-phase reactivity, i.e. in the charged droplet/air interface. 495 Less volatile supercharging agents concentrate in the evaporating charged droplets. Those with weak basicity can increase the charge in positive mode by increasing protonation of analyte basic sites in the interface. Some supercharging additives work in both modes, and this was attributed to enhanced ion pairing in the presence of these highly polar molecules. 495 There are few examples of supercharging studies on nucleic acid complexes. 488,496,497 Chingin and coworkers induced the supercharging effect on oligonucleotide single strands and duplexes either with m-NBA or by elevating the temperature of the ESI capillary. 488 More extensive analyte charging with lower degree of denaturation was observed with m-NBA. The supercharging effect was attributed to a decrease of ionic strength during the ESI process, without analyte denaturation. The results support that the supercharging phenomenon involves a direct interaction between a biopolymer and supercharging reagent occurring in evaporating ESI droplets.

ESI of nucleic acids in the negative ion mode: the known and the unknown

In the negative mode, the droplets carry an excess of negative charges. For a simple model of nucleic acids in ammonium acetate, the charged droplet surface thus contains fewer ammonium ions than the sum of acetate ions and phosphate groups. Figure 20 shows such hypothetical negatively charged droplet. Let's examine the three possible ionization mechanisms.

 The IEM is unlikely to occur for nucleic acids, given their size. However, small negative ions from the electrolyte might evaporate, and currently the ion evaporation propensity of small anions is not yet documented.  The CRM, however, is realistic in native MS of nucleic acids: they are folded and expose most of their (hydrophilic) charged phosphate groups to the solvent while the hydrophobic parts are buried. They will thus tend to stay in the center of water droplets. The CRM is the desired outcome in native MS, because if the solvent shell is preserved longer, the native set of noncovalent interactions is more likely to be preserved.  The CEM can become realistic for denatured nucleic acids in the negative mode. The CEM requires that the nucleic acids move towards the surface. Nucleobases are not overly hydrophobic, so denaturation should not play a big role in changing the surface affinity (although that is not quantitatively documented to date). However, denaturation is necessary for the oligonucleotide to be ejected as a chain. Moreover, the CEM will be more favored in negative mode because the nucleic acids can serve as primary negative charge carriers on the droplet surface, while in the positive mode the nucleic acid would occupy the second layer at the surface behind positive ions. 489 The chain ejection requires a sufficient charge density to provide sufficient electric extraction energy. In the negative mode, many phosphate groups are available, and it is possible that in the positive mode, the same charge density cannot be reached by base protonation. This may explain why charging beyond 4-5 charges per ~20-mer was never observed in the positive ion mode, 490 even in presence of supercharging additives. 488 The competition between the CRM and the CEM for a given unfolded oligonucleotide depends on the ionic strength. 263 Lowering the ionic strength increased the fraction of the analytes borrowing the CEM and ending up at high charge states. This was attributed to a competition between the nucleic acid and the acetate ions from the electrolyte for the charged surface. The remaining unknowns are the quantitative elements that would allow to tune the ionization mechanism and the final charge states. Further work is also required to firmly establish whether supercharging occurs via increasing the charges conferred through the CRM ("native supercharging") or via increasing the fraction of ions borrowing the CEM. 3. 1.1.1.6 Tricks of the trade Nucleic acids require sufficient ionic strength to overcome phosphate-phosphate repulsion and fold (i-motifs are the only exception: they are more stable at low ionic strength). Mammalian cells typically contain 139 mM K + , 12 mM Na + and 0.8 mM Mg 2+ . 498 Unfortunately, such conditions are typically incompatible with electrospray. Alkali or alkaline-earth metals binds well to oxygen atoms and forms adducts, which are "non-volatile": they cannot be removed by increasing the internal energy of the system. In contrast, ammonium (NH4 + ) is volatile: when the internal energy of the system is increased, a proton can be transferred from ammonium to the biomolecule, releasing NH3 (Scheme 1).

Scheme 1. Ion adduction mechanism with non-volatile Na+, and phosphate protonation by volatile NH4 + .

Ammonium acetate is thus frequently used in native mass spectrometry, and its concentration is chosen according to the desired ionic strength (150 mM NH4OAc mimics the physiological ionic strength). Ammonium acetate is however not a pH buffer. 499 In some instances, trimethylammonium acetate (TMAA) was used to study the interaction of K + ions with G-quadruplexes. 198,200 The size of the trimethylammonium cation is larger than the space between G-quartets. This favors the binding of K + ions between G-quartets. Another bulky volatile electrolyte is triethylammonium acetate (TEAA). 500- 502 This favors the formation of less non-specific adduct of sodium and potassium. 501 Alkylamines are extensively used as ion-pairing agent for the analysis of oligonucleotides by LC-MS because they enhance the ionization and minimize adduction (further discussed in section 3.1.2.1). 503 The ionization efficiency also depends on the chemical composition of the solution. 504 For example, hexafluoroisopropanol (HFIP) was used to enhance the signal of G-quadruplexes. 505 Another common practice to increase electrospray yields is to add organic co-solvents to the aqueous ammonium acetate, for example 20%, 506 25%, 507 or 50% methanol, 508 or 10% 509,510 to 20% 505 isopropanol just before spraying. Acetonitrile can also boost ion currents. 511 This can was explained with the solvent viscosity and surface tension, that affect the evaporation process.

However, it must be remembered that organic co-solvents can affect the solution phase equilibria. For example, organic co-solvents often stabilize G-quadruplexes and accelerate their formation, as shown by ESI-MS [512][513][514] and other solution spectroscopic methods. 515,516 This may be desirable in some cases, but when the aim is to mimic physiological aqueous solutions, no co-solvents should be used.

Variants of ESI

Here we focus on sources that have been used for nucleic acid non-covalent complexes.

nanoESI

A variant of ESI, nanoelectrospray (nanoESI) was introduced by Wilm and Mann in 1996. 517 Nanospray capillaries were made by pulling capillary to a fine tip, resulting in a smaller spraying orifice diameter and a flow rate of 20 nL/min. 518 This helps to streamline the desolvation process by forming smaller initial droplets than the ESI droplets. Pure nanoESI does not require the presence of solvent pumps and inlet valves.

Adduct formation to oligonucleotides depends on the nanospray diameter size (Figure 21). 519 Nonvolatile salt adducts could be suppressed by using smaller capillaries. Generally, volatile ammonium acetate is used for the analysis but nanoESI could be used when the presence of nonvolatile salts is required. nanoESI was exploited in a few native MS studies on oligonucleotides. 520,521 However, nanoESI spectra depend on capillary position, shape of the capillary tip (which can be difficult to reproduce). Thus, reproducing the relative intensities of the complexes in the mass spectra remains an art, 522 and electrospray in ammonium acetate is often preferred for its robustness. 

Laser spray ionization

Laser spray ionization mass spectrometry, developed by Hiraoka et al.,523,524 has been used to characterize the stability of noncovalent complexes. 525 Akashi and co-workers have used the technique to probe the intrinsic stability of double-stranded DNA sequences and their binding affinities with various drugs in the solution phase. Dissociation curves as a function of laser power were plotted for each dsDNA or each complex. The laser power E50% corresponds to the 50% dissociation of each dsDNA or each complex. E50% was compared with its melting temperature (Tm), which was determined by UV spectroscopy. The authors have also reported the relative solution binding affinities (KD) of dsDNA-ligand complexes by laser spray mass spectrometry. Binding affinities of protein-mutant DNA complexes in solution were investigated as well. 526

Cold spray ionization

Investigation of non-covalent complexes having low thermal stability can be difficult by conventional ESI. Cold-spray ionization (CSI), which operates at low temperature (ca -80°C to 10°C), allows one to characterize a wider variety of oligodeoxynucleotide complexes. 527,528 CSI allowed to detect multiply charged molecular ions with many solvent molecules attached. Very unstable DNA duplexes, tripleand quadruple-stranded oligodeoxynucleotides have been analyzed by this ionization technique. 527 Figure 22 shows the CSI and ESI mass spectra of a triple helical DNA T25•A25-T25 in negative mode. 

MALDI

Matrix-assisted laser desorption/ionization (MALDI) has been used for the analysis of different organic molecules, biomolecules like nucleic acids, proteins, peptides and their non-covalent complexes. 529- 531 MALDI involves mixing of the analyte with a matrix, and deposition on a metal plate. A pulsed laser irradiates the sample to cause ablation and desorption. The molecules are ionized by protonation or deprotonation in the hot plume of ablated gases, and the ions are transferred to the mass spectrometer. 532 Matrices mixed with ammonium salts are generally used for the detection of oligonucleotides. 2,5dihydroxybenzoic acid (DHB) and 2,3,4-trihydroxyacetophenone (2,3,4-THAP), 3-hydroxypicolinic acid (3-HPA), 2,4,6-trihydroxyacetophenone (2,4,6-THAP), and 6-aza-2-thiothymine (ATT) were used as matrices for oligonucleotide non-covalent complexes. 530,533 The ammonium salts enhance the protonation and deprotonation of oligonucleotides and help suppressing the alkali-ion adducts. 534 Additives such as methylene blue, spermine, β-MSH, or ammonium citrate were also used to stabilize the duplexes by MALDI-MS. 531,533,535,536 Yet the detection of native non-covalent complexes of oligonucleotides by MALDI-MS suffers some limitations. The weak non-covalent interactions of duplexes can be destroyed during the crystallization or desorption processes. However, complexes between negatively charged oligonucleotides and positively charged binders (drugs or ligands) can be very well preserved by MALDI-MS. Electrostatic interactions between the negatively charged phosphate groups of nucleic acids and the basic side chains of the arginine and lysine residues can provide stability to the noncovalent complexes. 530,537-539 3.1.1.4 LILBID Laser-induced liquid bead ion desorption, LILBID, was introduced in 1996. 540,541 LILBID was claimed to have superior salt tolerance, and to be softer than ESI or MALDI because it produces lower charge states. 542,543 With LILBID, oligonucleotides solvated in micro-droplets of aqueous buffer are brought into the gas phase by laser ablation at 3 µm. During the desorption process, variation of the laser energy affects the degree of complex dissociation. The sensitivity and softness of LILBID allowed to detect single-and double-stranded oligonucleotide and noncovalent oligonucleotide-protein complexes. 542,[544][545][546] Even large macromolecular complex like 50S ribosome of thermus thermophilus can be analyzed by this method. 545 The binding affinity of noncovalent complexes in solution was calculated from the LILBID laser dissociation curves. 544

Non-denaturing chromatography coupling

Liquid chromatography (LC) and capillary electrophoresis (to a lower extent) are routinely coupled to mass spectrometry for the analysis of compounds ranging from small molecules to large biomacromolecules and polymers. In the field of biomolecular analysis, and in particular in the case of oligonucleotides, this is most often performed under denaturing conditions as a mean of online desalting. 547,548 Despite their potential, non-denaturing approaches remain rare as they present many challenges, particularly the choice of mobile phases that offer a good compromise between separation power, MS signal intensity, and the ability to preserve non-covalent interactions. If the latter is critical, for instance to quantitatively monitor binding equilibria, direct infusion should be favored.

Ion-pairing reversed-phase LC

The most used method for oligonucleotide quantitation and characterization is ion-pairing reversedphase LC (IP-RP-LC) coupled to ESI-MS. 547,549,550 RP-LC is conducted with non-polar stationary phases, polar mobile phases (usually a mixture of water and methanol or acetonitrile), and analytes elute in order of decreasing polarity. Oligonucleotides are not well retained on non-polar phases, hence the need for ion-pairing (IP) agents, typically alkylammonium salts (e.g. triethylammonium acetate). IPs contain lipophilic cations that interact with the oligonucleotides to produce neutral pairs of increased hydrophobicity that are more retained by the stationary phase and less prone to cation adduction, but have a suppression effects on the MS signal. 504,551,552,503,553 Weak acidic modifiers are used to adjust the mobile phase pH, achieve better chromatographic peaks, and as a source of protons for the electrochemical reduction reaction occurring in negative ESI (increasing the MS signal, in particular for lower charge states), but can also compete for ionization with oligonucleotides. 504,554 Fluorinated alcohols (e.g. hexafluoroisopropanol: HFIP), which are volatile enough to be depleted early from the droplets, have been generally favored. 551,552,555,556 Native structures can modify the retention times in IP-RP-LC, 551,557 but examples of native IP-RP-LC/MS analysis of non-covalent complexes remain scarce. In fact, most studies explicitly favor denaturing conditions because they provide higher MS signals and more efficient LC separations. 558,559 Operating under non-denaturing conditions may require the use of additives not compatible with MS (e.g. nonvolatile salts), low column temperatures, and the careful optimization of the IP and weak acid modifiers. For instance, it is more difficult to achieve satisfying peak separation performances while obtaining a good ESI-MS signal with non-denatured siRNA duplex species than with denatured single strands. [560][561][562] For this particular example, an optimized combination of hexylamine and HFIP allows the separation and MS identification of all major duplex variants. 560 Hexylammonium acetate (HAA, 25 mM, pH 7.0) was also proposed as a cost-effective alternative to HFIP-based mobile phases for routine RNA duplex non-denaturing LC/MS analysis. 563 Some fluorinated alcohols are more efficient to transfer structured oligonucleotides into the gas phase than others, both in terms of signal intensity and preservation of secondary structures. For instance, nonafluoro-tert-butyl alcohol (NFTB) suppresses the signal of hairpin-forming oligonucleotides but preserves their conformations when used with octylamine, in particular for the more stable secondary structures. 556 Hyphenation to IP-RP-LC conditions increases the risk of disrupting non-covalent interactions, and should be restricted to qualitative studies, as illustrated by the work of D'Alonzo et al. on the formation of duplexes by HNA oligonucleotides. 564 In this study, different retention times were observed for the single strands and their corresponding duplexes, but also between different duplexes. For instance, two LC peaks were observed for the monomer and homo-duplex forms of -D-homo-DNA-A13, an artificial 13-mer oligonucleotide in which deoxyribose moieties are substituted by pyranoses (Figure 23A and Chart 1 and section 2.1.2.2). In presence of L-HNA-T13 (a 13-mer oligonucleotide made of hexitol nucleic acid; another type of 6-membered-sugar nucleosides; see Chart 1 and section 2.1.2.2), the hetero-duplex elutes later than the homo-duplex, which is not visible anymore (Figure 23B). Importantly, duplexes are probably not quantitatively preserved during the analyses, and the observed amount can depend on their gas-phase stability as well. Native MS also requires ion transfer soft conditions, and the reader should critically evaluate whether the reported conditions are indeed soft enough (see section 3.1.3).

Figure 23. LC-MS profiles of the -D-homo-DNA-A13 oligonucleotide in absence (A) and presence (B) of the L-HNA-T13 oligonucleotide (both chemical structures only show a single nucleotide from these 13-mer sequences). Analysis of 100 μM oligonucleotide samples in a mobile phase made of H2O containing HCO2NH4 (1 M), N,N-dimethylaminobutane/HFIP and acetonitrile, on a C18 PepMap 0.5x15 mm column (Dionex) coupled to an orthogonal acceleration/time-of-flight mass

Hydrophilic interaction liquid chromatography (HILIC) uses a polar stationary phase and a relatively non-polar mobile phase in which (buffered) water is the strong solvent. Analytes are partitioned between a layer of water formed on the stationary phase and the bulk mobile phase enriched in organic solvent (often acetonitrile), and elute by order of increasing polarity. Recently, non-denaturing HILIC/MS of DNA and RNA oligonucleotides was reported for the first time. 565 The impacts of column temperature and mobile phases additives on both chromatographic separation and MS response were evaluated.

Non-denaturing capillary electrophoresis coupling

Capillary electrophoresis (CE) is routinely used to study a wide range of analytes including nucleic acids and their complexes. [566][567][568][569][570] CE is based on the differential migration of analytes in an electrophoretic solution contained in a capillary under the influence of an electric field. 566 It offers better resolutions and peak shapes from smaller amounts of sample compared to conventional liquid chromatography. 547 The separation typically relies on a non-equilibrium mechanism depending on the particular method used. 571 In capillary zone electrophoresis (CZE, or free solution capillary electrophoresis, FSCE), wherein the capillary is entirely filled with a background electrolyte (BGE) as carrier, the analytes mobility is related to their charge and size. Nucleic acids bound to small molecules or proteins are readily separated by this method. 568 Alternatively, capillary gel electrophoresis (CGE) separates nucleic acids by their size and conformation (smaller analytes migrate faster than longer ones) by sieving through a gel. 566,572,573 Denaturing conditions are favored when the separation efficiency is important, because they allow the separation of ssDNA with increased resolutions compared to the corresponding dsDNA molecules. 566,574 Non-denaturing conditions result in mobility shifts for changes as small as a single nucleotide in ssDNA (but not dsDNA), due to conformational changes. 566 Nondenaturing CE also allows separating DNA complexed by small molecules or proteins, and estimating binding constants and thermodynamic parameters of complex formation. [575][576][577][578][579][580] Combining the advantages of CE to MS (mostly ESI, but MALDI and ICP were also used) is attractive but remains challenging, in particular the coupling of the separation voltage with that of the MS source, and the significant dilution of the CE effluent in co-axial sheath liquid interfaces. 571,581 Compared to IP-RP-LC, the low flow rates of CE and the absence of ion-pairing agents are beneficial to improve MS ionization. 571 Fundamental and instrumental aspects of the electrospray and nanospray processes with different CE interfaces have been reviewed elsewhere. 581,582 A few examples of non-denaturing CE of nucleic acids coupled to MS show a potential for in-depth characterization of non-covalent complexes. Przybylski and coworkers have implemented an affinity capillary electrophoresis separation, in which the ligand is added in increasing concentrations to the BGE, coupled to an ESI ion-trap mass spectrometer, to provide the stoichiometry, micro and macroscopic dissociation constants, binding cooperativity, and free energy data of ss-and dsDNA noncovalent complexes with various (poly)cationic -cyclodextrins. 583 The Berezovski group coupled online kinetic capillary electrophoresis with ion mobility and mass spectrometry to study fast conformational dynamics of DNA G4s in solution (cation-binding affinity, folding-and unfolding-rate constants). 584 

Optimizing ion transfer

At the late stages of electrospray, the ions are transferred to the gas phase with a solvation shell and electrolytes still attached (mainly cations attached to the nucleic acid polyanions). The signal is thus spread on multiple adducts, and this is detrimental to mass accuracy and sensitivity. It is necessary to transfer additional internal energy to the ions in order to get rid of the nonspecifically bound solvent, additives and electrolytes. However, if the goal is to analyze intact non-covalent complexes, the native non-covalent bonds (those that are present in solution and responsible for the specific structure adopted) must be maintained. Thus, in native MS, the instrument tuning is a trade-off between maintaining the specific interactions while disrupting the nonspecific ones.

The internal energy transferred to the ions depends on all collisional activation events the ions encountered during their journey to the analyzer, i.e. in the source, in all transfer optics and all analyzers preceding the analyzer of interest. The readers interested in the relationship between collisional activation and ion internal energy can consult useful reviews. [585][586][587] For nucleic acids, Griffey et al. showed in 2000 that series of ammonium adducts (but not water adducts) could be clearly distinguished on 16S RNA ions. 588 Their group at Ibis Therapeutics established automated drug-RNA screening methods, wherein the automatic tuning of the spectrometer relied on this ammonium adduct distribution. Maintaining visible ammonium adducts ensures that complexes of the same size and charge maintained by a single hydrogen bond will be detectable. 588 In 2010, a protocol describes a similar tuning procedure, wherein a [12-bp duplex DNA] 5-was used for tuning: first a rough tuning to maintain the duplex, then a fine tuning so that the intensity of the first ammonium adduct is 20-30% of that of the naked ion. 589 In latter work on DNA G-quadruplexes, we found that even softer tuning was required to maintain the three specific ammonium adducts inside the bimolecular G-quadruplex [(dG4T4G4)2•(NH4 + )3] 5-, 300 and to date we use this complex to tune our spectrometers when the softest conditions are required for nucleic acid complexes in the negative mode. Figure 24 shows the best results obtained on three very different mass spectrometers. 590 Although the 3-NH4 + adduct is maximized, the three distributions differ. In particular, the distribution on panel B shows both additional adducts (up to 5-NH4 + ) and fewer adducts (0-NH4 + ), illustrating that the ion population can be characterized by a broad internal energy distribution: a fraction of the ions received high amounts of internal energy and lost all their NH4 + ions, while a fraction received low amounts of internal energy and preserved three inter-quartet ammonium ions and even additional ones. 

Quantitation of the solution binding affinities

Quantitative comparisons

In pharmacology, the potency of a drug is evaluated by its ability to affect a biochemical process. The potency is linked to the fraction of target that is captured in a bound state. It is thus relevant to compare ligand activity for a given target by comparing the fraction of bound target at a given total target concentration and total ligand concentration. In ESI-MS, the potency of a ligand (L) towards a nucleic acid target (NA) can be quickly assessed by comparing the signal intensities of unbound NA (𝑁𝐴 ) and NA bound to ligands (NA•L1…n). The fraction of NA bound (𝑓 ) is given by:

𝑓 1 𝑓 ∑ 𝐼 ∑ 𝐼 (2) 
Equation ( 2) assumes that the response factor of the NA does not change upon ligand binding. When comparing ligands, in case the responses of the complexes change compared to the free DNA, what matters is that all complexes respond in a similar way independently of the ligand. 𝑓 can be used for ligand screening (section 4.5). [START_REF] Rosu | Electrospray Mass Spectrometry to Study Drug-Nucleic Acids Interactions[END_REF][591][592][593][594][595][596][597][598][599] When exclusively 1:1 complexes are formed, plots of 𝑓 as a function of total added ligand ([L]total) can be used to determine apparent KD values. 600- 605 Note that the condition of exclusive 1:1 complexes was not met in each paper.

Ranking ligands using Equation ( 3) however masks the effects of the stoichiometries of bound ligand. Imagine mixtures containing [NA]tot = [L]tot, two ligands giving 𝑓 = 0.5, the difference being that ligand 1 forms a 1:1 complex and ligand 2 forms a 2:1 (L:NA) complex. Based on 𝑓 both ligands appear equally potent, but the amount of bound ligand is twice higher for ligand 2 compared to ligand 1. If the experiment had been carried out at higher [L]tot, ligand 2 would have appeared more potent. For this reason, some authors rather choose to compare the concentration of bound ligand when doing ligand screening, using: 317,382,599

𝐿 𝑁𝐴 • ∑ • ∑ (3) 
Finally, when comparing ligand binding to different targets, the total amount of bound ligand per target does not reflect directly the affinity per binding site if the number of binding sites differs (for example, when comparing a duplex with 12 base pairs with a G-quadruplex with 4 G-quartets. Thus, in some papers, the concentration of bound ligand was calculated per monomeric unit (Watson-Crick base pair, triplet of base, G-quartet) for the sake of comparison with solution phase spectroscopic techniques (equilibrium dialysis methods with UV or fluorescence quantification). 599,606,607 However, it must be noted that the number of binding sites per target is an assumption that can influence the comparative results.

Determining equilibrium association constants K A values

Single-spectrum determination vs. titration experiments

The definite advantage of native MS is that it is possible to detect and quantify each stoichiometry. This gives access to each consecutive solution-phase equilibrium association constant defined in Equation ( 4), for the chemical equilibrium defined in Eq. ( 5):

𝐾 1 𝐾 𝑁𝐴 𝐿 𝑁𝐴 𝐿 𝐿 (4) 𝑁𝐴 𝐿 𝐿 ⇌ 𝑁𝐴 𝐿 (5) 
Determining a 𝐾 value from a single mass spectrum requires two assumptions: (1) equal response factors for the different (free and bound) forms of the nucleic acid, and ( 2) that the complexes do not dissociate upon transfer from the solution to the gas phase.

The concentration of each nucleic acid form is obtained using:

𝑁𝐴 𝐿 𝑁𝐴 • 𝐼 ∑ 𝐼 (6)
And the concentration of free ligand is obtained using

𝐿 𝐿 𝐿 (7) 
𝐿 is given in Equation ( 3).

Here intensities can comprise every charge and adduct state (Equation ( 8)), or can be calculated on selected charge states or adducts. A commonly used procedure is to use the most abundant charge state and the zero-adduct peak. All procedures are correct as long as they are properly documented.

𝐼 𝐼

Several papers have used 𝐾 values determined using single mass spectra to sort ligands based on their affinities. [START_REF] Rosu | Electrospray Mass Spectrometry to Study Drug-Nucleic Acids Interactions[END_REF]489,591,[608][609][610][611][612] Based on the relative magnitude of the successive equililbrium association constants, cooperative binding phenomena can be deduced. [START_REF] Rosu | Electrospray Mass Spectrometry to Study Drug-Nucleic Acids Interactions[END_REF] ESI-MS titration, where mass spectra are gathered at different ligand:NA ratios may reveal stoichiometries that are not detectable at one selected concentration. A titration curve features the concentration of ligand added on the x-axis and the concentration of free nucleic acid and/or complexes on the y-axis. An example is shown in Figure 25. 51

The individual KD values are then obtained from numerical fitting of the titration curves, for example using the program DYNAFIT. 613,614 One approach involves plotting the concentrations of all ligandoligonucleotide species with the mass balance equations as fitting functions. 199,203,[615][616][617] Some authors also linearize the mass balance equations and obtain KD values by means of linear regression using Scatchard plots, 618 but details about multiple stoichiometries, which are precisely the added value of MS, are masked with this procedure. 611,612 Another approach to determine the apparent dissociation constants is to plot 𝑓 as a function of the ligand concentration and using nonlinear curve fitting (Equation ( 9)). [600][601][602][603][604][605]619 This approach is valid only for 1:1 stoichiometries. One example of such a titration curve is shown in Figure 26. Other equations using the same approximate mathematical approach have been presented for one ligand vs. two binding sites and two ligands vs. one binding site. 600 In summary, if multiple stoichiometries are revealed by mass spectrometry, only numerical fitting can extract individual equilibrium constants, because analytical derivations become too complex. 

𝑓 𝑁𝐴 𝐿 𝐾 𝑁𝐴 𝐿 𝐾 4 𝑁𝐴 𝐿 2 𝑁𝐴 (9)

Removing the nonspecific adducts contribution

When high ligand concentrations have to be used for a binding experiment, the risk of observing nonspecific adducts increases. This is particularly acute when determining the KD values of cation binding to oligonucleotides with titrations up to 1 mM cation added: the ESI-MS spectra will have an overlay of specifically bound cations and nonspecific cation adducts. To obtain the correct values of [NA] and [NA•L], the contribution of nonspecific adducts must be subtracted before calculating KD values. As "specific" binding is defined in a context of well-defined binding site (e.g., the coordination between two G-quartets). The key is to design the proper control experiment. The usual approach is to carry out a separate series of experiments with a control sequence that is similar to the target sequence. 199,203,287,615 Attempts to mathematically predict the fraction of nonspecific adducts has been reported, based on the assumption that nonspecific binding is characterized by numerous equivalent sites. 620 52

Taking the difference in response factors into account

The assumption that signal intensities in native MS reflect the solution abundances is valid if the response factors of the bound and unbound species are equal. The response factor mostly depends on (1) the efficiency of ion production in ESI, (2) the ion transmission efficiency, and (3) the possible activation/dissociation in the mass spectrometer. Section 3.1.3 comments on the latter. According to the equilibrium partitioning model (see 3.1.1.1.2), the ionization efficiency is related to a difference of exposure of hydrophilic/hydrophobic groups. 621 For nucleic acids, the phosphate groups are negatively charged and screened by counter-ions in solution. The grooves are also filled with solvent and cations. The global ionization efficiency thus also depends on the ease of declustering of the nucleic acids (removal of the solvent and counterion shell), which will change as a function of the structure (duplex vs. quadruplex) and topology (parallel G-quadruplexes tend to decluster better). Therefore, any change in size, conformation or charge state distribution on the molecular surface induced by the ligand may cause a change in response factor. [START_REF] Rosu | Electrospray Mass Spectrometry to Study Drug-Nucleic Acids Interactions[END_REF]622 Early reports outline ESI-MS titration methodologies for the simultaneous determination of response factors and KD values of DNA duplex formation 623 and DNA duplex complexation. 622 A more universal method for the determination of response factors has been introduced, based on the mass balance equation and the comparison of all intensities with that of an internal standard of fixed concentration, which ( 1) is chemically similar to the analyte and ( 2) interacts neither with the oligonucleotide nor with the ligand so that its abundance remains constant throughout the titration. For nucleic acids, the short oligonucleotide dT6 is often used. A set of linear equations is obtained, and one thus needs at least as many titration points as unknown response factors. If more titration points are recorded, then the matrix pseudoinverse can find the best response factors. 624 

Comparison with other biophysical methods

Few papers have compared the KA (or KD) values determined by ESI-MS for nucleic acid complexes with those determined with other biophysical methods, 609,610,619,625 and even fewer compared the values determined for the exact same target and solution composition. 609,625 A study on duplex complexes with minor groove binders showed a systematic underestimation of the affinities by ESI-MS compared to fluorescence titration, possibly ascribed to a difference in solution composition (presence of 20% methanol in ESI-MS). However, the trends in relative binding affinities were very well reflected. ESI-MS revealed the presence of minor 2:1 complexes, which allowed to select the correct fitting equation for the fluorescence titration. 609 The revelation of stoichiometry by ESI-MS was critical for the interpretation of the fluorescence titration of thioflavin T (ThT) to G-quadruplex DNA, which would have been incorrectly interpreted with a 1:1 model (Figure 27). 625 Other papers compared the trends in relative fraction of ligand bound obtained with ESI-MS with those obtained by equilibrium dialysis, and obtained a good correlation between the trends. 599,606,607 ESI-MS derived quantities were also used to reconstruct the individual circular dichroism spectra of each cation-bound stoichiometry of a G-quadruplex. 199 

Time-resolved native mass spectrometry

The folding of nucleic acids can be particularly slow. This is due to the many possibilities of nonnative-yet strong-electrostatic interactions that can trap the nucleic acids in misfolded conformations. 626,627 When the time constant of nucleic acid folding or self-assembly is several minutes or longer, the kinetics can be monitored on-line by mass spectrometry after manual mixing. This simple protocol was applied to monitor duplex formation between the (G-rich) telomeric Gquadruplex and its complementary strand, and how a G-quadruplex specific ligand slowed the process. 628 Response factor correction can be applied to improve the quantitative determination of the rates. 624 Tetramolecular G-quadruplex formation upon cation addition was also monitored, and mass spectrometry revealed kinetically trapped species based on the stoichiometry (pentamers, slipped-stranded structures with fewer cations than the final structure). 512 Octamer formation was also studied over several hours' time scale. 629,630 Even intramolecular folding can take minutes to hours, as exemplified by potassium-induced G-quadruplex formation. 199 For monitoring faster intermolecular reactions, a variety of on-line mixing devices can be used. 631 A recent example demonstrated a temperature-jump setup, where folding or unfolding of nucleic acids was triggered by a brutal change of temperature. 632 The specific folding mechanisms of nucleic acids have several implications for the design of native mass spectrometry experiments. Even when one wants to study nucleic acid complexes in equilibrium, it is important that the sample preparation protocol allows for the equilibrium to be reached. Also, to make it possible to reproduce the results, it is important to document the complete sample preparation protocol (combination of concentrations, temperature, and time frames). Finally, MSmonitored kinetics experiments revealed that the kinetics of G-quadruplex formation can change by orders of magnitude when adding organic co-solvents. [512][513][514] These observations led our group to totally abandon methanol addition to electrospray samples when our goal was to mimic physiological (water-only) conditions.

Temperature-resolved native mass spectrometry

By default, equilibria or kinetics are studied at the room's temperature, but one can construct devices to control the temperature of the electrospray solution, down to the emitter, for temperatureresolved experiments. A variety of home-made designs have been proposed, [633][634][635] and some have been applied to nucleic acids studies. [636][637][638]632,639 

Gas-phase probing of non-covalent interactions

Gas-phase probing takes advantage of MS-based separation to enable interrogating each stoichiometry. However, when the ultimate information of interest is the non-covalent structure in solution, the disadvantage of gas-phase probing is that the structure may have changed upon transfer from the solution to the gas phase (for example, solvent exclusion driving forces are absent, while ionic interactions will be reinforced in vacuo) or during ion transfer to the probing region (section 3.1.3). Also, the probing method itself should not perturb the network of non-covalent interactions.

Fragmentation

Fragmentation methods typically require increasing the internal energy of the ions, and are more likely to alter the non-covalent bond network. Thus, their interpretation to deduce information on noncovalent interactions in solution is delicate. We will first describe how fragmentation can be induced, and the main types of fragments of oligonucleotide backbones.

Nucleic acid fragmentation techniques

The fragments are annotated with McLuckey's nomenclature 640 (Figure 28) and a review gives a very useful primer on oligonucleotide fragmentation. 641 a, b, c and d fragments contain the 5'-end of the sequence, while w, x, y and z fragments contain the 3'-end. Base loss is also frequent, and more favored if the base is unpaired. 642 Finally, internal fragments consist of the central part of an oligonucleotide that fragmented twice. 

Fragmentation of closed-shell species

Electrospray, MALDI and LILBID all produce closed-shell ions from the solution. At room temperature, such ions can survive several minutes without fragmenting. Fragmentation requires increasing the internal energy of the ions, which means increasing their vibrational energy (populating higher vibrational energy levels than at room temperature). Vibrational energy can be conferred by direct infrared radiation absorption in vibrational energy levels (the energy is quickly redistributed evenly among vibrational energy levels), or by inelastic collisions with a neutral gas. 585 The latter method is most often called collision-induced dissociation (CID). To fragment large ions such as non-covalent complexes discussed herein, multiple collisions are necessary to obtain sufficient internal energy. For example, in Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometers, sustained offresonance irradiation CID (SORI-CID) is a method for slow internal energy build-up in ICR cells.

Dissociation in a mass spectrometer is irreversible. This is an important concept, because the extent of gas-phase dissociation reflects the dissociation kinetics, not a dissociation equilibrium. Throughout the review, we will speak about gas phase kinetic stabilities when ranking the complexes that are the best preserved in the gas-phase. Several theories relating the dissociation rates to the internal energy exist, the best known being the Rice-Rampsberger-Kassel-Marcus (RRKM) theory. 643 A simplified form is the RRK equation, with k(E) the reaction rate as a function of the internal energy

𝑘 𝐸 ν 𝐸 𝐸 𝐸 ( 10 
)
where 𝐸 is the difference between the zero-point energy of the transition state and that of the reactant, ν is a frequency factor (probability of the reaction to occur, for example to take into account multiple channels giving the same fragment), and 𝑁 is the number of atoms in the molecule (larger molecules have more numerous vibrational degrees of freedom on which the energy can redistribute instead of being funneled in the reaction channel of threshold 𝐸 .

Note that a population of ions has a distribution of internal energies, which is hard to determine on most instruments, so that it's in practice difficult to infer 𝐸 from dissociation rates. Most experimental papers instead show breakdown curves, which are plots of the relative intensity of intact parent ion and/or of some fragments as a function of an instrumental parameter correlated with ion internal energy. Many factors influence the type and abundance of the fragments: the nature of the gas, the gas pressure, the relative speed of the ions as they traverse the gas, and the time allowed for fragmentation. Non-mass spectrometry experts must remember that different instruments can give different results. Infrared multiple photon dissociation (IRMPD) 644 is caused by direct absorption of infrared photons. Again, multiple photons are necessary for large ions such as considered here. IRMPD gives the same fragmentation pattern as CID because both result in vibrational energy increase, but differences can arise depending on the speed of internal energy increase, and on whether collisions also occur during infrared irradiation.

Collisions can be activating (collisional activation) or deactivating (collisional cooling). Similarly, infrared photons can be absorbed and re-emitted. For physical chemistry, an interesting particular case is when the energy exchange is much faster than the dissociation, because this rapid energy exchange results in a Boltzmann internal energy distribution. In low-pressure ion cyclotron resonance cells, the ions acquire the internal temperature of the cell walls by exchange of blackbody infrared radiation, and the dissociation method is called BIRD (blackbody infrared radiation dissociation). If ions are stored and remain static in high-pressure regions, the collisions with the gas ensure that the ion internal temperature is that of the chamber walls. The advantage of this configuration is that the dissociation rate can be measured as a function of the wall temperature to obtain the activation energy Ea and the pre-exponential factor A (Equation ( 11)). Ea gives access to the activation enthalpy of the dissociation ∆𝐻 ‡ . 645

𝑘 𝑇 𝐴. 𝑒𝑥𝑝 𝐸 𝑘𝑇 (11) 
The activation energies and pre-exponential factors have been determined on nucleic acids for the base loss channel, 646 and for the strand separation of short duplexes. 647

Radical-based fragmentation

Typically, radical ions are less kinetically stable than their corresponding closed-shell ions, and sequence coverage is more extensive from radicals. A variety of methods, often with the acronym "ExD" (Electron something Dissociation) exist to create and fragment these radicals, either in one step or in two steps (radical formation then its vibrational activation to cause dissociation).

In proteins, creating radicals by electron capture dissociation (ECD) or electron transfer dissociation (ETD) is widely used in top-down sequencing from multiply charged cations. ECD 648,649 and ETD 650 have been applied to oligonucleotides as well. However, nucleic acids are best ionized as multiply charged anions, and radicals are therefore more easily accessed by electron detachment. It can be caused by (1) interactions with (16-20 eV) electrons; the method is called EDD 651,652 (electron detachment dissociation), ( 2) electron transfer from a radical anion; the method is called nETD 653,654 (negative ion electron transfer dissociation), or (3) irradiation by ultraviolet photons; the method is called EPD 655 (electron photodetachment dissociation). nETD and EPD typically require the re-activation of the radicals, while fragments can be produced by EDD in one step, although further activation can help. 656

Competition between backbone fragmentation and dissociation of non-covalent nucleic acid complexes

In solution, non-covalent interactions are typically weaker than covalent bonds. This is not necessarily the case in the gas phase, for two reasons. First, as said above, in the gas phase one has to think in terms of dissociation rates or kinetic stabilities. Second, the magnitude of all electrostatic interactions changes in the gas phase (𝜀 1 compared to in solution (𝜀 78 at 25°C, and 𝜀 8 inside nucleic acids 657 ). All attractive electrostatic forces are thus higher in the gas phase, to the point that salt bridges can typically not break at activation energies sufficient to break the phosphate backbone. 539,658 Coulomb repulsion between like charges is also enhanced in the gas phase, and thus the energy required to break bonds or dissociate a complex depends on the charges of the partners. Consequently, a complex between two strands can dissociate into their constitutive strands at high charge state, while it fragments by covalent bond breakage resulting in neutral base loss at low charge state.

Favoring backbone fragmentation in non-covalent complexes can be exploited to map binding sites, 509,659,660 or intramolecular interaction intefaces. 656 For some complexes stabilized by salt bridges, this can be achieved by fragmentation of closed-shell species. However, for some less kinetically stable complexes, it may be advantageous to weaken the covalent bonds by using radical-based fragmentation. On the other hand, favoring the dissociation of the complex over backbone fragmentation is necessary to deduce information about the strength of molecular interactions at the binding interface from the dissociation kinetics, as explained in the following section.

Gas-phase probing of intrinsic molecular interactions

Knowing the extent to which various non-covalent forces contribute to the binding free energy in solution helps bridging structure and thermodynamics. 661 Using the assumption that the variables can be separated, different contributions to the free energy of complex formation can be parsed in a sum of terms. Chaires proposed the following decomposition for nucleic acid-ligand complex formation: 318

∆𝐺 ° ∆𝐺 ° ∆𝐺 ° ∆𝐺 ° ∆𝐺 ° ∆𝐺 ° ( 12 
)
∆𝐺 ° is the experimentally observed binding free energy, estimated from the equilibrium association constant (∆𝐺 ° 𝑅𝑇𝑙𝑛𝐾), ∆𝐺 ° is the free energy contribution from conformational changes upon complex formation and can be estimated by modeling if the structures are known, ∆𝐺 ° is the energy cost resulting from losses in translational and rotational degrees of freedom upon complex formation and is calculated classically. ∆𝐺 ° is the free energy for the hydrophobic contribution, calculated from the difference in solvent accessible surface area between the complex and its separated partners. ∆𝐺 ° is the polyelectrolyte contribution to the binding free energy, arising from the release of condensed counterions from DNA upon complex formation; it is deduced from the ionic strength dependence of ∆𝐺 °.

Finally, ∆𝐺 °

is the free energy contribution from the formation of noncovalent molecular interactions between the drug and the DNA. These molecular interactions include hydrogen bond formation, van der Waals interactions and electrostatic interactions. Based on solution experiments, ∆𝐺 ° is deduced by difference. It can also be theoretically calculated based on a structural model.

The contribution of a specific chemical group can be probed by mutation analysis. Thus, the ∆𝐺 ° contribution is the most difficult to obtain from solution experiment. However, gas-phase experiments are ideal to probe the intrinsic contribution of molecular interactions: the hydrophobic and polyelectrolyte contributions are absent, the conformational and t+r contribution would translate in an entropy term, while the molecular interactions would translate in an enthalpy term.

However, if the aim is to use gas-phase dissociation experiments to rank the molecular interactions, the following notions must be kept in mind for the interpretation:

-Dissociation experiments probe the dissociation kinetics (see 3.2.1.1.1), and thus probe a "kinetic stability" not a "thermodynamic stability". ∆𝐻 ‡ can however be close to ∆𝐻 ° for the direct detachment of a neutral ligand. In case of dissociation between charged partners, the Coulomb repulsion will affect ∆𝐻 ‡ . The kinetic stability of complexes of different charge states 𝑧 cannot be compared. -The RRK equation ( 10) also reminds us to compare only complexes of similar size (𝑁).

-The ranking of kinetic stabilities will match the ranking of ∆𝐻 ‡ only if the pre-exponential factors are identical. This requires that at least the dissociation pathways are identical.

Gas-phase reactivity

Besides fragmentation and dissociation and electron attachment or detachment, other types of reactivities can be investigated in the gas phase through ion/ion reactions or ion/molecule reactions. Most such techniques were explored for proteins, but seldom for nucleic acids. We will highlight here the basic principles and cite the instances of application to nucleic acid non-covalent complexes, noting that there is ample room for further exploration.

The best-known ion/molecule reaction is gas-phase hydrogen/deuterium exchange, wherein an ion is left to react in a chamber containing deuterated solvent vapors. 662,663 The replacement of labile hydrogens by deuterons is detectable by the mass shift. Accessibility of the exchange site to the solvent vapor is required, but the relay mechanism also states that the proximity of other sites is necessary, 664 and consequently neither the most extended nor the most compact conformations are those that exchange the fastest. 665 Gas-phase HDX has been applied to study the conformation of small oligonucleotides, 666,667 and nucleic acid higher-order structures (base pair formation 668,669 and Gquadruplex formation 670,671 ), but the relay mechanism and consequent absence of direct correlation between exchange rates and folding has hampered the adoption of gas-phase HDX to characterize unknown structures.

Another type of ion/molecule reaction is gas-phase proton transfer. 672 Proton transfer can be used to manipulate charge state distributions by reducing the charges [673][674][675] Proton transfer depends on the ion conformation because it depends on the intramolecular electrostatic interactions. 672,676 This aspect has, however, not been exploited for nucleic acid higher-order structure characterization. Yet one contribution noted apparent electron autodetachment from trapped oligonucleotides containing base pairs, 677 but the mass resolution does not allow to conclude whether the phenomenon was actually electron detachment or simply proton transfer.

Ion/ion reactions can also be explored, and reactivity spans e.g. proton transfer, electron transfer (ETD and nETD are particular cases), ion attachment, and ion transfer. 678 The McLuckey group pioneered this technique, applied it to oligonucleotides, 679,680 culminating in the exploitation of ion/ion proton transfer to simplify MS/MS spectra of intact large (although non-folded) tRNAs. 681 Turner et al. demonstrated a very interesting application of ion/ion reactions of folded nucleic acid polyanions and negatively charged chelators in order to clean up the nucleic acid spectra from sodium and magnesium adducts. 682

Ion Mobility Spectrometry (IMS)

Determination of collision cross sections

Ion mobility spectrometry is the gas-phase counterpart of electrophoresis: the ions are dragged in a gas (helium, nitrogen,…) under the influence of an electric field 𝐸 (Figure 29) and because of the friction (collisions) with the gas, the drift velocity 𝑣 of the ions comes to an apparent steady state. 683- 685 For biomolecule studies, ion mobility analyzers are most often coupled to mass analyzers, and one obtains m/z-resolved mobility information (the technique is then called ion mobility mass spectrometry-IM-MS). 686

Figure 29. A) Schematics of an ion mobility spectrometer, here with a drift tube analyzer. The most compact ions travel faster and reach the detector earlier than the more extended ions (assuming they have the same mass and charge). B) A typical ion mobility spectrum: ion counts as a function of the time elapsed between the pulsing in the mobility analyzer and the detector. The arrival time distributions can be converted into collision cross section distributions.

The ion's mobility 𝐾 is the proportionality constant between 𝑣 and 𝐸.

𝑣 𝐾 • 𝐸 ( 1 3 ) 
The mobility 𝐾 depends on properties of the ion-gas pair, namely the gas's nature, temperature and mass, and the ion's mass and a factor called the momentum transfer collision integral  (often called the collision cross section-CCS) which depends on the ion's size, shape and ion-gas interaction potentials (which is thus also dependent on the gas nature). 𝐾 also depends on the magnitude of the electric field, but to interpret 𝐾 in terms of ion shape one must remain in the low-field limit (purely elastic collisions of low relative velocity compared to the gas thermal velocity). The CCS () is related to the mobility 𝐾 by Equation (14).

Ω 3 16 2𝜋 𝜇𝑘 𝑇 𝑧𝑒 𝑁 𝑝 𝑝 • 𝑇 𝑇 𝐾 (14) 
𝜇 is the reduced mass of the ion-gas pair, 𝜇 𝑚 𝑚 / 𝑚 𝑚 , where 𝑚 is the mass of the ion and 𝑚 is the mass of the gas, 𝑘 is the Boltzmann constant (1.381 × 10 -23 J.K -1 ), 𝑁 is Loschmidt's number (2.687 × 10 25 m -3 ), i.e. the gas number density at standard pressure 𝑝 = 1 atm and standard temperature 𝑇 = 273.15 K. Ω has the dimensions of a surface, and is often reported in Ų.

The mobility 𝐾 can be determined directly in a drift tube ion mobility spectrometer (DTIMS), wherein 𝐸, 𝑇, 𝑝 and 𝑣 are readily accessible. Other instruments such as travelling wave ion mobility spectrometers (TWIMS) 687 or trapped ion mobility spectrometers (TIMS) 688 must be calibrated against DTIMS values because their electric fields and gas flows make it more difficult to access the primary values. 686 The calibration of TWIMS is often done in the CCS domain, using DT Ω values (Ω determined in a drift tube in helium) even if the TWIMS operates mainly with nitrogen in the IMS. 689 The annotation to convey this is: TW Ω → . Note that calibrated values may depend on the choice of the calibrants, on the quality of the DT Ω values of the calibrant, and on the calibration procedure. 686 Table 1 lists CCS values reported to date (1997-2020) for oligonucleotides and nucleic acid higherorder structures (nucleic acid-ligand complexes are not included). Note however that the data can be more complex than a single value per ion ensemble. For example, multiple peaks can be clearly distinguished and the CCS can be determined for each peak. In some instances, peaks can be broader than the instrument factor, indicating an ensemble of non-interconverting conformations, but it can be hard to extract individual peaks even with fitting algorithms. To convey that information, publications often include CCS distributions reconstructed from the measurables. 690 Finally, the entire internal energy history of the ions (from the source to the ion mobility analyzer) can influence the gasphase conformation in the IMS analyzer. Note that some isomerization reactions (in particular, opening driven by Coulomb repulsion) are irreversible and subject to the same principles as fragmentation reactions (see section 3.2.1.1), while others are reversible (the reaction can proceed both ways). However, if an ion population undergoes fast reversible isomerization inside the IMS analyzer (compared to the time scale of the measurement), the entire population will drift with the same average velocity and there will be only one narrow peak. 691 A single narrow peak can thus mean either the presence of one rigid structure, or of one fast-interconverting ensemble, while a broad peak indicates several conformations that do not (fully) interconvert on the time scale of the mobility measurement. 1 shows that the CCS generally increases with the charge state. This is due to Coulomb repulsion: the compactness of the structure depends on the balance between attractive forces (by order of strength: attraction between opposite charges, hydrogen bonds, dipolar interactions and van der Waals interactions) and repulsive forces (Coulomb repulsion between like charges). Performing ion mobility spectrometry in native conditions requires minimizing the charge-dependent and internal energy-dependent rearrangements, 712 while preserving the native network of non-covalent interactions. CCS measurements help testing at what charge states unfolding starts to occur. 713 In addition to this relative (compact/extended) assignment, one can analyze how the CCS increases with the number of monomeric units (n) for families of (presumably) structures of similar shape, to deduce the shape of the series. For example, the CCS of spherical ions would grow proportionally to 𝑛 / while the CCS of rod-shaped ions would grow proportionally to 𝑛. 714 Other shapes have been discussed elsewhere. [715][716][717] For example, in the case of duplex nucleic acids, a linear growth with the number of base pairs is expected if the solution structure is preserved in the gas phase. As will be further discussed in section 4.3.1.6, the experimental values reveal a more complex behavior.

Finally, one can test structural hypotheses by (i) creating 3D molecular models, (ii) calculating their theoretical Ω, and comparing these theoretical values with the experimental ones. Step (i) is critical and far from trivial. Most CCS calculations need atomic coordinates. The starting coordinates can either be created from scratch based on an original structural hypothesis, or taken from pre-existing coordinates (e.g., from the Nucleic Acid Database 718,719 if one wishes to test whether a given NMRderived or crystal structure is preserved in the gas phase). The structures need to be at least relaxed, or better, optimized, in the gas phase. The choice of computational chemistry approaches is vast, with tradeoffs between accuracy and speed. Typically, force fields molecular mechanics is fast but not parameterized for the gas phase, while ab initio quantum chemistry approaches are accurate in the gas phase but computationally demanding. Semi-empirical calculations and DFT calculations stand inbetween, with an accuracy highly depending on the choice of the parameterization or functional, respectively. Beyond mere relaxation of the atom position into gas-phase realistic structures, one may also take into account through molecular dynamics (MD) that the IM measurement is performed at non-zero temperature, and thus that atomic coordinates fluctuate. Finally, one may model rearrangements possibly occurring prior to the IM measurement depending on the ion internal energy.

In structural studies of nucleic acids by ion mobility spectrometry, the approaches have evolved over the years thanks to increased computer power. In the early 2000's the Bowers group used molecular mechanics minimization for di-and tri-nucleotides, 692,720 and later 2-ns force field MD on larger structures. 708 The Fabris group explored coarse grained MD to model larger structures with standard computers. 721 The Orozco and Gabelica groups exploited the Barcelona Supercomputing Center to explore multiple replica and longer force field MD runs (e.g., 30 µs on a 36-nt triplex, 704 multiple µs replica exchange molecular dynamics on 24-nt duplexes, 701 multiple µs MD on RNA kissing complexes, 697 250 µs on a 7-nt hairpin 695 ), but although the calculated CCS values match the experimental ones, the hydrogen bonding patterns are mostly disrupted in the gas phase, 701,704,722,723 except for G-quadruplexes. 706,724 Furthermore, the same group used 20-ps Car-Parrinello MD were carried out to evidence proton transfer events between phosphate groups, 695 a phenomenon that cannot be modeled by force field MD. Recently, our group started using DFT (M06-2X functional 725 ) and semiempirical (PM7 726 ) calculations on duplexes, and found that base pairing and base stacking interactions can be preserved in structures having CCS matching well with experimental values. 145,701 In our most recent work, we used 1 ps MD at the semiempirical (PM7) level, starting from PDB coordinates, to confirm preservation of the topology of some G-quadruplexes by IMS. 190,727 The calculation of CCS values from the models is not trivial either. 728 Several physical models exist, the most widely used being, by order of accuracy and computational expense, the projection approximation (PA), the exact hard spheres scattering (EHSS), 729 and the trajectory model (TM). 730 The projection superposition approximation (PSA) 731 is a variant of PA considering that atoms are not hard spheres, and that structures with concave surface will have a higher momentum transfer collision integral than predicted by simple projections. Several computer programs, each with their algorithms, are available to implement these models. Finally, the parameterization can differ among computer programs, or can be set by the user. Each of these choices will potentially influence the  value obtained. The nature of the gas is important: at room temperature, helium-ion collisions typically have a hard spheres character, and using EHSS is appropriate, while nitrogen-ion collisions should better be described by the trajectory model. The latter is harder to parameterize, especially in nitrogen. Most groups therefore used DT Ω or TW Ω → values when structural interpretation is sought. For nucleic acids, the Bowers group used EHSS and TM in the Mobcal package. We showed that for the typical size range of interest for nucleic acid-drug complexes (~24-nt), EHSS calculations with Siu et al.'s revised parameters 732 or TM with the original Mobcal parameters were appropriate. 706 To interpret TIMS Ω values, the Fernandez-Lima group 490,703 used the projection superposition approximation (PSA) model and the IMoS 733,734 package, which contains a diffusive hard spheres scattering model (DHSS).

Figure 30. Illustration of the ion-gas interactions taken into account in three theoretical models for collision cross section calculation. A) The trajectory model (TM) calculates the momentum transfer collision integral by considering long-range interaction potentials between the ion and the gas. These interaction potentials can be attractive or repulsive, and their magnitude depends on the temperature. B) The exact hard spheres scattering (EHSS) model calculates the momentum transfer collision integral by assuming that the ion and gas collide as hard spheres. C) The projection approximation (PA) model calculates the collision cross section as a projection of the ion on a surface, averaged on all possible orientations, assuming an all-or-none interaction. D)

The projection superposition approximation (PSA) is a projection approximation wherein the ion's atoms are considered as 'soft' spheres, accounting for the collective size effect by superimposition of all atomic contributions, and the resulting value is scaled by a shape factor ρ, which takes into account the shape effects by assessing the molecule's concavities. 

Ion spectroscopy

In solution biophysics, vibrational spectroscopy is used to obtain information on the biomolecule's conformation, whereas electronic spectroscopy (UV-vis absorption spectroscopy, or electronic circular dichroism spectroscopy) provides information on the chromophore's environment. For nucleic acid higher-order structures, vibrational spectroscopy informs on the hydrogen bonding status of various functional groups, while electronic spectroscopy provides information on base stacking. Both spectroscopic methods are interpreted thanks to quantum chemistry, because resonant absorption of electromagnetic radiation at specific wavelengths is due to the fact that energy levels are quantized (Figure 31). UV absorption can result in (i) total internal conversion into vibrational energy at the ground state, (ii) fluorescence, (iii) reaction directly from the electronic excited state, as depicted here with electron detachment. The system ends up on the potential energy surfaces of the product (here the DNA radical with one fewer charge). In this particular case, the kinetic energy of the electron (KE) can also inform us on electron binding energy (difference of energy between DNA (z-1)•-and DNA z-) and excited states of the radical.

Ion spectroscopy consists in interrogating ions trapped inside a mass spectrometer with a wavelengthtunable laser. 735 However, absorption spectroscopy is not possible on trapped ions, because the ions are too few and the photons are too many. Instead, one uses action spectroscopy: laser resonant absorption causes an action (typically, fragmentation or electron detachment), which efficiency is monitored as a function of the wavelength.

Fluorescence after UV excitation of the bases is a rare event, but other fluorophores (ligands, modified bases, covalently grafted fluorophores) can be investigated in their specific wavelength range. Fluorescence measurements in the gas phase have been demonstrated for proteins, 736,737 and applied to nucleic acids 738 with grafted a fluorophore and a quencher to measure the Fluorescence Resonant Energy Transfer (FRET), which indicates the fluorophore-quencher distance. The intrinsic gas-phase fluorescence of several DNA ligands has also been reported. [739][740][741] Finally, with a well-chosen quencher, FRET can also result in a fragmentation. This kind of experiment, coined "action-FRET", 742,743 has not yet been applied to nucleic acids.

The action yield 𝑌 for each product ion is determined as follows:

𝑌 𝐼 𝐼 (15) 
𝐼 is the integrated peak area of the product ion in the mass spectrum, and 𝐼 is the total area (precursor ion plus all products).

Vibrational action spectroscopy

Wavelength-tunable Infrared lasers can be interfaced with mass spectrometers to study electrosprayed ions at room temperature. When large ions such as nucleic acid complexes are activated and the action is fragmentation, multiple photons are required in order to accumulate sufficient internal energy and cause fragmentation: this is IRMPD spectroscopy. 644,744,745 Single-photon vibrational action spectroscopy requires pump-probe (dual-laser) schemes, or cold ion tagging to have a low-threshold dissociation channel; however the use of such schemes was not published to date for nucleic acid non-covalent complexes. IRMPD spectroscopy is typically interpreted using quantum chemical calculations of the vibrational energy levels of candidate structures. An example of application to study the conformation of a mononucleotide is shown in Figure 32. 746 Numerous studies were devoted to IRMPD spectroscopy of nucleobases, nucleosides and mononucleotides. However, in the context of nucleic acid higher-order structures, IRMPD spectroscopy has to date only been applied to study the conformation of 6-mer oligonucleotides, 693 DNA duplexes, 747 guanine tetrads, 748 Gquadruplexes, 749 and i-motifs. 711 Mostly the base C=O and NH2 absorption region (1400-1900 cm -1 ) has been investigated, and for high photon fluxes this requires using a free electron laser, 750 coupled on trapping mass spectrometer only available at few facilities. This limits the use of IRMPD spectroscopy. 

Electronic action spectroscopy

As outlined in Figure 31, the two main types of action following electronic excitation are fragmentation and (for polyanions) electron detachment. If fragmentation results from internal conversion, multiple photons may be required. In contrast, electron detachment is usually a single-photon process. 751 To reconstruct the action spectra, the action efficiencies are normalized by a factor proportional to the number of photons to obtain the relative efficiency (𝑅𝐸) of each action (ePD = electron photodetachment, fragm = fragmentation):

𝑅𝐸 𝑌 / 𝜆 * 𝐸 (16) 
𝑅𝐸 𝑌 / 𝜆 * 𝐸 (17) This linear normalization is appropriate for electron photodetachment, which is a single-photon process, while it is arbitrary for fragmentation, which is likely a multiple-photon process. The action spectra can differ according to the action. In particular, excitation of purine bases (around 260 nm), and especially guanines, favors electron photodetachment (Figure 33). 693,751 Electron photodetachment action spectroscopy has been exploited to obtain electronic spectra of proteins 752 and nucleic acid higher-order structures, among which DNA duplexes 753 and G-quadruplexes, 693,753 each compared with their respective single strands. Small changes in spectral shape were observed. However, changes in internal Coulomb repulsion can alter electron binding energies, as revealed by photoelectron spectroscopy, 754,755 and this can in turn subtly alter action spectral shape. 693 Therefore, like in solution, 756,757 gas-phase electronic spectra in the base absorption band is not very informative on nucleic acid higher-order structure. In solution biophysics, electronic circular dichroism (the difference of absorption between left-and right-circularly polarized light) gives much better signatures of the base stacking. 758 The first mass-resolved electronic circular dichroism spectra of nucleic acids have been recently published. 190 The CD of a nucleic acids ions of a given m/z ratio is measured by irradiation with a single laser pulse of selected wavelength with controlled circular polarization and pulse energy. The polarization state is changed by rotating a quarter-wave plate. The average value of the relative electron detachment yield for left circularly polarized light (LCP) and right-handed circularly polarized light (RCP) is calculated and CD is expressed as an asymmetry factor (Equation ( 18)). The method was applied to distinguish different G-quadruplex and G-duplex topologies (Figure 34). 
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Solution probing with mass spectrometry readout

Native MS provides a direct readout of binding stoichiometries and is well suited to determine binding affinities (see section 3.1.4). Obtaining structural information is more challenging, and usually requires additional analysis steps in the gas phase (see section 3.2) or in solution. In this section, we describe methods based on solution reactivity revealed by mass spectrometry. We limit the discussion to methods providing structural insights; MS-based proteomics workflows for the high-throughput identification of nucleic-acid binding proteins are discussed elsewhere. [759][760][761] Solution probing is performed under non-denaturing conditions, but the MS readout needs not, which can be advantageous in terms of sensitivity. Here what matters is that the initial chemical modifications do not induce conformational changes in the target structure that could lead to modifications of initially unexposed sites. Also, the kinetics of the labeling reaction matters: sparsely populated ensembles can be kinetically trapped on the labeling time scale, giving an inaccurate representation of the conformational landscape. 762 The use of multiple probes and orthogonal methods is thus recommended to interpret the results and obtain a more complete picture. [763][764][765][766][767][768][769][770] Operating under native conditions in both solution and gas phases can still be beneficial, for example to sort out the labeled complexes according to their stoichiometries 771 or ion mobilities.

Chemical probing

Chemical probing relies on a reaction with the biomolecule in solution, which rate is structuredependent. Chemical probes can be classified based on the information they provide (here we only list probes that have been used for nucleic acids and in combination with MS): 772

1. Solvent accessibility probes, usually hydroxyl radicals ( • OH; A), which cleave nucleic acid backbones independently of the nature of the nucleotides. 2. Base-selective probes that specifically form stable covalent adducts with one or several bases, and are usually inhibited by base pairing and/or stacking and/or binding by ligands (Scheme 2B).

 Potassium permanganate KMnO4 and glyoxal to probe ds-and G4 DNA;  Dimethylsulfate (DMS), 1-cyclohexyl-3-(2-morpholinoethyl)carbodiimide metho-ptoluenesulfonate (CMCT), and -ethoxy--ketobutyraldehyde (kethoxal, KT) to probe RNA;  Mercury(II), which coordinates thymines in T•T mismatches. 773 3. Spatial-selective probes, using bifunctional cross-linking reagents (short to long range) or UVinduced crosslinking ("zero" distance) (Scheme 2D). 4. Local nucleotide flexibility/dynamics probing, using reagents sensitive to secondary and tertiary structures, and potentially labeling all nucleotides (Scheme 2C).  Hydroxyl-selective electrophiles reacting 2'-OH RNA groups of flexible nucleotides to form a 2'-O-adduct that are then analyzed by primer extension (SHAPE).  Isotopic exchange of nucleobases with deuterium, using deuterium oxide (D2O), which is sensitive to the H-bonding status of nucleobase H-bond donor groups.

Scheme 2. Examples of chemical probes and their reactivity with their substrates.

Solvent accessibility probes

Hydroxyl radicals ( • OH) are widely used for the footprinting of nucleic acid structures, by abstracting solvent accessible hydrogen atoms from the backbone (deoxy)ribose sugars, eventually causing strand cleavage. 774-777 • OH reactivity is directed by the solvent accessibility of residues, but is independent of the nucleotide sequence. [774][775][776] It can therefore yield quantitative thermodynamic and kinetic data on the structure, and dynamics of nucleic acids, with single-nucleotide resolution. [774][775][776] Hydroxyl radicals can be generated by the Fenton reaction of Fe(II)-EDTA with hydrogen peroxide (Scheme 2A), water radiolysis, and hydrogen peroxide photolysis. 762,[774][775][776]778 Usually, the 32 P or fluorescently-labelled cleavage products are separated with high-resolution denaturing gels or chromatographic techniques. [774][775][776] Although the radical footprinting of proteins and their complexes with nucleic acids can be analyzed by mass spectrometry, 778,779 there is to our knowledge no example of MS analysis of the nucleic acids themselves.

Base-selective probing

DNA probing with potassium permanganate and glyoxal

Potassium permanganate is a potent, cheap and relatively safe oxidant, used since the 1960s to oxidize DNA bases. [780][781][782] It selectively reacts with the double bond of thymines (or uracyl, although slightly slower), and to a lower extent cytosines, without altering the rest of the structure. 782,783 It is very reactive in presence of unstacked nucleotides, but relatively inert with canonically-folded DNA. 782 Consequently, it can probe single-stranded regions (e.g. in hairpins) and conformational changes induced by the binding of small molecules (e.g. echinomycin bis-intercalation 784 ) or proteins (e.g. RecBCD unwinding of dsDNA in ssDNA 785 ).

When carried out at neutral pH, the reaction produces a mixture of diol and -hydroxylketone (Scheme 2B). Traditionally, the sites of oxidation of radiolabeled analytes are cleaved by piperidine heat treatment, then sequenced by polyacrylamide gel electrophoresis. 784,785 However, Mazzitelli and Brodbelt leveraged the mass shifts (+34 Da for the diol) to determine the extent of DNA oxidation by ESI-MS. 783 The oxidation sites were localized by CID and IRMPD. Strand separation is prevalent in CID, and therefore a second activation stage was necessary. The method revealed differences in oxidation between ss-and dsDNA, between dsDNA bound by different intercalators and groove binders, and was used to determine ligand binding sites.

Brodbelt and coworkers complemented the KMnO4 oxidation monitored with ESI-MS with glyoxal probing. 769,786 Glyoxal is a highly reactive dialdehyde that alters both nucleic acids and proteins. 787 Glyoxal preferably reacts with unpaired guanines, 769,786 yielding an additional fused five-membered ring bearing two hydroxyl groups on the Watson-Crick face (N1 and N2 atoms; Scheme 2B). [787][788][789] Glyoxal can also react with low efficiency with cytosines. 769 The secondary structure of both ds-and G4-DNA is lost in the reversed-phased clean-up step, 786 although the glyoxal reaction itself may contribute to denaturation. 769 The mass shift (+58 Da) is readily distinguishable from sodium adducts by ESI-MS, but long reaction times may still yield cluttered spectra. 769 The extent of structural alteration by ligand binding can be quantified by ESI-MS analysis if some guanines become more or less available for glyoxal adduction. 769,786 The localization of glyoxal adducts is not possible using CID because the main channels are glyoxal loss, dehydration of the adducted strands, and loss of native and adducted guanine bases, none of which being informative. 786 IRMPD produces a, b and w adducted fragment ions, mostly located adjacently to guanines. 786 No apparent preference for specific guanines was found for the reaction of glyoxal with ligand-bound G-quadruplexes.

RNA probing with DMS, CMCT, and kethoxal

DMS, CMCT, and kethoxal are used for probing RNA structures and interactions because their base specificity is complementary (Scheme 2B). DMS methylates the N7 of guanines that are not involved in base stacking, tertiary interactions or ligand binding . 763,780,790,791 DMS also reacts with the N1 of adenines and to a lower extent the N3 of cytidines, when these positions are not involved in base-pairing. 763,780,790,791 CMCT reacts preferentially with the N3 of uridines not involved in base-pairing (mass shift: +252 Da), 790 and kethoxal, like glyoxal, with the N1 and N2 of unpaired guanines (mass shift: +130 Da). 791 Traditionally, the reaction products are analyzed by gel electrophoresis. 763,792 However, the mass shifts caused by these chemicals can be more quickly and accurately detected by mass spectrometry from little material, which was been exploited by the Fabris group and others (Figure 35). [763][764][765][766][767][768]793 Mass spectrometry also allows to multiplex the use of chemical probes. 765,766 Large RNA molecules can be analyzed with a bottom-up approach, by digestion with ribonuclease A (RNase A) or T1 (RNase T1) in ammonium-based buffers. 763,765,766,768 The MS readout also offers the possibility to detect possible overalkylation and structural distortion that may inhibit the nucleases' activity. 764 Mass spectrometric analysis is generally performed in the negative ion mode by direct infusion of sample solutions containing ammonium acetate [763][764][765][766]768 In case of ambiguity on the location of chemical modifications on the digests, tandem MS can be employed. Fabris and coworkers have carried out CID on mass-selected precursor ions up to 6 kDa on an FT-ICR instrument to obtain sequence-specific fragment ions. 763,764,768 Unlike other probes, kethoxal adducts are not sufficiently stable under classical CID conditions to allow proper localization. 764 Specialized software may be necessary for data reduction and interpretation of complex spectra produced by large analytes. 762,764, Crosslinking consists in covalently linking two biopolymer side chains that are in close proximity, in order to identify the binding interfaces in complexes and multi-subunit assemblies, with the help of dedicated software (in particular for sequence assignment; not discussed herein). 761,762,794,795 In essence, crosslinking replaces non-covalent interactions with covalent bonds; the resulting complexes thus become resistant to denaturing separation and characterization methods commonly used in bottom-up workflows. Crosslinking of nucleic acids to other nucleic acids or proteins is achieved either by UV irradiation (UV crosslinking) or using bifunctional reagents (chemical crosslinking).

UV crosslinking

UV-induced crosslinking provides information on secondary and tertiary structure of nucleic acids (particularly RNA), the identify of bound proteins and their binding sites . 761,795,796 It relies on the intrinsic reactivity of nucleobases (uracil being the most reactive). Upon excitation at 254 nm with a UV lamp or laser, nucleobases can form a covalent bond with spatially close bases or amino acids, without the significant structural changes that could arise from the use chemical crosslinkers. 761,795 All amino-acids can potentially be crosslinked, but with large differences in reactivity depending on both their nature and that of the nucleotides. [797][798][799] UV irradiation also yields protein-protein crosslinks, which have been discussed elsewhere. [800][801][802][803][804][805][806]795 Typical methods employed to analyzed the crosslinked complexes are SDS-PAGE, western blotting, immunoprecipitation, and mass spectrometry. 761 Identification of the crosslinking sites is typically performed after enzymatically cleaving the nucleic acids (with e.g. RNase A and/or T1, 807-823 benzonase, 810,820,824 nuclease P1, 824 DNase I 825 ) and proteins (with e.g. trypsin and/or chymotrypsin, 807, Glu-C and/or Lys-C, 808,809,824,825,827,828 proteinase K, 825,826,831 pronase 827 ). This bottom-up approach generates a mixture of conjugated species with characteristic masses and fragmentation patterns that can be identified and sequenced by LC-MS(/MS) (Figure 36A). 761,795 UV-crosslinking suffers from inherently low yields, which is problematic for MS identification, and subsequent MS/MS sequencing. 761 This critical issue can be partially addressed using isolation and enrichment steps (e.g. denaturing reversed phase or size-exclusion, [807][808][809][816][817][818][819][821][822][823][824]829,831,832 immobilized metal affinity chromatography, 807,816,826,831 and TiO2 chromatography 810,[812][813][814][815][820][821][822]824 ), the use of UV-induced chemical crosslinker, 823 or by site-specific or random introduction of photoreactive base analogues (6-thio-G, 4-thio-U, 5-iodo-U, 5-bromo-U). 812,829 In the latter case, the labeled nucleotides are specifically activated at higher wavelengths (312 nm and 365 nm for halogeno-and thio-nucleotides, respectively), which also eliminates potential substrate photocleavage and oxidation issues. 761 MS analysis of peptide-containing fragments is usually performed in positive ion mode, although the negatively-charged oligonucleotide components decrease the ionization efficiency. 761 In the case of long oligonucleotides, it may in fact be beneficial to switch to the negative ion mode. 807 Initial methods were carried out with MALDI-MS, [807][808][809][810][811]816,818,819,826,827,[831][832][833][834] but LC-ESI-MS is now the method of choice because of it provides improved sensitivity and sequence information. [812][813][814][815][816][817][820][821][822][823][824]829,830 MS/MS is useful to obtain the oligonucleotide and peptide sequences: post-source decay (PSD) or CID on MALDI instruments and CID or HCD on ESI instruments have been performed. 807,810,816-818,822- 824,828,829,831 Regrettably, long oligonucleotides tend to suppress peptide fragment ions. 761 This can be addressed by oligonucleotide enzymatic or chemical (e.g. HF, 826 formic acid 828 ) cleavage into smaller strands or even mononucleotides. 761,795 However, this non-specific cleavage into very small fragments comes at the cost of losing the nucleic acid sequence context. 795 To reestablish this context, isotopic-labeling approaches have been proposed. Lelyveld et al. have developed a site-specific stable-isotope ( 18 O; mass shift: +2 Da) labeling approach to pinpoint the nucleotide involved at a crosslinking site. 828 This was applied to identify which of two uridines from a stem-loop crosslinks to the Lin28A protein, using CID to confirm the position and identity of the observed peptide-nucleotide species. High-resolution MS is required to confidently assign the relatively small mass shift that overlaps the natural isotopic distribution. The risk of [START_REF] Silvestri | Tandem Mass Spectrometry for Characterization of Covalent Adducts of DNA with Anticancer Therapeutics[END_REF] O exchange with the bulk medium can be mitigated by performing the digestion at lower temperature.

Dorn and colleagues have used segmental isotope labeling of RNA in a method coined CLIR-MS/MS (CrossLinking of segmentally Isotope labeled RNA and tandem Mass Spectrometry). 820 The method involves mixing equimolar ratios of unlabeled and fully [START_REF] Rosu | Electrospray Mass Spectrometry to Study Drug-Nucleic Acids Interactions[END_REF] C, [START_REF] Yuan | Mass Spectrometry of G-Quadruplex DNA: Formation, Recognition, Property, Conversion, and Conformation[END_REF] N-labeled RNA so that the crosslinked RNA-protein complexes appear as doublets separated by a mass shift equal to the label mass (e.g. 11.022 Da for rU; Figure 36B). To identify binding regions, the labeling is segmented: several analytes are prepared with only one region labeled, so that the whole sequence is covered across several experiments. As a result, crosslinks presenting the doublet pattern during MS analysis can only belong to a labeled region.

Chemical crosslinking

Chemical crosslinking using bifunctional molecules overcomes the relatively low crosslinking yields of UV crosslinking. 794 Cross-linking reagents consist of two reactive groups, connected by a spacer arm, which covalently link residues in close proximity. Schilling et al. have proposed a nomenclature for peptide crosslinks depending on the outcome: type 0 for dead-end crosslinks (only one reactive group has reacted with a biopolymer, i.e. the crosslink has failed), type 1 for internal crosslinks, and type 2 for intermolecular crosslinks (needed to analyze intermolecular complexes). 835 Mass spectrometry is an effective method to identify chemically-crosslinked components; it is routinely used to decipher protein-protein interactions (reviewed elsewhere 795,[803][804][805][806] ), with only few studies dedicated to nucleic acid complexes. 794 The (relatively fewer) crosslinkers available for nucleic acid crosslinking include psoralens, 2-haloethylamines, platinum complexes, epoxides, alkylsulfonates, and some photoactivatable compounds. 766,767,794,823,836 The nature of the reactive group can be tuned to crosslink specific residues, and the length of the linker can be varied to provide different sets of distance constraints. 794 Among 2-haloethylamines, nitrogen mustard (NM; mass shift: 83 Da) and chlorambucil (CHB; mass shift: 231 Da) preferentially react with guanine N7, adenine N3, and cytosine N3 (in that order of preference), establishing covalent bonds between residues 6-12 Å apart, which is compatible with the generation of type 1 crosslink across hairpin loops or type 2 crosslinks at RNA:RNA interaction surfaces (Figure 35). [766][767][768] Conversely, cisplatin (which also favors guanine N7, and to a lower extent adenine N7; [START_REF] Silvestri | Tandem Mass Spectrometry for Characterization of Covalent Adducts of DNA with Anticancer Therapeutics[END_REF]837 mass shift: 226 Da, distance: 3.2 Å) mainly crosslinks immediately contiguous purines in single-and double-stranded regions. 767 1,4-phenyl-diglyoxal reacts with guanine N1 and N2 and is more rigid than NM (mass shift: 190 Da, distance: 7-8 Å). 768 Dithiothreitol (DTT; mass shift: 152 Da, distance ~ 10 Å) can produce crosslinks between uracil and proteins by irradiation at 254 nm, as in classical UV crosslinking, but in much higher yields and specifically with cysteines. 823 Crosslinked analytes can be analyzed under non-denaturing conditions, but this is neither usual nor necessarily desirable. A recent example is the ESI-MS analysis (in the positive mode) of transplatin crosslinks between dsDNA and the DNA binding domain of the Forkhead box protein O4 (FOXO4-DBD). 836 Under native conditions, the complexes are preserved (whether the dsDNA is crosslinked to FOXO4-DBD or not), meaning that it is not possible to discriminate between intra-and intermolecular crosslinks, their elemental composition being effectively identical. Mildly denaturing conditions that disrupt the complexes devoid of type 2 crosslinks were therefore favored.

Both bottom-up workflows, where the analytes are digested with nucleases-and proteases if a protein is complexed-before (LC-)MS(/MS) analysis, 766,768,836,838 and top-down strategies, where the analytes are fragmented in the gas-phase, 767,768 have been employed. 794 In bottom-up workflows, digestions can be performed in ammonium acetate, which is MS compatible and provides a nearneutral pH preventing the degradation of RNA. 794 Crosslinking site down to the atomic level can sometimes be determined: Rojsitthisak et al. evidenced by CID on enzymatically-digested fragments that NM crosslinks C•C mismatches by bridging the cytosines' N3 position. 839 However, more fragile crosslinkers such as bikethoxal are significantly cleaved off even in gentle activation conditions, complicating the interpretation of the results. 767 Similarly, in a study where dsDNA was crosslinked to a protein using transplatin, fragmentation of Pt-base bonds occurred instead of backbone cleavage, preventing sequencing. 836 In addition, base loss is promoted by covalent conjugation, particularly in the case of purine N7. 794 3.3.1.4 Local nucleotide flexibility/dynamics probing 3.3.1.4.1 SHAPE and SHAMS SHAPE (Selective 2'-Hydroxyl Acylation analyzed by Primer Extension) is a method designed to analyze the structure and interactions of RNA at the nucleotide level, and is the most common application of 2'-OH acylation reactions. 840-842 SHAPE uses electrophile small-molecules that react preferentially with the 2′-OH group of nucleotides to form a 2′-O-adduct, with the reactivity being highly sensitive to nucleotide conformations. [840][841][842][843][844] Flexible nucleotides (i.e. not or weakly base-paired, not involved in tertiary interactions) visit multiple conformations, few of which increase the nucleophilic reactivity of the 2′-OH group. [840][841][842][843][844] As a result, the reactivity is roughly inversely proportional to the probability of a canonical base pair being formed, 843,845 with little dependence on the nature of nucleotides. 846 The position of the 2'-O-adducts is determined from the complementary DNA extension products obtained by primer extension with reverse transcriptase, which stops one nucleotide prior to an acylated nucleotide. 840 The relative reactivities of nucleotides are determined by capillary or gel electrophoresis, 840 providing a quantitative measurement of local dynamics of all four nucleotides in a single experiment. 844,846 Turner et al. devised the SHAMS method, in which the chemical modifications are directly detected and located through their mass increment by tandem MS (Figure 37), 770 similarly to the approach developed for base-specific chemical probes. [763][764][765] The classical acylating agent N-methylisatoic anhydride (NMIA; mass shift: 133 Da) was used. 770 NMIA forms bulky 2'-O-adducts, therefore the reaction is unlikely to occur on nucleotides embedded in folded helical structures or bound by small molecules and proteins. The method was applied to an RNA/DNA duplex hybrid, which was denatured at 80°C after reaction to facilitate data analysis. 770 Direct MS monitoring of the number of modified sites helps optimizing the probe:analyte ratio to avoid distortion or unfolding of the analyte (Figure 37A-C). The phosphates, carrying the charges, remain unaffected by the probe, meaning that the MS signal intensities should reflect solution-phase abundances. The location of the NMIA-adducted sites was determined by CID of mass-selected ions with an FTICR spectrometer (Figure 37D). Given that the adducts are located on the 2'-O or RNA, the d-H2O series cannot undergo the loss of H2O and therefore is observed as a c series, together with the y series ions. 

Solution HDX-native MS

Hydrogen-deuterium exchange coupled to mass spectrometry is now a well-established method for the analysis of protein structures and dynamics. 778,[847][848][849][850][851] It relies on measuring exchange rates of backbone amide hydrogens in a deuterium-rich solution (mass shift: 1.00628 Da), because these rates are heavily dependent on hydrogen-bonding and solvent accessibility.

Nucleic acids can also undergo HDX reactions, both in the gas-phase (see section 3.2.2) and in-solution.

In the latter case, the exchange is usually monitored by NMR. [START_REF] Adrian | NMR Spectroscopy of G-Quadruplexes[END_REF]852 Recently, in-solution HDX of DNA oligonucleotides was coupled to native MS readout. 771 In DNA, the exchangeable sites are the imino and amino protons of nucleobases, meaning that (i) HDX is strongly inhibited by base-pairing, (ii) the probing operates at the nucleotide level, and (iii) it is potentially amenable to other backbone chemistry (e.g. PNA 189,211 ) and modified nucleobases. Under the soft-source conditions of this study, the phosphates neutralized during the ESI process are fully back-exchanged, while nucleobases retain their shifted isotopic composition. As a result, the exchange rates depend strongly on the secondary structure of DNA but not on the charge state of the detected ions, nor on the presence of non-specific adducts. The MS measurement is both accurate and precise on a wide time scale. Direct infusion of manually-mixed exchanging solutions was used for minute-to-days measurements, while second-scale events were monitored using a continuous-flow setup (Figure 38). Coupling to native MS was used to access individual exchange rates of mass-resolved non-covalent complexes (see section 4.4.2.4).

Among the chemical probing methods described in this chapter, HDX is the least likely to be disruptive of nucleic acids structures and the only one with explicitly native MS readout. It does not require digestion, quenching, and chromatographic separation steps, found routinely in bottom-up HDX/MS of proteins and in most of the other chemical probing techniques described herein. 

Enzymatic probing

In the bottom-up approaches described above, nucleotide-specific nucleases (e.g. RNase A and T1) are usually employed. Conversely, some nucleases cleave the phosphodiester backbone of nucleic acids adopting a particular conformation, and can therefore be used to map secondary structures. Subsequent sequencing typically requires conversion of the cleaved fragments into complementary DNA, or to perform primer extension for sequencing purpose. 853 ESI-MS is well suited to analyze these digested strands, without the need for labeling or additional experimental steps. van den Heuvel et al. monitored the hydrolysis of DNA in real time with an ESI-TOF instrument in positive ion mode, detecting both the DNA fragments and transient DNA:protein complexes. 854 Scalabrin et al. explored the use of the mung bean (MB) and V1 nucleases that cleave ss-and dsDNA, respectively, in combination with a top-down MS readout. 853 Both nucleases were able to cleave an RNA hairpin in ammonium acetate solutions, producing relatively large and redundant fragments compared to the nucleotide-specific nucleases sometimes used in chemical probing. However, shorter fragments may have altered or more dynamic structures, leading to a decrease of cleavage specificity. This was partially mitigated by increasing the ammonium acetate concentration and adding MScompatible amounts of Mg 2+ . The identity of the analytes was determined based on their mass, corroborated by tandem MS, taking advantage of the redundancy of cleavage to minimize ambiguities.

Mass spectrometry studies of nucleic acid non-covalent complexes

4.1 Nucleobase self-assembly

Magic number clusters

The concept of magic number clusters is to compare all possible stoichiometries for a cation cluster with m nucleobases attached. In the case of unspecific clustering, the ESI-MS signal distribution among all clusters (MxB2 x+ to MxBm x+ ) follows the Poisson distribution. 855,856 However, in the event of metaclusters formation (such as a G-quartet), a specific stoichiometry prevails over unspecific adducts. Therefore, if the signal intensity for one stoichiometry is significantly higher in comparison to its neighbors, it is considered a magic number cluster. A numerical approach to characterize magic number clusters is presented by the magic number factor: 857

𝑚𝑎𝑔𝑖𝑐 𝑛𝑢𝑚𝑏𝑒𝑟 𝑓𝑎𝑐𝑡𝑜𝑟 𝐼 𝐼 ⋅ 𝐼 𝑛 (19) 
The differentiation among magic number clusters and non-magic number clusters can be made based on the arbitrary limit n, which is defined in accordance with the experimental conditions/results. For clusters that have neighbors with zero abundancy, the magic number factor cannot be calculated (even though by definition they are still magic number clusters). The presence of magic number clusters can mean that the given stoichiometry was 1) particularly abundant in solution 2) particularly resistant to collisions in the gas phase or 3) both. Thus, using magic cluster numbers to infer solutionphase abundances must always be done in experimental conditions that minimize collision-induced dissociation.

Clusters of guanine derivatives

As discussed in section 2.2.3, guanine is able to form G-quartets. The formation of these G-quartet clusters has been characterized for guanine (G), 858-862 desoxyguanosine (dG), 863-866 guanosine (rG), 860,863,867 9-ethylguanine (9eG) 748,860,868,869 as well as other semi-synthetic guanine derivatives. 869- 877 Metallic cations (M) are essential for the self-assembly of guanines. The addition of a K + -binding cryptand (working in a similar fashion as a commonly used crown ether) causes the highly abundant ESI-MS signal of one specific G-cluster to disappear and break down into monomers. 870 Owing to their non-covalent nature, G-clusters are very diverse.

Stoichiometry and structure

Various cation/guanine stoichiometries have been observed in ESI-MS experiments, including: MG2, 859-865,867-869 MG3 859,860,863-868 and MG6 863,864,866,867 (if not further specified, the notation "G" refers to any guanine derivative). The formation of these clusters is non-specific, which has been confirmed by 1) ESI-MS spectra showing that these adducts display low relative abundancies compared to other (specific) adducts 748,859,863,869 2) CID experiments reporting the loss of guanine even at low collision energies 860,867 and 3) IMS-MS verifying the globular conformation of an MG6 cluster. 864 However, the most common phenomenon is the formation of G4-clusters with one (MG4), two 7(MG8), three (M2G12) and four quartets (M3G16) (Figure 39). The specificity of these G4-clusters is confirmed by their high ESI-MS relative abundance in comparison to other stoichiometries, making them magic number clusters. The quadruplex structure has been verified in IMS-MS by comparing the experimental collision cross sections (CCS) to theoretically calculated CCS values. 864 The IMS-MS data also revealed that not all the identified G-quadruplexes follow the "magic number" stoichiometries. Instead, they formed adducts with additional desoxyguanosine bases and ammonium ions, such as (NH4)2(dG)11 2+ , (NH4)3(dG)12 3+ , (NH4)3(dG)18 3+ or (NH4)4(dG)22 4+ . Finally, (NH4)4(dG)24 4+ forms 6 layers of G-quartets stacked on top of each other. The 4 ammonium ions are located between the two top and bottom layers, leaving the two middle G-quartets without any cation stabilization. 864 IRMPD spectra on the one-quartet system NaG4 + confirm that the sodium cation is located at the center of a non-planar G-quartet, which can rapidly interconvert between two populations. 748,858 The inclusion of the cation depends on its ionic radius (see below). According to SORI-CID experiments on alkaline earth metals, the MG4 + cluster is most kinetically stable in the presence of Li + or Na + . Only sufficiently small cations may actually fit inside the G-quartet. 748 In the case of multi-quartet clusters the ratio of cations to G-quartet indicates that one cation associates with two G-quartets, suggesting that the cations must be located in-between the G-quartets.

Influence of the cation

The cation's radius and charge influence the G4-cluster formation. As indicated previously, the MG4 + cluster is most stable when the cation is small enough to fit inside the G-quartet. Competitive ESI-MS assays 863,868 and CID fragmentation experiments 748 on alkaline metals were used to establish the relative stability of the MG4 + cluster for each cation, the resulting order being Na + > Li + > K + > Rb + /Cs + (Figure 40). However, smaller cations are less prone to form multi-quartet G4-clusters. LiG8 + could not be detected in ESI-MS. 863,869 The sodiated G-quadruplexes NaG8 + , 863,869,873 Na2G12 2+ 869,875 and Na3G16 3+ 865,869,875 have been detected, but ESI-MS titration experiments on the Na3G16 3+ cluster demonstrated that sodium is gradually displaced with increasing concentrations of potassium. 875 In contrast, larger cations, such as K + , NH4 + and Rb + form multi-quartet clusters with significant relative abundancies in ESI-MS. 748,864,868,873,[875][876][877] Divalent alkaline earth metals predominantly form MG8 2+clusters, but no assemblies with more than two G-quartets. 866,867,872,874,877 The MG8 2+ -clusters of different divalent cations were compared in terms of their in-solution affinity through competitive ESI-MS assays 866,872 , as well as their kinetic gas-phase stability through CID experiments 866 , Both methodologies give the same relative ranking: Sr 2+ > Ba 2+ > Pb 2+ > Ca 2+ >> Mg 2+ . For lanthanide cations, the most abundant species are MG8 3+ and MG12 3+ , the latter being unique to trivalent cations, where one cation coordinates three G-quartets. The cations giving the more relative abundance of the MG8 3+ cluster is ranked: Tm 3+ > Dy 3+ > Tb 3+ > Eu 3+ > La 3+ . 871

Influence of the nucleotide backbone

The cluster formation of nucleobases, nucleosides and nucleotides has been compared. 863,867-869 K +mediated multi-quartet clusters (KG8 + , K2G12 2+ , K3G16 3+ ) were only formed with the nucleoside/nucleotide, but not the bare nucleobase. Consequently, the sugar moiety facilitates the stacking process of G-quartets, although its exact involvement in the formation of G-quadruplexes in solution cannot be elucidated solely from mass spectra. 868,869 The clusters Na2(dG)3(rG)5 2+ and Na2(dG)5(rG)3 2+ have the same CID fragmentation pattern, implying that the 2'-ribose hydroxyl group is not involved in G-quadruplex formation. 863 On the contrary, the G-quartet species Ca2(rG)4 2+ and the globular cluster Ca2(rG)6 2+ had different fragmentation patterns. At low collision energies the unspecific cluster lost guanine units, whereas low-energy fragmentation of the G4-cluster occurred on the sugar moiety. From these results one can derive that the nucleotide backbone does not stabilize the gas-phase structure of G4-clusters. 867 4. 1.1.1.4 Other metaclusters Xanthine (X), which is a derivate of guanine, forms KX4 + and KX8 + clusters of significant intensity in ESI-MS spectra, when compared to other stoichiometries. 859 Hypoxanthine, which possesses no substituent in the 2-position, does not form any G4-type clusters with K + , Mg 2+ , Ca 2+ , Sr 2+ or Ba 2+ , that could be observed in ESI-MS spectra. 859,878,879 On the contrary, 9-methylhypoxanthine does form quartets with alkaline metal ions. 879 This comparison of guanine derivates underlines the importance of H-donor/acceptor groups for the formation of specific nucleobase self-assemblies. Iso-guanine (isoG) is an isomer of guanine in which the -NH2 group and the C=O group have swapped positions. The rearrangement of the Hoogsten-binding groups changes the bonding angle, which results in the formation of isoG-pentads, in place of G-quartets (Figure 41). The formation of the clusters Li(isoG)5 + , Li(isoG)10 + and K(isoG)10 + , involving methylated isoguanine, has been reported in ESI-MS spectra. 870,880 Finally, when guanine was modified with chalconyl-groups, irradiating the G-quadruplex with UV light makes the side-chains undergo a [2+2]-Diels-Alder reaction, creating a covalent link between different G-quartets of K3G16 3+ . This reaction only occurred when the G-units were assembled into G4clusters. 876 

Clusters of other canonical nucleobases

In addition to the previously introduced G4-clusters, magic number clusters of other nucleobases have been identified by ESI-MS. An overview is presented in Table 2. Unlike guanine, adenine does not form magic number clusters. 862,863 In the case of pyrimidines, the behavior of cytosine and thymine/uracil differs significantly. The cytidine trimer 863 and a cytosine tetramer 856 are magic number clusters, however the structure of a C-based meta-cluster could not be assessed through ESI-MS spectra. Thymine and uracil can also form planar H-bonded associates around a central cation. The size of the cluster depends on the size of the cation. The magic number clusters observed constitute of LiT3 + /LiU3 + , NaT4 + /NaU4 + and MT5 + /MU5 + (M = K, Rb, Cs, NH4), as depicted in Figure 42. 861,862,[881][882][883][884] The magic number stoichiometries for thymine and uracil are often multiples of five, hinting at the formation of a T5/U5-meta-cluster. The clusters M2T15 2+ (M = K, Rb, Cs) mainly lose entire T5-units when fragmented in a CID setup. 881 Based on the signal intensities in the corresponding ESI-MS spectra, the stabilizing effect of the cation on T-pentads was ranked in the order Cs + ≈ Rb + > K + . 881,885 However, although similar magic number clusters with lithium (LiT10 + , LiU10 + , Li2U20 2+ ) and sodium (NaT10 + , NaU10 + , NaT20 + ) formed under ESI-MS conditions, the CID fragmentation patterns of these clusters displayed statistically distributed losses of T/U-units. 881,882,886 ESI-MS of cluster of methylated and thionated pyrimidine bases has been performed in an attempt to determine which functional groups partake in the H-bonding network of the MU5 + assemblies. 885 Thymine and uracil also form magic number clusters with Ca(II), i.e. CaB6 2+ , CaB10 2+ , CaB12 2+ and CaB14 2+ . MS 2 and MS 3 experiments concluded that these clusters have similar fragmentation patterns (with CaB6 2+ always being the smallest fragment) and they must therefore belong to the same type of metacluster. The structure of this meta-cluster has yet to be characterized. 855,856 The clusters below CaU6 2+ i.e. CaUn 2+ (n = 2-5) dissociate through sequential losses of either neutral or protonated uracil units. 887 

Table 2. Magic number clusters, as observed in ESI-MS

G 748,858,859,861-869,871- 876,878,880 A 862,863 C 856,862,863 T 856,861- 863,881,884,885 U 855,856,862,863,882,885, 

d-metal-cation assemblies

Apart from G4-clusters with lead (see 4.2.2.2), ESI-MS spectra confirm the formation of complexes between pyrimidine nucleobases/nucleosides and the d-metal cations Pb 2+ , 888-890 Cu 2+ , 891,892 and Mn 2+ /Zn 2+ . 893 Instead of being viewed as nucleobase clusters, these complexes can be better understood as organometallic complexes with the nucleobases acting as ligands. A potential method to determine the cation binding site on pyrimidines is 15 N/ 13 C isotope-labelled MS/MS. However, this methodology has only been carried out on protonated pyrimidine bases. 891

Mn 2+ and Zn 2+ lead to different adduct stoichiometries than Mg 2+ and Ca 2+ . The most abundant adducts are Mn(rC)3 2+ and Zn(rC)2 2+ , which coincide with the preferred coordination numbers of Mn 2+ and Zn 2+ , being 6 and 4, respectively. These coordination numbers allude to cytosine acting as a bidental ligand. 893 Cu 2+ can oxidize uracil, as indicated by the presence of the species [Cu(U-H)] + in the ESI-MS spectrum. [CuU2 -H] + has also been identified. 891 Pb 2+ forms complexes with uracil, thymine and cytosine. MS/MS experiments identified the loss of a [PbNCO] + group, meaning that lead(II) ions most likely target an NCO-group, forming a bidental complex. 888,890 The protonation of cytosine causes a reduced intensity of Pb-C-complexes when compared with the less proton affine bases thymine and uracil. 890 Clusters of guanine with Cd 2+ that have been identified by ESI-MS include CdGn 2+ (n = 2-8), Cd(rG)n 2+ (n = 2-8) and Cd(9eG)n 2+ (n = 2-8). However, there were no "magical" intensities for the CdG4 2+ and the CdG8 2+ stoichiometries, and the formation of G4-clusters could not be verified. 860

Protonated nucleobase assemblies

Clusters of canonical nucleobases with their protonated forms (pH < 3) have been reported by ESI-MS. [861][862][863] For all nucleobases, except cytosine, the base peak is the single-base species [B + H] + . However, in the ESI-MS spectra of protonated cytosine nucleosides, the base peaks are the dimeric species [dC2 + H] + and [rC2 + H] + . 863,894 Yang and Rodgers studied the effect of base methylation and of the sugar moiety on the base pairing energy (BPE) of hemiprotonated base pairs, using threshold CID in a guided ion beam tandem mass spectrometer that ensures proper quantitation of the ion internal energies (Figure 43). 895 Excellent agreement between calculated and experimental energies suggest that the base pair models of Figure 43 are correct. Methylation affects the N3 proton affinity of the cytosine, which is correlated with the base polarizability. The proton affinity of cytosine has been also been determined elsewhere (1011 ± 9 kJ/mol). 896 These C-H + -C type associations form the structural basis of i-motif assemblies, which are discussed in sections 4.3.4 and 4.4.3. 

Cation binding to oligonucleotides 4.2.1 Monovalent cations

Ammonium

Mass spectrometry studies on the specific interaction between ammonium cations and oligonucleotides exclusively appear in the context of G4 systems. ESI-MS is a powerful tool to assess the stoichiometry of the complexes formed by NH4 + with monomolecular G-quadruplexes 198,300,608,897- 900 , bimolecular G-quadruplexes 300,513,514,898,901,902 , tetramolecular quadruplexes 190,512,671,700,898,903,904 and other higher-order structures 512,629,710 . Ammonia loss is a common occurrence when analyzing NH4 + -DNA adducts in mass spectrometry. Consequently, the energy uptake during the gas-phase transfer may give cause to a systematic bias against sensitive adducts within the distribution of ammonium adducts as observed in ESI-MS spectra. NH4 + -stabilized G-quadruplexes have been preserved with increasing internal energy uptake within an ESI-IMS-MS setup, showing that specifically bound ammonium ions are more protected from ammonia loss than unspecific adducts. Nonetheless, even specifically bound NH4 + ions are susceptible to ammonia loss in less stable systems such as bimolecular and tetramolecular G-quadruplexes (see section 3.1.3). Thus, specifically retained NH4 + ions can be understood with the concept of magic number clusters: to be retained, they must have been present in solution but also must have been retained better than the nonspecific adducts in the gas phase. Such resilient ammonium adducts have a high signal intensity when compared to other stoichiometries, similar to magic number clusters, indicating the formation of G-quadruplexes. For every n specific NH4 + there are n+1 G-quartet (see section 4.3.3.2.1). Since the number of NH4 + ions corresponds to different m/z ratios, the stoichiometry of a G-quadruplex can be directly inferred from ESI-MS data. 190,300,512- 514,629,671,898,899,901,903,904 The fact that specifically retained NH4 + ions are indeed located in the G-quadruplex stem was probed by IMS. The loss of one single ammonium ion in a multi-quartet bimolecular G-quadruplex caused a significant change in its CCS value, indicating that in multi-quartet systems all cations are essential for maintaining the G-quadruplex structure. In further perspective, the possibility of utilizing such ammonium adducts, which would be considered 'fragile' in ESI-MS conditions, to confirm that any given experimental setup is applicable for native MS has been discussed. 300,513 The influence of solvent on the formation of NH4 + mediated G-quadruplexes has been analyzed. [512][513][514] Two methods to confirm that the NH4 + ions are specifically bound inside the G-quadruplex have been introduced, which are 1) observing a significant difference in collision cross sections via IMS, given that G-quadruplex formation changes the conformation of the oligonucleotide strand 300,513 and 2) comparing K + and NH4 + in HDX-MS. In the case of specific binding, the number of gas-phase H/D exchanges remains constant, since the NH4 + protons are not interacting with the solvent. 671 The addition of less polar cosolvents accelerates the formation of multimolecular G-quadruplexes with ammonium and thus stabilizes them. 512-514

Sodium

Sodium adducts of oligonucleotide strands have been reported mostly in ESI-MS on singlestrands, 256,519,623,682,[905][906][907][908][909][910] G-quadruplexes 203,616,670,911 and other high-order structures, 710,912,913 but also in MALDI-TOF MS. 912,914,915 Comparative studies on single-strand, duplex and triplex systems deduced a direct correlation between the number of phosphate groups and the number of sodium ions attached to the system. 912 Similarly, the number of sodium adducts on single strand DNA increases proportionally with the sequence length. 915 In great excess of sodium (e.g. 3 µM RNA vs. 40 mM NaCl) the highest number of possible sodium adducts in negative ESI-MS is equal to the number of phosphate groups on the oligonucleotide strand. 519,912 Analysis of ssDNA in positive ESI-MS is possible, but requires adduct formation with the nucleobases. 519,912 CID fragmentation studies on singlestranded DNA found that Na + adducts are located at the center of the strand, whereas negative charges were located at the terminal ends. 907 The sodiation of a phosphate group changes the fragmentation pattern of ssDNA in CID. When no cations are present, base loss is a common fragmentation mechanism for all nucleobases except thymine. But in the presence of Na + , pyrimidine bases become susceptible to base loss, whereas strand cleavage becomes more common for purine bases. 909 Similar ESI-MS experiments with G-rich sequences highlight that Na + ions do promote the formation of G-quadruplexes. 203,616,670,911 ESI-MS titration experiments on the thrombin binding aptamer (TBA) concluded that the specificity of Na + ions binding to G-quartets vs. negatively charged phosphate groups is relatively low. 616,670 IRMPD was also used to localize Na + on the TBA sequence. 616 In similar experiments on polymorphic G4-sequences, Na + ions inside the G-quadruplex are susceptible to being replaced by competing cations, if they are present in solution, most notably K + . 203,911

Potassium

Potassium forms adducts with ssDNA where it presumably associates with the negatively charged phosphate groups located at the DNA backbone. 616,906 Potassium is also well-known for promoting the formation of more stable G-quadruplexes than other cations. Numerous studies have analyzed K +mediated G-quadruplexes of the thrombin binding aptamer (TBA), 616,670,880 various telomeric sequences 190,[198][199][200]505,660,710,916 or other G4-forming sequences. 200,203,911,917,918 The number of G-quartets in a G-quadruplex can be directly inferred from the number of associated K + cations, since they are a structural component of the G-quadruplex. 190,[197][198][199][200]203,505,616,660,670,911,917,918 The same approach was used for NH4 + specific adducts, but K + has the advantage of not being labile upon collisional activation of negatively charged ions. Methodologies to confirm that the K + binding is indeed specific (inter-quartet) include 1) a comparative assay with multiple sequences that vary in Grichness 670 2) using a G-rich sequence that does not form a G-quadruplex as a control in order to subtract unspecific adducts 198,199,916 or 3) monitoring the change of H/D-exchange rates by in-solution HDX-MS, given that specific cation binding induces a conformational change in the DNA strand. 771 In the case of three-quartet quadruplexes, the separation of adduct states by m/z ratio also enables the determination of equilibrium dissociation constants KD for both the 1:1 (KD1) and the 2:1 (KD2) complex. The equilibrium constants of various K + -stabilized G4-quadruplexes have been determined by ESI-MS titration (Figure 44) after removal of the contribution of nonspecific adducts (see section 3.1.4.2.2). 197,199,203,616 ESI-MS titration experiments visualize and quantify the concentrationdependent shifts to different adduct states, 199,203,918 as well as cation exchange. 198,203,911 Potassium forms very stable quadruplexes, and can displace sodium 203,911 and ammonium 198 from preformed structures. Divalent cations such as lead 670,880,917 , strontium 620,670,880 and barium 670,880 were also used for competition experiments. 

Other alkaline metals

Comprehensive studies of the alkaline metals Li + , Na + , K + , Rb + and Cs + binding to DNA have been carried out in ESI-MS conditions. All alkaline metals form cation adducts where they most likely bind to the negatively charged phosphate groups located at the DNA backbone. 203,616,670,906,909,919 Na + and K + promote the formation of G-quadruplexes, whereas Li + , Rb + and Cs + do not, which is presumably related to their respective ionic radii. 203,616,670,906 

Silver

Ag + cations can disrupt entirely Watson-Crick DNA duplexes, as demonstrated on the ESI-MS spectra of dG11/dC11 and dA11/dT11 duplexes, where after the addition of silver(I) cations no more duplex strand could be detected (Figure 45). 143 Apart from binding to single-stranded DNA, Ag + cations promote the association of C-Ag I -C mismatches 142,143,145,[920][921][922] , G-Ag I -G mismatches 143,145,921 , and, to a lesser extent, A-T dimers 143 . The promotion of T-T-or A-A-mismatches by Ag + cations has not been observed in ESI-MS. 143 The 1:1 stoichiometry for Ag + and C-Ag I -C pairs in dsDNA has been confirmed by ESI-MS experiments. 142,143,145,920 Moreover, thiopyrimidine bases 147 as well as pyrrolo-cytosine bases 148 are capable of binding two equivalents of Ag + , forming C-Ag2-C pairs. ESI-MS titration experiments with duplex DNA containing a various mismatches showed that Ag + cations specifically target C:C mismatches 920 Ag + -mediated C-C mismatches form stable DNA duplexes with polycytosine DNA strands 143,145 as well as G-rich DNA sequences 922 .

As evidenced by ESI-MS spectra, guanine-rich strands associate into G-Ag I -G type duplexes, similar to cytosine. 143,145,921 Furthermore, adding Ag + ions to preformed (dTGnT)4 tetramolecular G-quadruplexes induced a structural conversion into an Ag + -mediated G-duplex, which demonstrates the capability of Ag + ions to disrupt the formation of very stable G-quadruplexes. Structural information about these G-duplexes was gained through IMS-MS. The results imply that Ag + -mediated G-duplexes are linear and less flexible than their polycytosine counterparts. 145

Divalent cations

Alkaline earth metals

Comparative studies among the alkaline earth metals Mg 2+ , Ca 2+ , Sr 2+ and Ba 2+ have been conducted by ESI-MS on the thrombin binding aptamer (TBA), a 15-mer DNA with forms a two-quartet Gquadruplex. 287,670 The equilibrium association constants of the 1:1 and 2:1 cation/TBA complexes were determined by ESI-MS titration (Figure 46). The KA1 values for Sr 2+ and Ba 2+ exceed the ones for Mg 2+ and Ca 2+ by a factor of 1000. Based on these results, Sr 2+ and Ba 2+ both form stable G-quadruplexes. 287 HDX-MS experiments performed on TBA found that when Sr 2+ is added, less H/D exchanges occur within the same timeframe, revealing that Sr 2+ binding to TBA changes its topology into a more compact structure, which confirms the formation of a G-quadruplex. 670 The binding stoichiometry of Sr 2+ to telomeric G-quadruplexes has also been determined with ESI-MS. 923 The equilibrium dissociation constants of the cations Sr 2+ and K + binding to TBA have been determined by ESI-MS titration (240 nM and 5000 nM respectively). 620 Through temperature-dependent ESI-MS titration experiments, the binding enthalpy of the Sr 2+ -TBA complex was determined to be -17 kcal/mol. 620 Mg 2+ and Ca 2+ do not help forming stable G-quadruplexes, which is attributed to their small ionic radii and comparatively high dehydration free energy. However, they are known to electrostatically interact with the negatively charged phosphate groups located at the DNA backbone. 287,519,670,906,908,909,919 An ESI-MS study of duplexes shows that Mg 2+ forms adducts with Watson-Crick duplexes, whereas Ba 2+ does not. 924 This further implicates that Mg 2+ and Ca 2+ interact with the phosphate groups, whereas Sr 2+ and Ba 2+ have a stronger affinity towards the nucleobases, most notably guanine. 203,924 A comprehensive CID study points out that Ba 2+ , Sr 2+ as well as Ca 2+ alter the fragmentation behavior of ssDNA (at high and low charge states) significantly more than alkaline or transition metal cations. 919 These results give the notion that alkaline earth metals induce some changes in the gas-phase structure of oligonucleotide strands. Since volatile salts are preferable when working in ESI-MS conditions, Mg 2+ is occasionally replaced by NH4 + . 596,606,704,705,[925][926][927][928][929][930] Mg 2+ is nevertheless often required to form tertiary RNA structures, including RNA duplexes, 931 RNA kissing complexes (section 4.3.5), 697,931 and RNA aptamers (section 4.5.5). 932 This has been confirmed through ESI-IMS-MS experiments, where the addition of Mg 2+ has induced a change in the CCS distribution towards more compact (i.e. folded) structures. 931,932 The necessity of Mg 2+ ions to maintain tertiary RNA structures was further demonstrated in a nanoESI-MS experiment, where an RNA-enzyme complex could no longer be observed after Mg 2+ ions were extracted from the complex by adding a chelating agent to the analyte solution. 682

Lead

Pb 2+ promotes the formation of two-quartet G-quadruplexes in G-rich sequences. The 1:1 stoichiometry was confirmed utilizing ESI-MS. 913,917,933 Competition experiments have been carried out with sodium 913 , potassium 917 and strontium/barium 670 . Competition between Pb 2+ and K + has been observed in time-resolved ESI-MS, where one cation may replace the other. In the same experiment, Pb 2+ -K + -G4 intermediates have been detected. It is implied that the G-quadruplexes formed with Pb 2+ are more stable than those with Na + and K + .

Transition metals

The interactions of transition metals with nucleic acids have been probed by mass spectrometry for Fe 2+ , 915,934-938 Ni 2+ , 256,910,919,934,[939][940][941] Cu 2+ , 934,936,937,[939][940][941][942] Zn 2+ , 910,934,935,937,939 Hg 2+ , 773,919,939,[942][943][944] and Ce 3+ . 937 Summarizing trends across cations shows that light metals, in particular alkaline and alkaline earth metals, favor electrostatic interactions. On the other hand, heavy metals, in particular transition metals, are more lenient towards covalent bonding. IMS-MS studies on Watson-Crick duplexes implicate that hardness/softness of metal ions as Lewis acids is a factor that contributes to a cation favoring electrostatic/covalent binding. 256 Transition metals have a tendency to intercalate into duplex structures, promoting the formation of non-canonical base pairs. ESI-MS experiments confirmed that Ni 2+ and Cu 2+ may intercalate into DNA duplexes, but the binding mechanism remains unknown. 941 CID-MS confirmed that transition metals dianions alter the fragmentation path of 6-mer dsDNA. While the regular duplex (charge state 3-) mainly dissociates through ejection of nucleobase anions, dsDNA adducts with Mn 2+ /Fe 2+ /Co 2+ /Ni 2+ /Cu 2+ /Zn 2+ (charge state 3-) have strand separation as their main fragmentation path. 934 This indicates that the presence of transition metal cations destabilizes the Watson-Crick duplex structure. On the contrary, these transition metal cations increase the gas-phase stability of singe-stranded ODN's, increasing the V50-values (the collision voltage at which 50% of the complex has dissociated) of various 6-mer strands by about 2-fold. 910 This effect may be caused by divalent cations creating non-covalent cross-links between two phosphate groups and/or nucleobases. 910 The promotion of non-canonical base pairings is most known for the cations Ag + and Hg 2+ . Mercury promotes T-Hg II -T base pairings which has been demonstrated in various ESI-MS experiments (one example is shown in Figure 47) on duplex DNA, 773,944 synthetic duplex DNA, 942 singular polythymine strands, 773,943 and even G-quadruplexes. 945 Hg 2+ does not disrupt the formation of G-quadruplexes, but instead targets thymines located in the loop sections, 945 where it most likely binds to the amine groups. 773 Experiments with thiothymines bear the same results. 147 ESI-MS experiments reported Mn 2+ adducts of aptameric DNA. 946 Mn 2+ does not form specific interaction with G-quadruplex DNA. 670 According to similar experiments with chemically modified DNA the cations Co 2+ , Ni 2+ , Cu 2+ and Zn 2+ do not compete with Na + in the formation of a tetramolecular Gquadruplex, indicating that they do not promote the formation of G-quadruplexes. 939 Zn 2+ and Fe 2+ form adducts with ssDNA, where they bind to phosphate groups at the oligonucleotide backbone, as evidenced by CID fragmentation experiments. 935 In MALDI conditions, Zn 2+ and Fe 2+ may also target the nucleobases. Fragmentation experiments indicate a particular affinity towards guanine. 937 Ni 2+ 940 and Mn 2+ 946 mediate DNA-ligand interactions and integrate into the ligand-DNA-complex. Finally, uranyl ions (UO2 2+ ) form adducts on the phosphate group of single-stranded DNA, as confirmed by ESI-MS/MS spectra. 908 

Trivalent cations

Adducts of 5-mer DNA with Fe 3+ ions have been reported in ESI-MS. CID experiments on these Fe 3+ adducts conclude that Fe 3+ binds to phosphate groups. The presence of Fe 3+ ions may stabilize the nucleotide backbone, as the main fragmentation pathway consists of nucleobase losses and no Fe 3+ adducts of small fragments are observed. 935 4.3 Multi-stranded assemblies 4.3.1 Double helices 4.3.1.1 MALDI-MS studies Bahr et al. reported the detection and relative quantification of siRNA double strands by MALDI-MS under soft conditions and after denaturation with formic acid. 536 Using single strand RNA as internal standard, the relative intensities of duplex RNA were correlated with melting temperature and the number of GC base pairs in solution, indicating that MALDI-MS can be used as a method to determine the relative stability of double strands.

Determination of duplex DNA sequence and characterization of it structure was enabled by combining exonuclease III enzymatic digestion and MALDI-MS. 947 Thanks to the enzyme's high specificity for double strand in presence of divalent metal cation (such as Mn 2+ to promote it activity), rapid and direct sequencing of 30-bp dsDNA was possible. MALDI-MS was also used to identified singlenucleotide polymorphism in duplex sequences by using DNA polymerase, [948][949][950] to detected the reduced cross-link structures in DNA duplex coming from reaction of an abasic site 951 and to analyzed the products coming from the hydrolysis of DNA duplex containing a site-specific G•U mismatch by uracil-DNA glycosylase 952 . The double-stranded DNA structure was also detected in the gas-phase by MALDI-MS in nonacidic matrices. Sudha et al. found a correlation between the duplex to monomer relative intensities with the amount of GC base pairs and melting temperature. 535 However, because of its greater softness compared to MALDI-MS and the fact it works directly from dilute solutions, ESI-MS is the most used technique to detect the formation of duplex structure. 953 

Detection by ESI

The earliest reports on detecting intact DNA duplexes by ESI-MS date back to the early days of native mass spectrometry. [954][955][956][957][958] Rodrigues et al. studied the noncovalent interaction between two complementary RNA sequences by microESI-MS. 959 The results showed the formation of RNA duplex in water from equimolar mixture of RNA oligonucleotides as well as the formation of ternary complexes. Barylyuk et al. reported an interesting model system to study monomer-dimer equilibria by ESI-MS titration. 623 Seven 10-mers oligonucleotides were designed to be self-complementary DNA with same mass, chemical composition, and size but different sequences to avoid different ion transmission, different ionization efficiencies and different detection efficiencies in ESI-MS. The results showed that the KD values determined by ESI-MS titration were lower than those determined in solution by isothermal calorimetry titration, due to a higher electrospray response factor of double strands relative to single strands.

Native chromatography coupled to sensitive ESI-MS was also used to study the formation of double helix structures. [560][561][562]564 The use of hexafluoroisopropanol/triethylamine ion-pairing buffer with a methanol gradient was able to separate single-stranded oligonucleotide components from the duplex. This method was capable of characterizing and separating duplex structure from non-duplex variants. 560 The results showed that the double helix was metabolized mostly from one end. LC-MS was also used to detect hetero-chiral complexes in duplex with 1',5'-Anhhydro-L-Hexitol nucleic acid (L-HNA). 564

Fragmentation and dissociation channels

Dissociation of duplex DNA was extensively studied by fragmentation techniques such as CID. In addition to noncovalent dissociation of the duplex into single strands, other covalent bond fragmentation channels were observed. The dissociation of duplex DNA is a multistep unzipping process. During unzipping, base loss occurs preferentially at terminal base pairs and this can induce the backbone fragmentation of one of the single strands (DS-frag in Figure 48A). The base loss can also be followed by unzipping to produce the regular single-strand fragments. The dissociation pathways of DNA duplex was studied by applying different collision regimes in a hexapole collision cell (fast activation) or in a quadrupole ion trap (slow activation). 960 In slow activation, base loss and strand fragmentation is favored, while in fast activation duplex dissociation into single strands is favored. This means that base loss has a low energy threshold and a rate constant k(E) increasing less steeply with energy (Figure 48b), while the noncovalent dissociation is an entropy-favored process and thus the rate constant increases more steeply with energy (Figure 48B). Madsen et al. studied the charge partitioning of DNA duplexes upon dissociation into the two constituent single strands by CID in ion trap mass spectrometer. 961 The factors affecting the asymmetric charge partitioning are duplex size, precursor charge state, GC base composition, and internal energy deposition. High charge states of large duplexes exhibited higher degrees of asymmetric dissociation than low charge states of small duplexes. The duplexes with high number of GC base pairs showed less symmetric charge partitioning than TA rich duplexes. The high collisional energy drives more asymmetric dissociation. 15-mer DNA-DNA duplexes and DNA-LNA hybrid duplexes were investigated by ESI-MS and CID. 962 The results demonstrated that the backbone nature can have strong effects on the dissociation of DNA duplexes. Similarly, a study on tricyclo-DNA conjugates, which are more rigid than the natural counterparts, shows a higher propensity for base loss, which was attributed to changes in the activation entropy (pre-exponential factor) in the rigidified duplexes. 963 Burmistrova et al. showed by IMS that (18-bp) 7-duplex rearrangements could occur at collision energies below those required for base loss or strand dissociation. 702 The dynamics of conformational changes of DNA duplexes in the gas phase was also studied by gas-phase FRET. 677,738 Danell et al. observed intermediate state of unzipping 14-mer duplex corresponding to weak binding. Together, these results suggest that in natural duplexes, rearrangements occur before total strand separation, and that modification altering these rearrangements potentially change the preexponential factor of Eq. ( 11), making it impossible to infer changes in threshold energies based solely on the extent of CID fragmentation.

Gabelica et al. studied the effect of irradiating 12-mer duplexes with a UV laser on electron photodetachment dissociation (EPD). 964 The results showed that the electron photodetachment efficiency depends on the number of guanines in the sequence and it is optimum near 266 nm. The combination of EPD followed by CID on the produced radical anions of single strand DNA 3-induced extensive fragmentation including neutral base loss, w, d, a• and z• series. In contrast, only neutral loses were detected for duplex and hairpin DNA at moderate collision energy of charge state 4-, suggesting that EPD could be used to probe higher-order structures of DNA and the kind of base pairing can prevents the loss of fragments. Similar results were obtained on hairpins (see section 4.4.1), and interpreted as base pairing preventing separation of the fragments.

Gas-phase kinetic stability

The kinetic stability of duplexes was studied, using different ways to increase the ion internal energy. In 1997, Schnier and co-authors studied the dissociation kinetics of 4-mer and 7-mer DNA duplexes by BIRD (section 3.2.1.1.1). 647 The reaction channels were cleavage of the noncovalent bonds to generate the single strands and cleavage of covalent bonds to produce base loss. The correlation of activation energies for the dissociation into single strands suggests that the Watson-Crick base pairing is conserved in the gas-phase. Gabelica et al. compared the kinetic stability of 16-mer duplexes in solution-phase and gas-phase by ion trap CID and by increasing the temperature of a source heated capillary, 965 and also found a good correlation between gas-phase kinetic stability and the fraction of GC base pairs. In a later study, they found that the hexapole-collision-cell MS/MS fragmentation yields of 16-mer DNA duplexes, with the same fraction of GC base pairs but different sequences, still correlate with ΔHdiss in solution. 966 These results suggest that both hydrogen bonding and base stacking interactions are conserved in the gas phase.

Similar to DNA duplexes, the gas-phase stability of RNA duplexes was also studied using ESI-MS and CID. 967 Yang et al. compared the kinetic stability of 16-mer and 12-mer RNA duplexes in gas and solution phases. In contrast to the solution phase, the results showed that duplexes with tandem mismatches G•A base pairs were more stable than the ones with Watson-Crick base pairs in the gas phase, indicating that hydrogen bonding can have a higher contribution than base stacking in the gas phase. In addition, MS/MS was able to differentiate between the stability of tandem-and singlemismatched duplexes. This type of comparison is more sensitive in the gas phase than in solution. Pan et al. reported a systematic ESI-MS and CID study of 9-mer DNA duplexes differing by the central base pair only, which was either a match or a mismatch. 968 The results showed correlation between (1) the solution stabilities, (2) the relative ion abundances in the ESI-MS spectra, and (3) the gas-phase kinetic stabilities upon CID.

Ion spectroscopy

Rosu et al. reported the UV spectroscopy of isolated ions of electrosprayed 12-mer DNA duplexes. 753 The results showed clear differences in UV spectra of duplex and single strands, with a red shift in the [duplex] 5-compared to the [single strand] 3-, suggesting an effect of base stacking (however, a later study cautioned that the charge distribution can also cause apparent shifts). 693 Hydrogen bonding was investigated using IRMPD spectroscopy. 747 A remarkable difference is observed in the spectrum of the GC-only duplex (Figure 49d) compared to its single strands (Figure 49c), with a specific band around 1680 cm -1 that is compatible with Watson-Crick GC base pairing. However, the AT-only duplex spectrum (Figure 49b) was similar to those of the constituting single strands (Figure 49a). Thus, although the presence of AT base pairs in the gas phase could not be confirmed, the presence of GC base pairs is attested, and this suffices to explain the influence of the fraction of GC base pairs on gasphase kinetic stabilities. 

Ion mobility spectrometry and molecular modeling

Dissociation studies thus suggest that both base pairing and base stacking is preserved in the gas phase. As soon as 2003, Rueda et al. reported the first molecular dynamics modeling of a [12-bp] 5- duplex DNA in the gas phase. 722 This study also introduced the concept of modeling localized charges (choosing which phosphate groups are neutralized in the modeled system) or delocalized charges (spreading the charge by giving the proper fractional charge to each phosphate group). In all cases, the dimer is preserved even at high temperature, but the shape of the structure is rather distorted (Figure 50A), although GC base pairs are preserved.

Ion mobility spectrometry has the advantage of probing directly the shape of gas-phase structural ensembles, through measurements of their collision cross sections. Gidden studied the gas phase conformation of a series of poly(CG)n duplexes from 4 to 26 base pairs by ESI-IMS-MS and MD. 698,699 Based on the CCS measured for relatively high charge states (𝑧/𝑛𝑡 = 0.25, 𝑧 being the absolute charge and 𝑛𝑡 the number of nucleotides) and CCS calculated on structures obtained with short unrestrained MD modeling, they concluded that short helices (up to 18-bp) adopt an A-helix form and longer a Bhelix form (typical models are shown in Figure 50B). However, different results were obtained on DNA or RNA duplex structures sprayed from 150 mM aqueous NH4OAc. In those conditions, lower average charge states are produced and the corresponding CCS values are much smaller (up to 30%) than predicted by unrestrained MD. 701 This confusing situation led some authors to propose scaling their CCS calibration method to match with the calculated CCS, 969 and others to scale their calculated CCS by a factor of 0.65 to match with the experiments (in that case, to assign antiparallel vs. parallel duplexes). 703 1), recorded in helium for duplexes (DNA and RNA) containing only CG base pairs (black data) or mixed sequences (red data), and each symbol corresponds to 𝑧/𝑛𝑡. Some intermediate charge densities were obtained from 150 mM NH4OAc solutions in presence of supercharging agent. This figure highlights that the CCS values measured for a duplex depend largely on the charge density. The trend lines corresponding to canonical B-helices obtained by X-ray crystallography and to unrestrained force field MD best match with the CCS of the duplexes at high charge density, but not to those of duplexes sprayed in the most physiological conditions, resulting in low charge density.

Porrini et al. tested several models to find what such compact structures may be. 701 A duplex (22 negative charges) was placed in an evaporating droplet, and upon water evaporation the 17 NH4 + ions (final charge state: 5-) spontaneously placed themselves between phosphate groups across the grooves (Figure 50F). The Consta group independently tested droplet evaporation for different charge states, and found similar compaction for a 11-bp duplex 5-, and elongated or dissociated states at higher charge states. 970 Then larger models of dual groove zipping were generated by restrained MD (Figure 50E), to generate the trendline of "zipped helix" in Figure 51. This illustrates how compact the low-charge state duplexes could be. However, this is not the only possibility. In particular, base hydrogen bonding is rather disrupted in those models, which contradicts gas-phase kinetic stability and ion spectroscopy findings. Thus, higher-level calculations such as DFT were attempted on the 10bp duplex [d(CG)5]2 4-. Compaction is higher than in unrestrained MD, yet base pairing and base 101 stacking are perfectly conserved. Hydrogen bonds have formed between phosphate groups across the minor groove. The trend line generated by concatenating these models fits well with duplexes up to ~20-bp. For longer duplexes, however, further compaction occurs, which could not yet be modeled, but one can suspect additional formation of P-O-H⋯ -O-P hydrogen bonds. This illustrates that, at low charge states, Coulomb repulsion can be low enough that it may be more energetically favorable to form new (hence, non-native) hydrogen bonds in the gas phase. 

Triplexes

In 2002, Rosu et al. reported the first study of a triplex DNA by ESI-MS. 926 The results showed, at pH 5.5, the detection of a 14-mer triplex at higher m/z values and under harsher source conditions than the duplex. The MS/MS of charge state 7-of the triplex revealed similar dissociation mechanism to solution folding, with separation between the Watson-Crick duplex and the third strand. Fragile TAonly triplex structures could be characterized by cold-spray ionization mass spectrometry. 527 CSI allowed to detect triplexes as short as 8-mers, although single strands predominate. When increasing the length of sequences up to 25-mers, only ion peaks of triplex were observed, suggesting higher stability for long forming triplex sequences. Later, Mariappan et al. studied the formation of short triplex (6-mers) by ESI-MS also in positive mode. 930 Arcella et al. studied the formation of DNA triplexes in the gas phase using a combination of IMS-MS and long molecular dynamic simulations. 704 12-mer and 18-mer triplexes were studied at neutral and acidic pH. The results suggest the preservation of triplex structure in the gas phase. In addition, the charge states distribution was shifted to high charge states at neutral pH and the CCS values decreased when the voltage was increased. The experimental and calculated CCS values were in good agreement. Li et al. reported the formation of DNA-RNA triplexes by IMS-MS. 705 The results showed the formation of parallel DNA and RNA triplex from (GAA.TTC) 18-mers, 27mers and 36mers. The stability of triplex depends on the length of the oligonucleotides and the pH. In addition, the predominant charge states of each sequence showed bimodal distributions with increase of CCS by increasing the length of the triplex.

The interaction of triplexes with ligands such as flavonoids, 596 cryptolepine, 606 neocryptolepine, 606 berenil, 930 netropsin, 930 distamycin, 930 acridine orange, 930 methylene blue 925 and mitoxantrone 928 was also studied by ESI-MS, as detailed in section 4.5.2.

G-quadruplexes

Bimolecular G-quadruplexes

Here the term "bimolecular" refers to the strand stoichiometry, while the term "G-quadruplex (G4)" refers to the core structure constituted of stacked G-quartets. 187,188 Bimolecular G-quadruplexes can be formed from sequences containing two G-tracks (four tracks being the minimum to form a Gquadruplex), as in the case of dGxTyGz sequence derivatives or two-repeat telomeric sequences d(G3TTA)2. Sequences with four G-tracks can, in addition to intramolecular G4, form higher-order stoichiometries such as bimolecular assemblies. Finally, sequences with one long G-tract (> 8 guanines) can, in addition to the expected tetramers, form lower-order stoichiometries. 904 4.3.3.1.1 [dGxTyGz]2 and derivatives The bimolecular G4 (dG4T4G4)2 is a good antiparallel G-quadruplex model for mass spectrometry studies because the folding is the same in NH4 + , K + and Na + . [START_REF] Haider | Crystal Structure of the Potassium Form of an Oxytricha Nova G-Quadruplex[END_REF]971,972 It consists of a 4 G-quartets antiparallel-stranded structure with diagonal 'TTTT' loops. 972,973 It was studied early on, and used by our group in numerous ESI-MS ligand screening assays. [START_REF] Kamiya | Formation of 2-Hydroxydeoxyadenosine Triphosphate, an Oxidatively Damaged Nucleotide, and Its Incorporation by DNA Polymerases[END_REF][START_REF] Garbesi | L-DNAs as Potenital Antimessenger Oligonucleotides: A Reassessment[END_REF][START_REF] Lesnik | Oligodeoxynucleotides Containing 2'-O-Modified Adenosine: Synthesis and Effects on Stability of DNA:RNA Duplexes[END_REF][START_REF] Eckstein | Phosphorothioate Oligodeoxynucleotides: What Is Their Origin and What Is Unique About Them?[END_REF][START_REF] Boczkowska | Stereodefined Phosphorothioate Analogues of DNA: Relative Thermodynamic Stability of the Model PS-DNA/DNA and PS-DNA/RNA Complexes[END_REF][START_REF] Nielsen | Sequence-Selective Recognition of DNA by Strand Displacement with a Thymine-Substituted Polyamide[END_REF] In ammonium, this bimolecular Gquadruplex is a very good test molecule for assessing the softness of instrumental tunings (see section 3.1.3). In very soft conditions, the complex with 5 ammonium (3 specific NH4 + between the G-tetrad and 2 extra ammonium ions presumably between the top quartets and the 2 loops) can be seen. 300 Balthasart et al. discussed how faithfully the ammonium ion distribution matched with the known equilibrium binding constants of ammonium to the bimolecular G4 (dG4T4G4)2, (dG4T3G4)2, and (dG3T4G4)2 (Figure 52). 300 Extremely soft conditions (i.e., typically significantly lower voltages and temperatures than for other types of complexes) are required to conserve all the inner ammonium cations. 590 With some quadruplex sequences, not all inner cations can be preserved. ESI-MS of (dG4T3G4)2 revealed the 2-NH4 + stoichiometry (major peak) in all instrumental conditions, although the 3-NH4 + stoichiometry is expected based on solution data. For (dG3T4G4)2, the major population of two specific ammonium ion adducts matches well with the NH4 + binding sites postulated from solution. The ease of ammonium loss depends on the charge state of the ion. Ion mobility spectrometry reveals that each ammonium ion loss is usually associated with a gas-phase rearrangement of the structure (Figure 53). Whatever the charge state, when three ammonium ions are present, the TW CCSN2He is constant (~800 Ų). The three specific ammonium ions between the G-quartets thus stabilize the Gquadruplex structure in the gas phase. At low charge state (4-), upon activation, the structure of (dG4T4G4)2 with 2 ammoniums gets slightly more compact. At intermediate charge state (5-), the structure expands then contracts at high bias voltage. At high charge state (6-), the structure always expands. Finally, MS revealed that dG3T4G4 and dG4T4G3 can form trimolecular and tetramolecular assemblies in addition to the bimolecular assemblies. 901 ESI-MS is a key method to reveal unexpected strand stoichiometries.

Two-repeat human telomeric sequences

12-mer (2-repeat) telomeric sequences, forming bimolecular G-quadruplex in ammonium, were studied by ESI-MS and ion mobility spectrometry. The structures formed depend on the sequence variant (with different starting and ending bases). Solution-phase circular dichroism shows that d(AGGGTT)2 and d(GGGTTA)2 form hybrid or mixed dimers in the presence of ethanol, while d(TAGGGT)2 and d(TTAGGG)2 form parallel-stranded dimers. 514 The sequence d(GGTTAG)2 forms a bimolecular G4 in ammonium as well. 975 In mass spectrometry, parallel-stranded structures always display more kinetically stable inner ammonium ions than antiparallel ones. 513,514 Note that d(TAGGGT)2 was also studied in 1 mM KCl and 100 mM TMAA (no organic co-solvent), but in those conditions no bimolecular G-quadruplex did form. 976 Organic co-solvents (methanol, ethanol, isopropanol, and acetonitrile) favor the folding of bimolecular G4s. 513 Quantitative analysis of the kinetic pathway showed that the presence of thymine at the 5′end slows down the dissociation of parallel dimers. 514 Cosolvents accelerate the formation of bimolecular G4 up to ~200-fold at 60%, but have minimal influence on the dissociation rates. Methanol had a less strong G4 promoting effect than ethanol, propanol or acetonitrile.

Arrival time distributions (ATD) for [d(TTAGGG)2]2 5-in aqueous ammonium acetate showed two peaks ( DT CCSHe = 790 Å 2 and 838 Å 2 ) at the lowest injection energy, which indicates the formation of two distinct conformations (attributed to parallel and antiparallel conformations). 707 Based on molecular modeling, the extended conformation was associated to the parallel topology and the more compact one to antiparallel. Upon activation, the extended conformation disappears. A later study on [d(TAGGGT)2]2 5-with the parallel/antiparallel proportions modulated by co-solvent showed three distinct mobility peaks: parallel ( TW CCSN2He = 850 Ų), antiparallel ( TW CCSN2He = 815 Ų) and collapsed ( TW CCSN2He = 775 Ų). 513 The compaction is associated with ammonium loss. The parallel structure is more resistant to ammonium loss and thus to collapse.

Telomeric RNA with two-repeat sequences can also form G-quadruplex structures. MALDI-MS detected several Na + clusters (n = 1 to 7) with the bimolecular complex of rUAGGGUUAGGGU. 914 In ESI-MS, the sequence r(UUAGGG)2 was compared to its DNA counterpart in 100 mM NH4OAc. 899 In addition to a bimolecular G-quadruplex, the RNA could also form a tetramolecular structure by stacking of two bimolecular subunits. The ammonium ions were more kinetically stable in the RNA than in the DNA bimolecular G4, again in line with a higher stability of ammoniums in parallel structures.

Fragmentation of bimolecular G-quadruplexes

The fragmentation pathways of bimolecular assemblies depend on the number of G-quartets. For G4s prepared in ammonium, the lowest-energy dissociation channel is ammonium loss. 300 The other CID pathways of [(dG4T4G4)2] 2)2] 5-were guanine base losses from the parent ion as the major products, and strand separation as the minor products. 898 The lower relative abundance of single-strand products for (dG4T4G4)2 than for (d(T2AG3)2)2 was rationalized in terms of number of Gquartets, one additional G-tetrad giving extra stabilization.

Bimolecular complexes formed from 4-repeat sequences

The effect of loop length on the formation of multimeric assemblies have been tested with the G4 forming sequence (dGGGWiGGGWjGGGWkGGG), (i, j, k = 1 to 3 or 4, W = A or T with equal probability) in 150 mM NH4OAc. 710 The propensity for dimer and trimer formation is favored by short loops and these assemblies are most likely parallel. Dimerization was observed when the sequence contained single-nucleotide loops. Larger central loops restrict the stoichiometry to a monomer while 3′ end loop has a larger impact than the 5′-end loop on the formation of higher-order G-quadruplex assemblies.

For the c-myc oncogene promoter sequence Pu22myc dGAG3TG4AG3TG4AAG, ion mobility experiment shows the formation of a parallel dimer structure in vitro. 710 Later studies showed that other c-myc G4 sequences such as dG4AG3TG4AG3TG3 and dTGAG3TG4AG3TG4AAG2 tend to dimerize in 100 mM NH4OAc. 977 With unambiguous determination of the stoichiometries, ESI-MS highlights one of the caveats in using short oligonucleotides as models for in vitro biophysical studies. If the chosen model oligonucleotide is too short (e.g., when the G-quadruplex unit is starting and ending with a guanine), unexpected phenomena can occur in vitro (e.g., multimer formation).

Concentration-dependent dimerization by sequences T30923 dG3TG3TG3TG3T and T30177 dGTG2TG3TG3TG3T in presence of NH4 + have been studied by ESI-MS, with a determination of the amount of monomer and dimer formed with NH4 + (Figure 54). 978 For T30923 at 20 µM, the monomer dominates, while at 100 µM strand concentration the major peak corresponds to a stacked dimer with five NH4 + ions. These observations are supported by UV melting and previous solution NMR. 978,979 The 93del sequence dG4TG3AG2AG3T exhibits a dimer peak with five NH4 + at all strand concentrations. Based on solution NMR studies an interlocked dimeric scaffold was proposed for 93del. 980 The elongation of loops by thymines can hamper the dimerization and favor the monomer conformation. Concentration-dependent dimerization of the bcl-2 oncogene dG3CGCG3AG2AAG5CG3 was also studied by ESI-MS . 981 Apart from K + and NH4 + , Na + and Pb 2+ binding to dimeric quadruplexes has been observed by MALDI-MS. 913 For dTGnT sequences with a long track of G (n = 12, 13) can form some dimer and it is favored at high NH4OAc concentration. 904 Sequences with even longer G-track (n = 14-20) folded in dimeric structures in 150 mM NH4OAc while at 10 mM NH4OAc the monomeric species predominates.

The comparative ESI-MS study with 12-, 22-and 45-nt telomeric DNA (TTAGGG repeats) and their RNA counterparts (UUAGGG repeats) showed different self-assemblies in 150 mM NH4OAc. 899 The shorter DNA sequences d(TTAGGG)2 and dAGGG(TTAGGG)3 predominantly formed monomeric species with a minor population of dimers, while the RNA counterparts formed dimeric and tetrameric assemblies. Longer sequences dGGG(TTAGGG)7 and rGGG(UUAGGG)7 form monomers. The number of trapped NH4 + ions (five) indicates a cation-induced stacking of two RNA G4 subunits. In a subsequent study, in NH4OAc, ESI-MS identified monomers species for all 4 or 8-repeat telomeric DNA and 8-repeat RNA sequences, while for 4-repeat telomeric RNA the dimers predominate. 709 Tonomeric structure is however always favored in TMAA+KCl. 899 Sr 2+ stabilized a dimeric assembly from the telomeric sequence dAGGG(TTAGGG)3. 923 4. 3.3.2 Tetramolecular G-quadruplexes 4.3.3.2.1 [TGnT]

and analogues

The formation of a tetramolecular G-quadruplex depends on the length of guanine tracts and the number of the flanking bases in a given sequence. The first three G-quadruplexes reported by mass spectrometry were the tetramolecular assemblies (dCGCG5CG)4, 982 (dT2G5T)4, 507 and(dTG4T)4. 926 The tendency of fifteen guanine-rich sequences to form tetramolecular G4 was studied by ESI-MS. 983 The impact of 9 different substitutions at each guanine of the sequence dTG5T on the formation kinetics of the tetramolecular quadruplex (dTG5T)4 has also been studied by UV absorption and ESI-MS. 903 The number of bound NH4 + ions gives information about the number of effective G-quartets in the quadruplex. (n-1) ammonium ions are found in the (dTGnT)4 quadruplexes (Figure 55B). With the 8oxoguanine mutation, four ammonium ions were detected in the tetramer (dT8GGGGT)4, suggesting that this modified tetrad forms a sufficiently stable architecture to keep the coordinated ammonium ion sandwiched between adjacent G4-tetrads. However, for all other modifications, an average of less than four ammonium ions is detected (Figure 55C). MS/MS on the tetramolecular quadruplexes show a sequential loss of the ammoniums as a function of the collision energy. Depending on the nature of the modification, different kinetics stabilities have been observed 903 . Substitution of deoxyguanosine with 8-aza-3-deaza-2'-deoxyguanosine interrupts the formation of quadruplex structures for the (dTG3AG)4 sequence as shown by the lower population of tetra-molecular species in ESI-MS. 984 Four contiguous guanines is not absolutely required to obtain a tetramer (see also section 4.3.3.2.2).

In NH4OAc, sequences with longer G tracts (dTGnT, n = 5-20) can form G-quadruplex trimers, dimers, and monomers in addition to the tetramers depending on n (Figure 56) and the concentration of NH4OAc. 904 For n = 5-8, tetramers predominate; for n = 9-12 dimers and trimers were detected, for n = 13 or 14, monomers without ammonium (unfolded) are present in 10 mM NH4OAc and dimers in 150 mM NH4OAc. For n=15-20 only monomers with two ammonium ions are detected in 10 mM NH4OAc, while dimers are detected in 150 mM NH4OAc. Based on the stoichiometry unraveled by ESI-MS for [(dTG15T)4•(NH4 + )2], a 3-quartet parallel-stranded model with three guanine loops was proposed, 904 a topology later confirmed by NMR spectroscopy. 985 Time-resolved ESI-MS revealed the pathways of NH4 + -induced self-assembly of dTGnT (n = 5-6) and the existence of kinetically trapped pentameric assemblies during the process, 512 such as tetrameric and pentameric assemblies detected with (n-2) and (n-1) bound NH4 + , respectively. These stoichiometries experimentally confirm the existence of slipped-strand structures, which had been suggested by molecular modeling. 986,987 For dTG4T, only tetrameric species with three bound NH4 + were observed. Methanol accelerates the formation of the G4s. Cao et al. could prepare mixed tetramolecular G-quadruplexes when mixing dTG4T and dTG5T and slowly annealing the preparation. 988 Tetramolecular G-quadruplexes can also be formed in potassium and observed in ESI-MS. The first sample preparation is an annealing of the strands in potassium, followed by dilution in NH4OAc. ESI-FTICR spectra showed a 3-quartet tetramolecular quadruplex formation with three bound cations for sequences dT4G4T3 and dT4G10T3. 989 A more robust preparation mixture with potassium for ESI-MS is 1 mM KCl in 100 mM trimethylammonium acetate. 198 4.3.3.2.1 [(dTG4T)4•(NH4 + )3]: a model system to test gas-phase structural characterization methods. The parallel-stranded tetramer formed by dTG4T is easy to prepare and has a predictable structure. In ammonium, its detection with three specific NH4 + ion bound, i.e. [(dTG4T)4•(NH4 + )3], ensures one deals with a preserved G-quadruplex, and molecular modeling confirms that the structures are very stable in the gas phase, owing to the ionic interactions. Our group extensively used it as a benchmark for testing gas-phase methods on a known structure, for example molecule for gas-phase structural modeling, 706,724 gas-phase HDX-MS, 671 ion mobility spectrometry 700,706 (the CCS of the 5-charge state equals to 785 Å 2 in helium and 1000 Å 2 in nitrogen), gas-phase infrared action spectroscopy, 749 UV action spectroscopy, 693,753 and electronic circular dichroism ion spectroscopy. 190 In contrast with the duplexes discussed above (section 4.3.1.6), the collision cross section of [(dTG4T)4•(NH4 + )3] is narrow and rather insensitive to the charge state, even in the presence of supercharging agents. This is a further proof of the rigidity of the complex in the gas phase. The IRMPD spectra of tetrameric quadruplex, (dTG4T)4 and its corresponding single strand showed a similar spectral signature in the PO2 -vibrational region but the C=O stretching mode. 749 The redshift for the G-quadruplex is attributed to the H-bonding between guanine C=O and other bases and NH4 ions. 

Other tetrameric G-quadruplexes

NanoESI-MS detected tetramolecular assemblies with sodium adduct for the tetrahymena thermophila telomeric sequence dTG4TTG4T. 990 The parallel CD signature would support a model involving a stacked dimer of parallel-stranded bimolecular G4s. Another G4 sequence, the anti-HIV aptamer dTG3AG, can form a mixture of conformations including monomer, dimer, trimer, tetramer, and octamer (by stacking two tetramers) species as evident from the ESI-MS spectrum in 150 mM NH4OAc. 630 The self-assembly kinetic pathways of dTG3AG and its 5'-end conjugated analogs were studied by ESI-MS to understand higher-order quadruplex folding pathways. The rate of G4 tetramer and octamer formation was not affected by the derivatizations at the 5'-end. Similarly, dTAG3T can form monomeric, dimeric, and tetrameric assemblies revealed by nanoESI-MS. 991 It has been proposed that oligonucleotides with the d(AGnA) motif (n = 4 or 5) form slipped-strand tetramolecular G4s in acidic ammonium ions solutions. 992 

Other sequences & higher-order assemblies

Apart from the tetramolecular and bimolecular conformations, some G-rich sequences can produce higher-order assemblies by multimerization between several G-quadruplex units. NanoESI-MS showed the presence of tetramer and octamer species for the sequence dGGGT at two different strand concentrations, which were supported by solution-NMR and UV studies. 993 The ESI-MS spectra of dTGGTGGC showed the presence of tetrameric assembly, while dCGGTGGT and dCG4T indicated tetrameric and octameric species in 150 mM NH4OAc. 629 ESI-FTICRMS showed three and four NH4 + stoichiometries for (dCGGTGGT)4 and (dTGGTGGC)4, respectively, indicating a structural difference between the two tetrameric units. The incorporation of four NH4 + in the tetramer and eight NH4 + in the octamer for dCG2TG2T reflects the stacking of each tetrameric subunit within the octamer. Also, the dimerization of the tetramer to octamer was marked as the rate-limiting step during the interconversion process from monomer to the octamer.

Structural variations and preferences for self-organization among r(AGG)nX, r(CGG)nX, and r(UGG)nX trinucleotide repeat sequences (n = 2 or 4, X =A, C or U) have been studied by ESI-MS in conjugation with solution spectroscopic methods. 902 The ESI-MS spectrum of r(AGG)2A revealed monomeric and tetramolecular assemblies, while r(AGG)4A formed bimolecular assemblies with three NH4 + . The NH4 + distribution suggested the cation-mediated stacking of four-quartet structures for both. rG(CGG)2C forms bimolecular (major) and tetramolecular (minor) assemblies. For bimolecular species, no ammonium ion adducts were detected which suggests the absence of G-quartet and thus the formation of mismatch-containing hairpins. For tetramolecular species the voltage-dependent study suggested the involvement of two NH4 + and thus the formation of three G-quartets. In contrast, rG(CGG)4C formed monomeric species (major) and bimolecular species (minor). The broad ammonium ion distribution at low bias voltage (soft condition) makes it difficult to interpret the G-quartet presence. p(UGG)2U (here "p" indicates that the RNA sequence starts with a phosphate group) showed monomeric and tetra-molecular assemblies in the ESI-MS spectrum. The progression of the ammonium ion distribution upon increasing bias voltage demonstrates the coordination of two ammonium ions in the structure for tetra-molecular species. For p(UGG)4U bimolecular assemblies detected with three NH4 + ions. This adduct distribution suggested the stacking of four G-quartets stabilized by NH4 + coordination. This comparative ESI-MS analysis proposed that r(AGG)4A and p(UGG)4U fold into bimolecular G4s while for rG(CGG)4A the results suggest the formation of hairpin conformations.

Modification of the phosphodiester backbone on the G-quadruplex formation has been studied by incorporation of an acyclic threoninol (aTNA); a sugar deficient backbone. As a function of the position of the aTNA on the sequence, the formation of a tetramolecular quadruplex is probed using ESI-MS. 994 Birrento et al. studied the formation of a bimolecular G4 and the hybrid duplex DNA/RNA by ESI-MS. 975 The results showed the detection of bimolecular G4 from telomeric DNA and hybrid DNA/RNA duplex in presence of RNA sequence. ESI-MS was able to show the loss of bimolecular structure signal and the increase of relative abundance of hybrid duplex. In addition, they studied the binding of both G4 and double strand with berberine that will be commented in the following section. Later, Tan et al. reported the dimerization of RNA G4 formed by miR-1587 by using ESI-MS and tandem MS. 995 The results showed that high concentration of NH4 + (100 mM) or molecular crowding environment such as methanol induced the formation of dimeric G4.

In summary, G-quadruplexes are most often observed as intramolecular, bimolecular, and tetramolecular species, and stacked subunits thereof. Mergny et al. had set the challenge to build a trimolecular G-quadruplex, which was successfully achieved by templating the self-assembly from three different subunits to form tri G-quadruplex, which was characterized by ESI-MS in 100 mM NH4OAc solution. 996 Another intriguing construct consists of sequences with both a G-tract and a Ctract that, depending on the sample preparation method, form G-quadruplex and i-motif hybrids. 997 

i-motifs

Modi et al. studied the tetramolecular i-motif structure created from two DNA and two PNA strands by nanoESI-MS. 998 The mass spectra, together with CD and NMR spectroscopy, confirm the formation of tetrameric species. Later, the formation of tetrameric i-motif structures was reported by IRMPD spectroscopy and IM-MS. 711,999 Rosu et al. discussed the infrared spectroscopy of the dC6 tetramer imotif structure, 711 which is markedly different from the dC6 single strand due to the broadening of the band at 1650 cm -1 related to the formation of the hemi-protonated C-H + -C base pair. The modeling of IR spectra showed that this broadening is due to blue-shifts of the NH2 scissoring modes and red shifts of C=O stretching modes.

Cao et al. reported interstrand i-motifs formed by several sequences containing a CCCC stretch, with different base residues located at the 5' and 3' termini. 988,1000 The results showed that a non-C base residue located at the 5'-end favored the formation of tetrameric structures with stabilizing effect of thymine bases. In addition, they observed the formation of hybrid i-motifs with penta-and hexastrands (Figure 58), and detected trimeric ions when they applied collision-induced dissociation to tetramolecular ions. In another study, the impact of the length and position of a guanine repeat on the formation of tetrameric i-motif structures was studied by ESI-MS. 997 The results showed that sequences dTGmACn (m < n) formed a stable tetra-stranded i-motif with relative long G-repeats at two ends. In addition, dTG4AC7 is able to form nanowire structures composed of antiparallel tetrameric imotifs and parallel tetrameric G4s under acidic conditions in the presence of potassium cations. Apart from tetrameric structures of i-motif, Garavis and co-authors reported the formation of dimeric small i-motif structures by NMR and ESI-MS. 1001,1002 The results confirmed a bimolecular i-motif stoichiometry formed by A and B boxes of human centromeric alpha-satellite DNA. PNA i-motifs also formed high-order assemblies such as dimeric, trimeric and tetrameric structures (see section 4.3.6). 60). 1003 The results showed the formation of kissing heterodimers stabilized by the stacked adenines in the GACG loop. The control sequence with mutated GUGG loop indicated only the formation of a monomeric hairpin and absence of dimeric structures. Later, Abi-Ghanem et al. reported the effect of wobble base pairs on the formation of RNA kissing complexes by native ESI-MS. 1004 The results revealed that the position and the nature of G•U wobble base pairs in the loop could influence the formation of kissing complexes due to the electrostatic phenomena of the entire loop region. Recently, the same authors investigated RNA hairpins and their kissing complexes by native ESI-IMS and molecular dynamics. 697 Both the RNA hairpin and kissing complexes showed more compaction in the gas-phase than in solution for low charge states at 150 mM ammonium acetate and in presence of Mg 2+ . Then, high-level structure optimization was applied to understand the discrepancy between experimental and predicted CCS values. The results showed that base pairs are preserved but backbone rearrangements are responsible for this compaction. The interaction of a kissing-loop with proteins was also studied by nanoESI-FTICR (see section 4.6.3). 1005 Fabris et al. studied extensively the specific interaction between HIV-1 nucleocapsid protein and RNA involved in genome's packaging by nanoESI-FTICR. [1006][1007][1008] The results showed two distinct binding sites on the apical loop and stem-bulge of the monomeric stemloop 1 (SL1) structure, which contains the dimerization initiation site. The stem-bulge provided feasible binding sites in both the kissing-loop and the extended duplex forms of dimeric SL1. In the subsequent publications, SL3 and SL4 domains were also investigated. Binding to the apical loop competes directly with the annealing of self-complementary sequences to form a metastable kissing-loop (KL) dimer. In contrast, binding to the stem-bulge affects indirectly the monomer-dimer equilibrium by promoting the rearrangement of KL into the more stable extended duplex conformer.

PNA self-assemblies

Peptide nucleic acid (PNA) probes can self-assemble among themselves to form various multimeric construct which mimics G4 architecture. They can be used as a G-quadruplex ligand or they can hybridize to quadruplex in presence of a G4 template or GC-rich double helix DNA in addition to their self-assembling behavior. 1009,1010 In both scenarios, ESI-MS can be used to determine the stoichiometry of the noncovalent complex and the PNA-G4 hetero quadruplex. H/D-exchange MS can be further used to probe additional information about the H-bonding network in the complex.

The first G-quadruplex based only on PNA was studied by Krishnan-Ghosh et al. by nanoESI-MS. 189 The results indicate the formation of a G4 structure in both water and D2O. The H/D exchange showed the deuteration of only 13 sites per monomer. The other six protons were protected and involved in the formation of the three tetrads of the G4. Later, Paul et al. reported the formation of hybrid PNA/DNA G4s from the interaction of G-rich PNA and three repeat guanines fragment of telomeric DNA by nanoESI-MS. 1011 They detected bimolecular complexes associated with NH4 + and K + . PNAs having two G-tracts separated by an abasic linker can invade 3 quartets intramolecular G4s with long loops to form higher-order intermolecular hetero quadruplex with 5:1 and 6:1 PNA:DNA stoichiometries, which was confirmed by SPR. 1012 C-rich PNAs can bind to G4s to form an hetero DNA-PNA duplex. 1013 Datta et al. reported the G4 formation between the PNA sequence H-G4T4G4-Lys-NH2 and homologous DNA strands by ESI-MS in positive mode. 1014 The results showed the formation of both dimeric and tetrameric G4 structures in presence of potassium, with a preference of dimeric quadruplex. NanoESI-MS identified the dimer ion peaks for self-templating PNA oligomer (GSSG). 1015 The adduct distribution indicates the formation of a bimolecular PNA quadruplex which is further supported by the H/D exchange. Similar to DNA quadruplexes, G4-PNA was selective for K + over Cs + .

The formation of PNA i-motifs was also studied by nanoESI-MS coupled with H/D exchange. 211 ESI-MS allowed to detect dimeric, trimeric and tetrameric structures. In order to study the non-covalent interaction in solution, hydrogen bonding of the dimeric species before and after H/D exchange showed that the five sites of hydrogen involved in N3 of the C-H + -C base-pair formation were the strongest and less exposed to H/D exchange.

Probing intramolecular folding

In general, the mass measurement alone will not tell something about folding, with the exception of G-quadruplexes where specific cation binding indicates folding. For all other cases, one must use other mass spectrometry-based methods such as (1) observing the changes in charge state distribution, (2) solution or gas-phase reactivity, (3) ion mobility spectrometry, or (4) ion spectroscopy.

Hairpins, pseudoknots and cruciforms

Hairpins are a common secondary structure of RNA, and can also form in DNA. The interactions between hairpins (kissing complexes), between hairpins and ligands, 1016,1017 and between hairpins and proteins 763 have been studied by different MS techniques. These studies will be described in section 4.6.3.

In 2005, Guo et al. probed the intramolecular folding of DNA hairpins and single strands by ESI-MS. 1018 At high ammonium acetate concentrations, the charge state distribution was centered on lower charges for linear strands than hairpins of the same composition. Increasing the cone voltage and ammonium acetate concentration decreased the average charge state. By calculating the fraction of peak area of the most intense peaks and an internal standard, the authors found a higher response for the hairpins than for the linear strands.

Yu et al. reported different covalent probes and their cocktails to study the base pairing pattern in RNA hairpins. 763 They also characterized the complex formed by the RNA hairpin of HIV-1 and the nucleocapsid protein. The results showed that the loop bases of the hairpins were more exposed to modifying reagents in free RNA, but were effectively protected in protein-hairpin complexes.

Several fragmentation techniques (EDD, IRMPD, activated ion (AI) EDD, and EDD/IRMPD MS 3 ) were used to characterize three 15-mer DNA hairpins. 656 EDD, AIEDD and EDD/IRMPD generated different cleavage patterns, with less backbone fragmentation for the most stable structures in solution. EDD also provided additional structural information thanks to the preservation of non-covalent interactions. In contrast, IRMPD showed extensive backbone cleavage with no structural sensitivity.

Baker et al. studied the stability of various secondary structures such as hairpins, pseudoknots and cruciforms by ion mobility spectrometry. 696 The hairpins are more extended for high charge states than for low charge states at low ammonium acetate concentration (5 mM), presumably because they became single strands. The pseudoknot conformation is more stable than the hairpin because of the extra WC base pairs. In another ion mobility spectrometry study, molecular modeling showed that hairpins electrosprayed from 150 mM NH4OAc (between 0.2 and 0.25 charges/phosphates) are more compact in the gas phase than in solution, because neutralized (protonated) and charged (deprotonated) phosphate groups form non-native hydrogen bonds in the gas phase. 697 Kissing complexes between hairpins undergo the same kind of compaction.

Intramolecular G-quadruplexes

As in intermolecular G-quadruplexes (section 4.3.3), specific cation binding observed by ESI-MS can directly inform on the folding, given that n specific cations bound indicates n+1 stacked G-quartets. Most of the G-quadruplexes studied by ESI-MS are mentioned in Table 3 in section 4.5.3. Besides, the various monovalent and divalent cation-induced stabilization of G-quartets have been described in section 4.2. In this section, we will describe specific gas-phase experimental approaches, which can be coupled with native MS to provide structural information on G-quadruplex structures.

Choice of ESI electrolyte and validation of native solution folding in ESI condition

Native MS of quadruplexes was typically performed in NH4OAc (10-150 mM, pH 7.0). In some reports, adding co-solvents (ethanol, methanol, hexafluoroisopropanol, isopropanol, acetonitrile) has been recommended to increase the signal-to-noise ratio, but the risk is to induce conformational changes (section 4.3.3.3). 505,513,514 Generally NH4 + adducts have a lower gas-phase kinetic stability for antiparallel conformations, but consequently the number of bound cations does sometimes not completely match with the number of G-quartets. 300,707 For studying intramolecular G-quadruplexes, NH4OAc has also the disadvantage to enable bimolecular G-quadruplex formation from parallelstranded topologies, alongside with the intramolecular ones. This was observed for example for some c-myc sequence variants 977 and for RNA telomeric G-quadruplexes (Figure 60B). 709,899 Marchand et al. introduced the use of trimethylammonium acetate (TMAA) + up to 1 mM KCl to study quadruplex folding and ligand binding in K + . 198 In TMAA/KCl, DNA and RNA sequences from four and eight repeats of telomeric DNA and RNA (TTAGGG and UUAGGG) were all (intramolecular) monomers (Figure 60). 709 In contrast to NH4OAc, TMAA/KCl can does not favor multimer formation while probing intramolecular G-quadruplex sequences (compare Figure 60B and Figure 60D). A disadvantage of TMAA/KCl is the lower signal-to-noise ratio compared to NH4OAc. Another drawback is that, at 1 mM K + , G-quadruplexes are less stable than in the usual high KCl buffer used in solution NMR and other biophysical experiments, or than in 150 mM NH4OAc (in Figure 60, the 2-cation adduct is more prominent in NH4OAc than in TMAA/KCl). As a result, the formation of misfolded and non-folded sub-states can occur to a significant extent. Moreover, since they are inherently polymorphic, there is a possibility of formation of an alternative fold in 1mM K + . To clarify this issue, Ghosh et al. performed a systematic solution spectroscopic (CD, UV melting, and 1 H NMR) verification of the conformations of 28 intramolecular G-quadruplexes in native MS conditions (TMAA+KCl) and built an online database (https://ericlarg4.github.io/G4_database.html) of G4 sequences with sufficient stability and validated structures. 200 Parallel topologies are however overrepresented in the database due to the lower stability of antiparallel and hybrid topologies in TMAA/KCl. In the future, this can be used to choose target sequences for MS-based ligand screening assay, and more sequences with unusual folding can be incorporated.

An excellent study by Su et al. investigated the folding of the human telomeric DNA sequences dA(GGGTTA)3GGG in Na + and in K + using photocrosslinking of thymines into anti cyclobutene thymine dimers, and revelation with mass spectrometry. 1019 Such procedure did not require performing MS in native conditions. The study concluded that two hybrid structures and a basket-type antiparallel configuration coexist in potassium.

Folding thermodynamics inferred from temperature resolved ESI-MS

Thermal denaturation of intramolecular G-quadruplexes was studied by native mass spectrometry using a temperature-controlled nanoESI source (Figure 61). 638 Traditional UV and FRET-based melting experiments can only monitor the signal of population-averaged species and a two-state model is assumed during fitting. [1020][1021][1022] However, the abundance of different sub-states (based on K + stoichiometry) can depend on the temperature during different enthalpy/entropy driving forces. For the sequence dTT(GGGTTA)3GGGA, only two stoichiometries were observed: 2-K + (3-quartet) and 0-K + (unfolded single strand). 199 In contrast, for dTA(GGGTTA)3GGG, a 2-quartet (1-K + complex) ensemble is observed and, upon temperature increase, its relative abundance first increases before total melting. This study used the cation binding stoichiometry states (0-K + , 1-K + , 2-K + ) to infer the abundances of three folding states (unfolded, 2-quartet and 3-quartet) and the G-quadruplex folding thermodynamics. Van't Hoff analysis shows that in all cases K + -induced quartet formation is enthalpically favorable, but surprisingly the formation of the 2-quartet G-quadruplex is entropically favorable. This was rationalized in terms of predominant entropic contribution due to release of water molecules upon K + binding in the triplet and the less prominent rigidification of the system compared to ion binding in-between two G-quartets. This approach was extended to multidomain (G-quadruplex/duplex hybrids and two-domain G-quadruplex homodimers) analytes, giving access to thermodynamics parameters of each unfolding step individually. 639 Unfolding events were detected by changes in mass caused by losses of potassium cations for G-quadruplex domains, or complementary strands for duplex domains. It was evidenced that duplex domains can be destabilized by quadruplexes at either their 5' or 3'-ends, but are conversely stabilized when both ends are G-quadruplexes. Stacking of consecutive G-quadruplex domains was also found to be energetically favorable, although the stacked interface melts at relatively low temperatures (< 40°C) compared to the G-quadruplex units themselves.

Using a T-jump electrospray source, one can also study the reincorporation of the K + as a function of time. 632 This allowed to determine the association and dissociation rate constants for the 1-K + binding to the sequence dA(GGGCTA)3GGG, which was too fast to be characterized by manual mixing. 199

Ion mobility spectrometry

Ion mobility measurements demonstrated the preservation of G-quadruplex structures in isolated deoxyguanosine clusters. 864 NanoESI-MS of d(T2AG3)4 and d(T2AG3)6 revealed the presence of singlestranded species, yet without NH4 + as dominant peaks. 707 Therefore, additional ion mobility in conjugation with molecular modeling was performed to understand whether quadruplex folding was retained in the ESI condition. The theoretical CCS values for the antiparallel chair and basket topologies (with and without two NH4 + ) for d(T2AG3)4 agree well with the experimental CCS values of the 5-charge state. Similarly, for d(T2AG3)6, antiparallel chair or basket conformation was proposed with flanking G-rich segments in the 5'-or 3-end or one on each end. The shorter sequence dGGG(TTAGGG)3 also adopts an antiparallel conformation based on ion mobility and molecular modeling analysis. 708 However, a clear distinction between chair and basket forms was not possible based on CCS values, and CCS values did not change significantly upon NH4 + loss. Two sequences from the c-myc oncogene d(GAGGGTGGGGAGGGTGGGGAAG) and d(TGGGGAGGGTGGGGAGGGTGGGGAAGG) have ion mobility data in line with a parallel-stranded conformation in solvent-free conditions. 708 For both telomeric and c-myc sequences, the conformations predicted from ion mobility and molecular modeling adopted the same fold as those of solution NMR derived topologies, which validates the hypothesis of preservation of solution memory in electrospray condition. 296,1023,1024 The lowest charge states usually give a compact conformation while for higher charge states, extended and partially unfolded conformations were observed, presumably due to Coulomb repulsion. Ion mobility analysis in TMAA/KCl showed a marked difference between peak shape for 0-K + and 2-K + complexes, strongly suggesting a memory of the solution-phase conformation into the gas phase. 200 However, the longer the sequence, the broader the peaks and the lesser the difference between specifically folded and single-stranded compact conformations. Comparing the experimental CCS values with the theoretical model conformations from four and eight repeats of telomeric DNA and RNA (TTAGGG and UUAGGG) revealed that preservation of the folding of the solution structure in the gas phase is possible to some extent, but the structures may not be identical because of the charge state dependent rearrangement pathways in the gas phase. 709 In conclusion, structural validation based on ion mobility data alone is tricky. Higher-level quantum calculation methods might be essential to account for the rearrangements during desolvation and declustering processes. Yet, when the peaks are broad, many proposed structures can potentially be compatible with the results (Figure 62), and assigning a topology based on ion mobility spectrometry alone is challenging. 

HDX/MS of G4

For intramolecular G-quadruplexes, adducts with monovalent and divalent cations may be due to nonspecific electrostatic interactions originating from the electrospray process. Gas-phase HDX reactivity may help distinguish secondary structures. Divalent metal ions (Sr 2+ and Ba 2+ ) bind specifically to thrombin binding quadruplex aptamer d(GGTTGGTGTGGTTGG). 670 Gas-phase H/D exchange data revealed more protection of exchangeable sites in the presence of Sr 2+ and K + due to metal ion-induced stabilization of quadruplex structures in the gas phase. However this is not necessarily general: for the (dTG4T)4 tetramer, gas-phase HDX was faster than for DNA duplexes or corresponding single-stranded species. 671 To date the general applicability of gas-phase HDX-MS has not been assessed.

In contrast, solution HDX integrated with nanoESI-MS showed a slow exchange of the (pTG3)4 tetrameric PNA quadruplex due to the formation of an H-bonded network by the guanines. 189 Largy and Gabelica established a robust workflow coupling native ESI-MS to solution HDX to probe the exchange rates of structured oligonucleotides over a wide time range (see section 3.3.1.4.1). 771 In TMAA/KCl solutions and "soft" conditions, the non-G4-forming control 24nonG4, whose sites are all available for exchange, is fully exchanged within a second. Conversely, the G4 24TTG exchanges much more slowly (several unexchanged sites after 5 minutes; Figure 63A), because some sites are H-bonded in G-quartets. The exchange kinetics can highlight the influence of potassium concentration on G4 conformation dynamics: the 3-quartet conformation of the G4 222T (222T•2K + ) exchanges more rapidly at low K + concentration where it is destabilized (Figure 63B). Moreover, working under native MS conditions gives simultaneous access to the individual exchange rates of each binding stoichiometry. Hence, three conformers of 222T were mass-separated following their K + stoichiometry, showing that the 2-quartet conformation of 222T•1K + exchanges faster than 222T•2K + , and 222T•0K + exchanges within a second owing to the absence of H-bonding (Figure 63B,C). 

Ion spectroscopy

The hydrogen bonding status can be probed by vibrational spectroscopy. IRMPD spectra of the human telomeric DNA sequence, 749 dGGG(TTAGGG)3 in the gas phase showed the distinct difference of C=O stretching frequency compared to its single-stranded analog (0-K + adduct generated by activation in source) or the shorter single strand dTTAGGG (Figure 64). The redshift for the guanine C=O stretching frequency is explained based on cation induced H-bonding network present in the quartet conformation. Note that the carbonyl stretching frequency values match well with the solution IR data, which verifies the perseveration of the cation induced H-bonding network of the quartet in the gas phase, keeping in mind water does not interfere with the C=O stretching. The base stacking pattern can be probed by electronic circular dichroism ion spectroscopy (see section 3.2.4.2 and Figure 34 therein). 190 This is especially valuable for G-quadruplexes, because parallel, antiparallel, hybrid and left-handed conformation have very distinct CD spectra. 758 The advantage of MS is the ability to obtain CD spectra for individual species that coexist in solution. For example, this was applied to the 1-K + (2-quartet) and 2-K + (3-quartet) stoichiometries formed by the sequence dTAGGG(TTAGGG)3 (Figure 65). 120 

Intramolecular i-motifs

i-motif forming sequences have been studied by IMS. 490,1025 A study combining IRMPD spectroscopy and IMS proved that, for a model sequence of (dC6)4, the IR signature of the tetrameric i-motif structure contains a clear broadening of the band at 1650 cm -1 due to the formation of the hemiprotonated C-H + -C base pair. Based on this signature, it was concluded for the intramolecular telomeric i-motif forming sequence d(CCCAAT)3CCC that the compact structures observed by IMS had retained C-H + -C base pairs, while the extended structures had not. 1025 For this 21-mer, the i-motif structure was well preserved for charge states 4-and 5-, while charge state 6-was sensitive to collisional unfolding. Garabedian et al. have also observed, by nano-electrospray trapped ion mobility spectrometry-mass spectrometry (nanoESI-TIMS-MS), compact conformations for telomeric i-motif DNA at low pH values for low charge states, in both positive and negative ion modes, and partially folded i-motif structures for higher charge states. Later, the Gabelica group reported the behavior of the i-motif structure of human telomeric by IMS as a function of pH and ionic strength. 263 The surprising results were that, on single stranded structures (C-rich sequence at high pH or single-stranded control), the ionic strength of the solution had a huge effect on the compactness of the gas-phase structures. This was ascribed to the charging process (CEM versus CRM) changing for intermediate charge states depending on the solution's ionic strength. This study highlights the importance of proper control experiments (with oligonucleotides of the same length and similar sequences), so that ion mobility mass spectrometry can be used to distinguish i-motifs folds from non-folded forms.

Native mass spectrometry has also been applied to study i-motif DNA sequences, for example to distinguish monomers from dimers, 1002,1026 or to study the binding of a small molecule ligand to the telomeric i-motif forming sequence. 1027 In a recent work, the interaction between the Bcl-2 oncogene promoter i-motif DNA and flavonoids has been studied by ESI-MS and pressure-assisted capillary electrophoresis frontal analysis (PACE-FA). 1028 The results showed that three natural flavonoids have clear affinity for i-motifs. The authors compared the determination of equilibrium association constants (KA) by ESI-MS and PACE-FA, they found values agreeing within 25%. In addition, the collision induced dissociation (CID) was applied to the 1:1 complex to verify fragmentation pathway of imotif/flavonoids complexes. MS/MS results indicated dissociation and loss of ligand at low collision energy (17%), suggesting a weak binding affinity for i-motif.

4.5 Nucleic acid complexes with small molecule ligands 4.5.1 Duplex ligands 4.5.1.1 Minor groove binders 4.5.1.1.1 Stoichiometries Mass spectrometry has been used to characterize the interaction of duplexes with the common minor groove binders (see Chart 4 for the scheme of some ligands) DAPI, [START_REF] Rosu | Electrospray Mass Spectrometry to Study Drug-Nucleic Acids Interactions[END_REF]489,506,525,609,655,[1029][1030][1031] netropsin, 489,506,521,525,609,655,1029-1034 berenil, 506,525,609,622,655,1035,1036 distamycin A, [START_REF] Beck | Electrospray Ionization Mass Spectrometry of Oligonucleotide Complexes with Drugs, Metals, and Proteins[END_REF][START_REF] Rosu | Electrospray Mass Spectrometry to Study Drug-Nucleic Acids Interactions[END_REF]506,955,[1029][1030][1031][1034][1035][1036][1037][1038][1039][1040] pentamidine 1037 as well as the ligands Hoechst 33258, 489,506,531,595,624,655,1032,[1035][1036][1037][1038][1039]1041 Hoechst 33342 [START_REF] Rosu | Electrospray Mass Spectrometry to Study Drug-Nucleic Acids Interactions[END_REF]489,525,609,622,783,1029,1031,1035,1036,1042 and several other structures targeting the minor groove. [START_REF] Silvestri | Tandem Mass Spectrometry for Characterization of Covalent Adducts of DNA with Anticancer Therapeutics[END_REF]595,610,1033,1038,[1042][1043][1044][1045] ESI-MS revealed that minor groove binders form 1:1 and 2:1 complexes with DNA duplexes having a track of at least 4 A/T bases pairs (Figure 66). [START_REF] Beck | Electrospray Ionization Mass Spectrometry of Oligonucleotide Complexes with Drugs, Metals, and Proteins[END_REF][START_REF] Rosu | Electrospray Mass Spectrometry to Study Drug-Nucleic Acids Interactions[END_REF]489,506,521,595,609,610,622,955,1029,1034,1036,[1038][1039][1040][1041][1042][1043][1044][1045] The ratio between these stoichiometries mostly depends on the localization of ligand charges and on the sequence of the binding site. Among all the classical minor groove binders, distamycin A has the highest propensity to cooperatively form 2:1 complexes (Figure 66), 1040,955,506 with ligands arranged head-to-tail. For the other minor groove binders, ligand dimer formation is hampered because terminal charges are present on both sides. 506,1029 One exception is the bisphenothiazine RP12274, which forms 2:1 complexes with duplexes containing an AATT binding site. Molecular modeling revealed how the four alkylammonium side chains can be placed to make this possible. 610 In general, higher stoichiometries become more abundant with increasing sequence length (as more independent binding sites become available) and decreasing ligand size. 506,609,1036 For example, netropsin 2:1 (ligand:duplex) complexes cannot be detected on a 12-mer dsDNA containing one binding site 489,506,609 but could be detected with a 20-mer dsDNA bearing two AT-rich binding sites. 521 123 

Quantification and screening

Rapid ESI-MS screening of minor groove binders against dsDNA with varying fractions of GC base pairs gives information on sequence preference. Distamycin, berenil and other minor groove binders have a significantly lower affinity towards dsDNAs that contain only GC-pairs. 610,1036,1043,1045 This is in line with the known preference of minor groove binders for A/T base pairs (Figure 12), and testing duplexes of different base composition is thus a way to delineate the binding mode (groove binding vs. intercalation).

However, there are exceptions. Dicationic diamidines 349,357,1033,1034,1043,[1046][1047][1048][1049] can recognize a target site with GC base pair in addition to flanking AT base pairs through minor groove binding. MW346 has a high affinity for ATGA sequences and dimerizes upon binding in the minor groove. The selective recognition of diamidides compounds was probed using a mixed set of DNA hairpins including ATATAT, AAATTT and ATGA binding sites (Figure 67). The compound MW346 binds with a 1:1 stoichiometry to the A/T tracks and with a 2:1 stoichiometry with the ATGA site. 1050 This example shows how ESI-MS can directly and unambiguously reveals the different stoichiometries. The equilibrium association constants of duplex-ligand complexes can be determined either by ESI-MS titration 489,609,622 or from a single ESI-MS spectrum (see section 3.1.4.2.1). 610,1042 While the exact values vary depending on the experimental setup conditions, the equilibrium association constants remain within the same order of magnitude and are as follows: KA1 = 10 7 M -1 for Hoechst ligands, 489,609,622,1042 KA1 = 10 6 M -1 for DAPI and Netropsin, 489,609 and KA1 = 10 5 M -1 for Berenil 609,622 . The KA values of the 2:1 complexes are harder to obtain by other techniques than ESI-MS because the 2:1 complex is minor. 609 The determination of equilibrium association constants with several duplexes, each containing a different binding site (a different AT-rich central sequence) allowed to finely characterize the preferential ligand binding site. 609 When assessing the merits of ESI-MS compared to classical solution spectroscopic methods (fluorescence or absorption titration), it is important to use the exact same solvent condition. Such studies demonstrated the merits of ESI-MS to quantitatively screen drug-nucleic acids interactions, 609,624 provided that the experiments are carried out in the negative ion mode. 489 KA values determined in the positive mode are too low because the Coulomb repulsion between positively charged DNA and positively charged ligands destabilizes the complex in the gas phase, 489,1039 while negative ion mode analysis gives comparable results to classical solution methods.

The accurate determination of equilibrium association constants (KA) by ESI-MS titration requires a determination of the relative response factors (see section 3.1.4.2.3). The response factors of the duplex-ligand complex can be lower than those of the free duplex, even with minor groove binders that cause little deformation of the Watson-Crick duplex structure. 622,624 This means that affinities can be underestimated by as much as 40% when assuming equal response factors. Nevertheless, when comparing ligands, one usually seeks for large (orders of magnitude) differences in KA values, and using the assumption of equal response factors is in that case justified. Also, when ranking ligands, what matters is the ratio of response factors among complexes. These are less likely to change when comparing ligands having the same binding mode.

Gas-phase fragmentation of the complexes

The main CID fragmentation pathways of dsDNA complexes with minor groove binder involve strand separation and base loss, wherein the minor groove binder remains attached to a single strand. Ligand neutral loss from the duplex can also be observed for Hoechst ligands. 489,1029,1031,1035,1037,1041 The gasphase kinetic stability of duplex-ligand complexes, assessed through collision-induced dissociation breakdown curves, is higher for netropsin than for Hoechst 33258. 1032 The kinetic stability is correlated to the number of H-bonds between the minor groove binder and the A/T base pairs. Netropsin and distamycin A can form 4 H-bonds, DAPI and berenil 3 H-bonds and the Hoechst ligands are limited to 2 H-bonds (Figure 68). However, despite their low gas-phase kinetic stability, the Hoechst complexes are the most stable in solution. This example underlines that gas-phase kinetic stabilities cannot be used as a proxy to rank solution equilibrium stabilities (see section 3. IRMPD and CID were used to localize ligands on a duplex. 1031,1041 The main fragmentation pathway is strand separation. However, when using sustained off-resonance CID, base loss was less favored. 1031 It is hypothesized that the Hoechst ligands form salt bridges with the single strand, which increases the gas-phase stability. Fragmentation analysis of the ssDNA adducts confirm that minor groove binders are located at A/T rich regions. 1031,1041 Complexes between minor groove binders and dsDNA were also studied by electron detachment dissociation (EDD, 18.5 V) 1041 or by laser irradiation at 355 nm (in the presumed in-vacuo ligand absorption band). 655 Both activation methods resulted in electron detachment from the intact complex, and no fragmentation. Photon irradiation produced electron detachment only in the case of fluorescent ligands, suggesting a role of long-lived excited states in the electron photodetachment mechanism. 4.5.1.2 Intercalators 4.5.1.2

.1 ESI-MS probing of the complexes in solution

Mass spectrometry has been utilized to characterize the interaction of duplexes with simple intercalators (Chart 3) (ethidium bromide, 489,506,531,598,655,1038 amsacrine, 489,506,655 ascididemin, 506,1052 proflavine, 489,1038 (neo)cryptolepine, [START_REF] Rosu | Electrospray Mass Spectrometry to Study Drug-Nucleic Acids Interactions[END_REF]489,606 thiazole orange 1053 and others 489,1038,1052,1054 ), or intercalators that also bear functional groups interacting non-covalently in the grooves (actinomycin D, 783,960,1031,1035,1036,1055 echinomycin, 783,1031,1055 nogalamycin, 12,525,1016,1029,1031,1056 daunorubicin, 489,525,1029,1031,1056 doxorubicin, 489,598,655,1057,1058 mitoxantrone 489,593,928 and others [START_REF] Rosu | Electrospray Mass Spectrometry to Study Drug-Nucleic Acids Interactions[END_REF]382,531,592,593,596,[1057][1058][1059] ), bis-intercalators, 599,1055,1060-1063 alkylating intercalators (hedamycin, [START_REF] Beck | Electrospray Ionization Mass Spectrometry of Oligonucleotide Complexes with Drugs, Metals, and Proteins[END_REF][START_REF] Silvestri | Tandem Mass Spectrometry for Characterization of Covalent Adducts of DNA with Anticancer Therapeutics[END_REF]1064,1065 psoralens, [START_REF] Silvestri | Tandem Mass Spectrometry for Characterization of Covalent Adducts of DNA with Anticancer Therapeutics[END_REF]597,794 acridine mustards, 18,1066 benzoacronycines 317 ) and metallointercalators (ruthenium complexes, 1035,1036,1039,[1067][1068][1069] Pt and Pd complexes, [START_REF] Beck | Electrospray Ionization Mass Spectrometry of Oligonucleotide Complexes with Drugs, Metals, and Proteins[END_REF]316,977 or complexes with other metals 508,934,940,1070 ). The only complexes that can be detected in the positive ion mode are those with intercalators forming H-bonds. 489 Thus, for general purposes, native MS studies on these systems should be carried out in the negative ion mode. 489,598 The stoichiometry of complexes between dsDNA and intercalators, assessed by ESI-MS, ranges from 1:1 to 8:1. 489,525,531,592,593,597,599,794,1038,[1054][1055][1056]1059,1066 One example of the diversity of stoichiometries is presented in Figure 69. The average number of intercalator ligands increases proportionally with the ligand-to-DNA ratio. 593,1029,1055,1056,1059 The fluorescence displacement of intercalators is a frequently used biophysical assay to probe duplex ligands, 1071 and ESI-MS helps to visualize the ligand displacement. 506 The presence of multiple stoichiometries deserves discussion. In the case of intercalators, this behavior is due to the multiplicity of intercalating sites on a given duplex, and thus does not necessarily reflect a non-specific aggregation during the ESI process. Yet, both would manifest themselves in the same kind of ligand binding distribution (see section 4.1.1). To test that the intercalator complexes are specific in the sense that they exist in solution, key experiments consist in comparing close ligand analogues for which the solution binding affinities were characterized separately (e.g., daunomycin, doxorubicin, and nogalamycin, 489,525,1029,1031,1056 or cryptolepine and neocryptolepine [START_REF] Rosu | Electrospray Mass Spectrometry to Study Drug-Nucleic Acids Interactions[END_REF]489,606 ). ESI-MS was found to faithfully reflect relative solution affinities.

The effect of intercalators on the DNA duplex structure in solution has been analyzed by chemical probing. Experiments with MnO4 -revealed that intercalated duplexes are more susceptible to oxidation than regular dsDNA, indicating that intercalation deforms the canonical duplex into a less compact (i.e. exposed) structure. 783 This structural change may explain the difference in ESI-MS response factors as the number of bound intercalators increases (for 1 to 2 ethidium ligands bound to a 12-mer duplex, the response factor correction is less than 25%). 622 Except for that study, the MS-derived equilibrium constants are typically not reported, as the focus was rather on comparing the ligand affinities for duplexes varying in GC-richness. Intercalators typically have a higher affinity for GC-rich sequences (Figure 70). 599,606,607,1036,1052,1055 Duplex intercalators have also often been studied by ESI-MS in the context of comparative screening against G-quadruplexes. 592,606,1052,1054,1057 Very few ligands designed as G-quadruplex binders do not interact with regular duplex DNA. Phen-DC6 is an example of a high structural specificity drug. 1053 Some duplex intercalators also target triplex DNA (section 4.5.2). Similar screening experiments revealed other ligands selectively targeting triplex DNA over duplex DNA. [START_REF] Rosu | Electrospray Mass Spectrometry to Study Drug-Nucleic Acids Interactions[END_REF]382,596,599,606,928,1052,1072 599,606,607,1052. 4.5.1.2.2 Gas-phase fragmentation of the complexes In an MS/MS experiment, the amount of intact complex for a given collision voltage depends on the fragmentation kinetics (see section 3.2.1.1.1). The correlation between the amount of fragment and the activation enthalpy (which is correlated with the interaction energy between the fragmenting partners) is valid only for fragmentation channels of similar activation entropy. A classification of the preferred dissociation pathway of the complexes is thus mandatory. The fragmentation of complexes between dsDNA and intercalators can mainly follow three paths: (1) ligand neutral loss (cryptolepine, neocryptolepine, daunomycin, doxorubicin, m-amsacrine, ellipticine, proflavine, mitoxantrone); ( 2) ligand anion ejection (actinomycin D) and ( 3) strand separation with the intercalator remaining attached to one (negatively charged) of the single strands (positively charged ligand such as ethidium). 382,489,1029,1031,1035,1054 For porphyrins with outer binding modes, Ramos et al. showed how this process depends on the number of cationic charges on the ligand. 1074 The main fragmentation path depends more on ligand charge than on ligand structure or binding mode. The other main factor is the charge state of the precursor ion. 1029,1055 Neutral ligand ejection and base losses predominate at low charge states, whereas ligand anion ejection and strand separation prevail for higher charge states. 1029,1055 CID [START_REF] Silvestri | Tandem Mass Spectrometry for Characterization of Covalent Adducts of DNA with Anticancer Therapeutics[END_REF]382,525,592,598,794,960,1029,1035,1054,1055,1059,1066 , IRMPD [START_REF] Silvestri | Tandem Mass Spectrometry for Characterization of Covalent Adducts of DNA with Anticancer Therapeutics[END_REF]597,1031,1066 and EPD 655 were used to determine the main fragmentation paths of intercalators, 382,489,525,592,593,598,598,655,1029,1031,1054,1055,1059 , bisintercalators 489,960,1031,1035,1055 and alkylating intercalators. [START_REF] Silvestri | Tandem Mass Spectrometry for Characterization of Covalent Adducts of DNA with Anticancer Therapeutics[END_REF]597,794,1066 The CID experiment on positional isomers cryptolepine and neocryptolepine bound to a duplex DNA was key to demonstrate that the intercalation was preserved in the gas-phase complexes. 489 For both ligands, the fragmentation pathway is neutral ligand loss, and thus the collision voltage required for fragmentation is directly proportional to the activation energy. Figure 71 shows that, at a given hexapole collision voltage, the complex with cryptolepine is more kinetically stable than the complex with neocryptolepine. The activation enthalpy for dissociation is thus higher for the complex with cryptolepine, which is consistent with the solution-phase equilibrium association constants, and structurally explained by a higher stabilization of the cryptolepine complex due to a more favorable dipolar interaction between N-CH3 group and the C=O of the base pair, while the N-CH3 in neocryptolepine can also cause a steric hindrance with the base pair NH2. 489 

Mismatch-targeting ligands

Macrocyclic bis-intercalators prefer mismatches because they intercalate more easily when offered a site of low thermodynamic stability. [1061][1062][1063]1075 Another design principle, tested by ESI-MS, is the formation of hydrogen bonds with GG mismatched bases and adjacent bases (Figure 72A,B). [1076][1077][1078] Coldspray ionization mass spectrometry revealed that the NC ligand binds cooperatively (2 ligands with 2 strands), 1076 forming a 2:1 complex with the duplex bearing the mismatches (Figure 72C). Triplex ligands affinity and selectivity has been assessed by ESI-MS. [START_REF] Rosu | Electrospray Mass Spectrometry to Study Drug-Nucleic Acids Interactions[END_REF]382,596,599,606,928,1052,1072 The majority of triplex ligand also bind to duplexes, therefore it is critical to assess the duplex/triplex selectivity when developing specific triplex ligands. [START_REF] Rosu | Electrospray Mass Spectrometry to Study Drug-Nucleic Acids Interactions[END_REF]382,606 Strong duplex binders such as berenil, netropsin, distamycin and acridine disrupt the formation of triplexes by stabilizing the duplex. 930 In contrast, the ligand pMQVB induces the formation of a triplex, even when a standalone triplex was not observed. 1060 The fragmentation pattern of triplex-ligand complexes has been analyzed in SORI-CID 596,928 and hexapole CID. 382 Two fragmentation channels are involved: (1) ligand loss (most often neutral loss), 382,596,928 leaving the triplex alone and (2) ejection of the triplex-forming oligonucleotide, leaving a duplex-ligand complex meaning that the ligand interacts mostly through the duplex part. 382 CID has been used in conjunction with molecular modeling to deduce the ligand binding modes (insertion through the minor or major groove) and binding sites (CGC-TAT or TAT-TAT base triplets). The ranking of the ligand interaction energies has been compared with the collision energies required to fragment 50% of the complexes. The results suggest that the ligands intercalate via the minor groove of the Watson-Crick duplex with TAT-TAT binding sites (Figure 73). 382 

G-quadruplex ligands

G-quadruplex(G4)-forming sequences are observed in all organisms including mammals, plants, bacteria, viruses, and parasites. 1079 They are involved in the regulation of several biological pathways. 192 Ligand binding to G4 structures can influence telomerase activity, helicase protein binding, replication, and transcription process. 192,900,1080 Therefore, to understand ligand binding to G4 structures, various low and high-resolution biophysical and biochemical techniques have been used during the past couple of decades. 1081 ESI-MS distinguishes itself by its capacity to detect all complexes formed in solution based on their stoichiometry (number of strands, ligands, and cations of each sort). Moreover, relative peak intensities give clues on relative binding affinities, and coupling with collisioninduced dissociation (CID) or ion mobility (IM) spectrometry can potentially bring additional information about ligand binding modes. Table 3 lists the G-quadruplex-ligand complexes studied by native MS from 2002 to 2020. The ligand structures are shown in Chart 6 and Chart 9. We will discuss here the main lessons learned by native mass spectrometry. 4.5.3.1 Ligand binding stoichiometry One of the most studied natural products is telomestatin, a macrocycle isolated from streptomyces anulatus bacteria. Telomestatin has the perfect size for stacking on a G-quartet plane. 1126 It binds to the human telomeric G4 d(GGGTTA)3GGG with 1:1 and 2:1 stoichiometries (ligand:G4) with similar equilibrium association constants, suggesting equivalent binding sites. 628,1095 Several hexaoxazole analogs of telomestatin were further developed. 424,1127,1128 Their ESI-MS spectra in the presence of human telomeric quadruplex d(TTAGGG)4 revealed a 1:1 stoichiometry for an 6OTD dimer and 1:1 to 2:1 stoichiometries for the 6OTD monomer (LSA2-6OTD). 423 Thanks to the proper size and flexibility of the linker the two 6OTD moieties of the dimer can target both terminal quartets of the quadruplex cooperatively. Therefore, an end-stacking binding mode is proposed for the parent ligand and its derivatives.

The isoflavone daidzin showed 1:1 and 2:1 complexation with the telomeric G4 dA(GGGTTA)3GGG, and again the presence of two binding sites per quadruplex structure suggests end-stacking. 1082 This was observed for example with ethidium derivatives, 607 N-methyl-mesoporphyrin IX, 926 and metallated porphyrins CuTMPyP4 and ZnTMPyP4. 989 In contrast, several polyaromatic alkaloids (berberine derivatives, chelerythrine sanguinarine, cryptolepine, neocryptolepine, ascididemin, and meridine) bind sequences adopting different G4 topologies, for example d(GGGTTA)3GGG, (dG4T4G4)2, (dTG4T)4, (dT2G5T)4, with 1:1 to 8:1 stoichiometries. 606,1052,1083,1084,1091,1092 The preservation of two ammonium ions in the complex suggests an external stacking binding mode and the 1:1 and 2:1 stoichiometries are compatible with end-stacking, but the possibility of groove binding cannot be ruled out, especially when higher stoichiometries are observed. For example, distamycin A formed 1:1 and 2:1 complexes with the parallel G4 (dT2G5T)4 at equimolar ratios, 507 although it is reportedly a Gquadruplex groove binder. 1129 Ru and Pt-based mononuclear metal complexes bind to (dT2G5T)4 to form 1:1 to 4:1 complexes. 1069,1106 The complex formation between Pt(II)-tripod ligand and human telomeric hybrid G4 dA3(GGGTTA)3GGGAA has been studied by NMR and ESI-MS. ESI-MS titration detected 1:1 complexation at equimolar ratio and higher stoichiometry at higher molar ratios. After adding 3 molar equiv. of Pt(II)-tripod, ligand-induced dimerization of G4 subunits occurred, as attested by the formation of 3:2 and 4:2 stoichiometries. NMR confirmed the monomer 1:1 and the interlocked dimer 4:2 structures and demonstrated the end-stacking with the G-quartet core (Figure 15C). 410 Other Pd and Pt metallo-rectangles complexes have been studied using ESI-MS. These studies confirm that the compounds interact with quadruplex DNA and, particularly in the case of the platinum(II) complex, a dimerization of G-quadruplex structures is observed. 977 Dicarbene Au(I) planar complexes also bind to human telomeric G4 according to ESI-MS. 1107,1108 [Au(1butyl-3-methyl-2-ylidene)2] + binds to the human telomeric G4 dTA(GGGTTA)3GGG with a 1:1 stoichiometry whereas (Au(9-methylcaffein-8-ylidene)2) shows 1:1 to 3:1 stoichiometries at equimolar mixing ratio. Simultaneous binding of three ligands is confirmed by X-ray crystallography, showing two ligands at the 5'-end of the G4 and one ligand at the 3' end. 1107 In summary, the binding stoichiometry inferred from ESI-MS can give clues about the ligand-binding mode (for example based on the number of known binding sites), and help formulate structural hypotheses that can be tested by NMR or X-ray crystallography. The preservation of specific cations along with ligands suggests the absence of intercalation binding mode of most ligands. However, it is not possible to distinguish between groove binding or end-stacking based solely on the stoichiometry. The detection of high ligand stoichiometries pinpoints additional binding sites, possibly nonspecific interactions with the grooves, loops or phosphate backbone of the quadruplex.

Ligand binding affinities and selectivities

From the relative intensities of the complexes and free target, the equilibrium association constants can be determined for each stoichiometry, or at least relative estimates of the binding affinities (section 3.1.4 for details). Comparing ligand affinities can be used to select the best ligand for a given target. For example, it was used to test different ligand substitutions on organometallic complexes. 786 NanoESI-MS spectra of the human telomeric G4 d(T2AG3)4 with different cyclo[n]pyrroles (n = 6-8) showed 1:1 complex formation, and the relative binding affinity from ESI-MS was rationalized in terms of size and location of the positive charge in the macrocycle. 1098 The smaller size porphyrinoids binds strongly due to having a better superposition of the quartet with the ligand core. A positively charged ligand cyclo [6]pyrrole binds strongly compared to the neutral molecule octa-ethyl porphyrin.

One can also measure relative affinities to assess ligand selectivity among different targets (e.g. DNA vs RNA G4s, G4 vs dsDNA), or even different G4 topologies. Ascididemin and meridine display a slight preference for the intramolecular human telomeric G4 d(GGGTTA)3GGG over the tetramolecular parallel G4 (dTGGGGT)4. 1052 BRACO-19 exhibited a two-fold higher binding affinity for telomeric DNA G4 dAGGG(TTAGGG)3 vs its RNA counterpart rAGGG(UUAGGG) 3. 608 In contrast, chelerythrine, TMPyP4, and glucosaminoside derivatives showed stronger binding with human telomeric RNA G4 r(UUAGGG)4UUA in comparison to its DNA counterpart d(TTAGGG)4TTA. 1092,1094,1102 However, as the same sequence adopts a different G-quadruplex topologies in DNA and RNA (RNA typically favoring parallel-stranded topologies), further studies would be required to parse the role of the backbone and the role of the topology.

The assessment of duplex versus quadruplex binding selectivity is important to design G4-specific molecular probes for biology. Since ESI-MS can monitor each species having different m/z in solution, a control ESI-MS experiment in presence of duplex DNA can give information about the target specificity of the ligands. Ditercalinium, ascididemin and meridine showed a higher binding affinity for quadruplexes in comparison to the Dickerson-Drew dodecamer duplex (dCGCGAATTCGCG)2, 599,1052 while cryptolepine and neocryptolepine exhibited a higher affinity for triple helical DNA followed by GC-rich duplexes and then quadruplexes. 606 A 1,3-disubstituted indolyl berberine derivative (SS14) prefers quadruplex DNA over duplex DNA, although the binding affinity is modest. 1083 Tel01 demonstrated higher selectivity than distamycin A and DTC for G4 versus duplex DNA (dGCGAATTCGC)2, as evidenced from ESI-MS titration. 507 Among perylene diimides derivatives, PIPER, Tel11, Tel19, and Tel32 have a poor selectivity while Tel01, Tel12, and Tel34 prefer G4s to duplex DNA. For some ethidium derivatives, preferential binding to G4 structure d(GGGTTA)3GGG in comparison to duplex DNA was observed. 607 Among all quadruplex binders, bisquinolinium dicarboxamide derivatives (Phen-DC3, Phen-DC6, 360A) showed the highest selectivity for quadruplex compared to DNA duplexes (Figure 74). 1053 The ligand specificity can in some instances induce equilibrium shifts. 1116 Dehydrocorydaline can shift the equilibrium from dsDNA toward G4, whereas TMPyP4 facilitates the transition of G4 to the dsDNA in a mixture of bcl-2 quadruplex and the complementary C-rich strand. 1097,1130 In a mixture of G4 and duplex DNA, ImImImβDp binds to both duplex and G4 while Tel01 and daidzin selectivity recognize the G4. 1082,1117 In 2003, Rosu et al. revealed by ESI MS-based kinetics experiment that the binding of telomestatin to the human telomeric G4 d(GGGTTA)3GGG delays the unwinding of the G4 structure and the formation of the duplex with its complementary strand (Figure 75). 628 This is primarily due to the selectivity of telomestatin for G-quadruplexes over duplexes. The free fraction of G4 is consumed at the same rate as without the ligand, but the fraction of G4 bound is consumed more slowly. Therefore, ESI-MS-based competition experiments can also be designed as kinetics experiments. 

Deduction of ligand binding mode and binding site(s) 4.5.3.3.1 Ligand-induced cation capture or release

In native ESI-MS, the binding of a ligand often preserves the number of specific cations (K + , NH4 + ) coordinated between the G-quartets, which suggests no major rearrangement (in terms of number of quartets) upon ligand binding. This occurs for stable parallel-stranded G-quadruplexes, suggesting external ligand binding and not intercalation between the G-quartets. In this section, we will discuss the cases where ligand binding promotes cation addition or ejection from the target G4 sequence. Figure 76 summarizes some of the lessons learned using ESI-MS.

The geometry of the macrocycle ring of telomestatin facilitates monovalent cation coordination (K + , NH4 + ) of telomestatin in its free form. A ternary complex (quadruplex:cation:ligand) was observed by ESI-MS for different G4 topologies i.e. (dTG4T)4 (parallel), (dT2AG3)4 (hybrid), and dGAG3TG4AG3TG4A2G (parallel). 1095,1096 Cation-induced stabilization suggests an end-stacking binding mode, which is supported by molecular modeling studies. 1131 Later, high-resolution NMR derived conformation of telomestatin derivative L2H2-6M(2)OTD binding to the human telomeric hybrid quadruplex dTT(GGGTTA)3GGGA confirmed the end-stacking binding mode (Figure 15D). 1132 In those cases, the ligands did not cause a conformational change in the studied G-quadruplexes.

In another scenario, the ligand-induced cation capture can indicate a change of G-quadruplex conformation to a topology containing one more G-quartet. Circular dichroism spectroscopy is needed to distinguish the topology change. Cu-ttpy binds to the human telomeric G4, dGGG(TTAGGG)3T (this structure has two quartets and contains one high-affinity K + binding site) with high affinity and cooperativity, and captures one additional K + in the (2:1) ligand:G4 complex. 615 Comparison of the Cuttpy selectivity for several antiparallel structures revealed a preference for a particular antiparallel fold (the so-called basket antiparallel, with a lateral-diagonal-lateral loop combination). With parallel G4 sequences, ligand binding cooperativity is absent. ESI-MS titration with other metal derivatives (Zn, Pt, and Pd) showed no ligand cooperative binding.

Ligand-induced cation capture can also occur upon G-quadruplex formation starting from unfolded strands. For example, a sequence such as dTG3ATGCGACAGAGAG2ACG3A cannot form a G4 in 1 mM K + and 100 mM TMAA because it has only two GGG repeats, one GG repeat and isolated Gs. However, in presence of Phen-DC3, a complex with two ligands and one K + is formed. 976 Such experimental design is a stringent test for finding ligands able to induce G4 formation. In our group's experience, every time we were asked to test a ligand that was found by other biophysical methods to induce Gquadruplex formation in the absence of cation, ESI-MS actually revealed cation uptake. Oftentimes supposedly "pure" water contained traces of alkali cations (Na + , K + ,…) or oligonucleotide synthesis restudied contained NH4 + ions that cooperated with the ligand to induce G-quadruplex formation. When the experiments were repeated with purified samples, the results were different, reason for which such results ended up unpublished.

Phen-DC3, 916 360A 916 and some analogues 1125 have such a strong preference for 2-quartet (1-K + ) antiparallel G-quadruplexes that they can induce a rearrangement from 3-quartets (2-K + ) human telomeric sequences to a 2-quartets topology. A conformational selection mechanism was proposed. 976 The noncovalent ligand binding site is close to the central loop and was pinpointed by electron photo-detachment (EPD) and CID on a Phen-DC3 derivative bearing a cross-linker. 660 A conformational selection mechanism is also established for the perylene derivative K20 binding to the c-KIT promoter G4 sequence. ESI-MS experiments showed that K20 preferentially binds to long-lived off-pathway 2-quartet conformation whereas the parent ligand PIPER binds more poorly. 1115 

Coordination vs. non-covalent binding of organometallic complexes

ESI-MS was used to distinguish and quantify noncovalent and coordination binding modes for Pt(II) and Pd(II) complexes containing a ttpy or tMebip tridentate ligand, and a chloride as the fourth ligand. 316 Upon dilution in water, the complexes are partially hydrolyzed (an aqua ligand replaces the chloride) and both forms can bind non-covalently to G4s. ESI-MS allows the simultaneous detection of the non-covalently bound and the coordinated populations to the DNA targets (Figure 77). Pd(II) complexes show a larger amount of coordination to the nucleobases (loss of Cl -or OH), which was further confirmed by shifts in the metal-to-ligand charge-transfer band by UV spectroscopy. Since all the specific ammonium cations are preserved, guanines of the quadruplex core are free from metalation. Relative quantification from ESI-MS indicated preferential noncovalent binding for platinum complexes and coordination for palladium complexes, but no structural selectivity was observed. 

Binding sites inferred from competition experiments

Fluorescent intercalator displacement (FID) is a widely used solution assay that probes the binding of small molecules to nucleic acids by displacement of a fluorescent probe that is quenched when free in solution. It was first introduced by Morgan et al. using ethidium bromide as a duplex probe 1071 and adapted to fast screening using 96 well plates. 1133 The assay was then adapted to G-quadruplex targets by Monchaud et al. using thiazole orange (TO) as the fluorescent probe. 1134 The relative affinity of a ligand for a given target is often evaluated with the DC50, which is the concentration required to lower the fluorescence by half. Comparison between G-quadruplex targets is subject to the assumption of similar binding of TO (giving similar quantum yield) whatever the target.

The binding between TO and different duplex DNA target and quadruplexes (human telomeric sequence dGGG(TTAGGG)3 and thrombin binding aptamer dG2T2G2TGTG2T2G2) has been evaluated by ESI-MS. 1053 For both G4s, ligand binding stoichiometries higher than (1:1) were observed (up to 3:1), suggesting several binding sites for TO. Fitting of fluorescence titrations was satisfactory with a (1:1) stoichiometry, so ESI-MS was key to reveal this point (see also section 3.1.4.3 on thioflavin T 625 ). Mixed complexes between DNA target, TO and candidate ligand have also been observed. A consequence of the multiple binding sites is that ligand displacement is not always successful. ESI-MS for example helped to explain inconsistent FID results obtained for the Pu24 G-quadruplex dTGAG3TG3GAG3TG4A2G2 with cex-NDI ligands and TO. Both individual complexes (TO:Pu24 and cex-NDI:Pu24) and the ternary complex TO:cex-NDI:Pu24 can be detected. This result explained the falsenegative results in the G4-FID assay, as the two ligands can simultaneously bind different sites of G4structure. 413 In a competition experiment designed to account for other interacting macromolecules present in the cellular environment, Marchand et al. studied how ligand binding can influence interactions of a RHAU helicase peptide (Rhau18) with G4 sequences from gene promoters and human telomeres. 1124 In the orthosteric mechanism, ligands displace peptides from the same binding site depending upon their respective binding affinities. ESI-MS of the G4-ligand-peptide mixtures revealed that Phen-DC3 displaces the two bound peptides almost entirely from the parallel G4 dTT(GGGT)4, forming Phen-DC3)2:Rhau18 complexes and smaller amounts of the ternary complex Phen-DC3:Rhau18:G4 (Figure 78).TMPyP4 displaces one of the two peptides and forms mainly the complex TMPyP4:Rhau18:G4. Proflavin is barely able to displace Rhau18. The various displacement effects can be predicted from the relative binding affinity of different ligands and Rhau18 peptide. In contrast, in the allosteric mechanism, ligand binding induces a conformational change that influences the peptide binding affinity either positively or negatively. For example, Cu-ttpy induced a conformational change that increased the binding affinity of the peptide for human telomere G4, dTT(GGGTTA)3GGGA. This result shows for the first time how ligand binding could influence the binding of other biomolecules. 1124 

Gas-phase fragmentation

The CID profile of quadruplex-ligand complexes can help to assess ligand binding modes. In principle, a ligand that binds through end-stacking binding mode is expected to be lost before single-stranded fragments appear. For dsDNA minor groove binders, retention of ligands with the single-stranded fragments is anticipated due to the binding of the ligands in the groove. 489 Mesoporphyrin IX binds to the tetramolecular parallel G4 (dTG4T)4 with the retention of the 3 specific ammoniums in the quadruplex. MS/MS experiments validate this hypothesis because upon collisional activation, the porphyrin is lost as neutral or with one negative charge, leaving behind the intact quadruplex with 3 specific cations. 926 Complexes between the perylene ligand tel01 and the tetramolecular quadruplex (dT2G5T)4 undergo facile loss of the drug and dissociation into the constitutive single strand ions. 507 In contrast, complexes with distamycin A or diethylthiocarbocyanine dissociate into single strands onto which the drug molecule is retained. This led to a groove binding hypothesis for distamycin A and DTC and an end-stacking hypothesis for Tel01. The groove binding property of distamycin A towards quadruplex DNA has been postulated based on the previous 2D solution NMR. 1129 Note however that, depending on the instrument used, the time scale of the fragmentation can change and thus the CID fragmentation pathway can differ (see section 4.3.1.3 on duplex DNA). When performing CID on a bimolecular quadruplex (dGGGTGGGTGGGTGGGT)2 using an ion trap, the sequential loss of inner NH4 + ions (as NH3) is observed. Upon CID activation, the perylene ligand Tel03 leaves the quadruplex as a neutral. The complex with Tel03 has a higher gas-phase kinetic stability than linear pyrrole polyamide (PyPyPyβDp) and imidazole polyamide (ImImImβDp) derivatives. 1113 The end-stacking binding mode of perylene diimide derivatives is compatible with the fragmentation pathway and with the NMR-based end-stacking model of the perylene diimide derivative PIPER. 404 Upon CID, biphenyl ruthenium drug sticks to the fragments of negatively charged strands from the quadruplex dA(G3T2A)3G3. 1104 Analysis of the CID spectra identified coordination of thymines (T6, T17) and not guanines for a complex with human telomeric G4. This suggests the implication of flexible thymine loops (TTA) in the interaction of these Ru(II) complexes.

MS/MS has been used to localize ligands on a G-quadruplex. For non-covalent complexes, it is not a trivial experiment because of the possibility of losing the initial binding location during gas-phase rearrangements upon activation. Using radical-based fragmentation methods helps lowering the required activation energy because the covalent bonds are weaker (see section 3.2.1.1.2). Electron photodetachment (EPD) was used to locate the binding region of Phen-DC3 to telomeric G4s by native top-down sequencing of the drug-nucleic acids complex. 660 The radical cations were produced with a UV laser from the isolated complex of interest by electron photodetachment, then fragmented by CID. The fragmentation pattern indicates that the ligand is bound close to the central loop, thereby allowing to rule out some complex topologies.

In summary, straightforward interpretation of the binding mode from MS/MS spectra is difficult because of several limitations. As in the case of duplex ligands, the fragmentation channels (all studied in the negative ion mode) depend on the charge of the ligand: ligands with a permanent positive charge will stick to the strands, whereas neutral ligands or ligands that can become neutral by giving a proton to the nucleic acid can come off as neutral. 489 The charge state of the drug-nucleic acid complexes can also influence the dissociation pattern. For the determination of the binding site of non-covalent complexes, native top-down using radical-based dissociation methods however provide useful information.

Ion mobility spectrometry combined with molecular modeling

The combination of ESI-MS with ion mobility (IM-MS) and molecular modeling can help distinguish several conformations having the same m/z. This is beneficial to differentiate ligand-binding models for G4-ligand complexes. In 2006, Baker et al. studied the size-dependent binding of cyclo[n]pyrroles (n = 6-8) and porphyrins with human telomeric G4. 1098 The observation of one symmetrical peak in the ATD of all complexes suggested that either only one conformational ensemble is present or several conformation families having the same collision cross-section (CCS) values. Molecular modeling with several plausible binding modes as starting conformations showed that ligand end stacking to the antiparallel chair/basket forms of G4 was compatible with the observed CCS, while intercalation, groove biding, or non-specific adduct formation could be discarded. Note that, at the time, 3-quartet hybrid or 2-quartet antiparallel conformations were not considered. In 2007, Gabelica et al. demonstrated the end stacking binding models of G4 ligands (PIPER, TMPyP4, MMQ1, MMQ3, BOQ1) with the human telomeric quadruplex d(GGGTTA)3GGG and the c-myc G4 dGAG3TG3GAG3TG4AAG, although intercalation could not be completely ruled out except for BOQ1. 708 4.5.3.3.5 Ligand binding thermodynamics using temperature resolved ESI-MS In 2018, Marchand et al. thermodynamically characterized individual stoichiometry sub-state G4:cation:ligand by monitoring the equilibria using a homemade temperature-controlled nanoESI source. 638 Only 1:1 complexes (ligand:G4) are observed at room temperature for several ligands (e.g. Phen-DC3, TMPyP4, Cu-ttpy, TrisQ), but 2:1 complexes are observed at high temperature. This unexpected observation might explain seemingly anomalous behaviors in the melting process monitored by solution UV-melting (e.g. for TrisQ; see Figure 79C) due to the release of water trapped in the system and conformational strain in end-stacked bases. In contrast, TMPyP4 binding to the human telomeric quadruplex dTT(GGGTTA)3GGGA is enthalpically favorable, and this suggests a different binding mechanism. 

Ligands targeting biologically relevant RNA

The use of ESI-MS to screen ligand libraries against RNA targets of pharmaceutical interest was pioneered in 1999 by Hofstadler, Sannes-Lowery and Griffey at Ibis Therapeutics. Figure 80 shows a typical ESI-FTICR-MS spectrum obtained from a mixture of two targets (the prokaryote 16S ribosomal RNA A-site, and the mass-tagged eukaryote variant) and several aminoglycoside ligands. 1135,1136 The goal was to find antibiotics specific of the prokaryote ribosome. Direct native MS binding assays were scaled up into high-throughput screening assays. 612,617,[1137][1138][1139] Moreover, direct ESI-MS titrations allow to determine the equilibrium dissociation constants. Earlier work used linearized Scatchard plots 611,1136 while later work used non-linear fitting of the fraction of RNA bound as a function of [L]. 617 Besides the 16S rRNA A-site, other targets for Ibis Therapeutics were the 23S ribosomal RNA, 1140 or the hepatitis C virus internal ribosome entry site. 1139 ESI-MS is particularly well adapted to fragment-based drug discovery, because the technique is able to detect small amounts of complexes and thus weak binders. 588,1140,1141 When two fragments are able to bind simultaneously to their target, they likely do so at different binding sites and can be combined to form a larger, higher-affinity molecule. The Fabris group also studied ligand binding to the 16S rRNA A-site 1142 , then devoted several papers to the stemloop (hairpin) domain of the HIV-1 packaging signal. 509,1005,1008,1143 Specific interactions between this -RNA and the nucleocapsid (NC) domain of the Gag polyprotein mediate the vital functions of genome recognition, dimerization and packaging, and therefore ligands that would disrupt this NC-RNA interaction were of prime interest. ESI-MS was used to determine the equilibrium dissociation constants of several aminoglycosides, as well as classical minor groove binders and intercalators, for three -RNA stemloops. The best binders were the aminoglycoside neomycin B and intercalators ethidium bromide and mitoxantrone. However, when tested on a stemloop•NC complex, only neomycin B was able to displace the NC by binding to the stemloop, while intercalators form ternary complexes. This type of competition experiment is key to test that binding has potentially the desired biological effect. The Fabris group also studied ligand binding to the kissing loop dimer or the extended duplex dimer forms of the considered stemloop, in the context of genome dimerization, 1005,1008 as well as ligand recognition by RNA:DNA hybrid duplexes from the HIV-1 polypurine tract. 1144,1145 Collision-induced dissociation can be used to locate aminoglycoside binding sites on RNA. Griffey et al. reported that upon SORI-CID, the aminoglycoside binding sites were protected from fragmentation in 16S rRNA A-site. 1135,1146 Turner and Fabris exploited the approach to pinpoint the neomycin B (Chart 7) binding sites on stemloop RNAs (Figure 81). 509,1008 The salt bridge interactions between the protonated NH2 groups of the aminoglycoside and the RNA make the complex more kinetically stable in the gas phase than the covalent phosphodiester bond cleavage, and thus native top-down approaches are appropriate. The Chow group studied peptide binding to the 16S A-site 601 and 23S helix 69 602,605 ribosomal RNA using direct detection of the complexes and determination of the equilibrium dissociation constants. For both of these targets as well as helix 31 and TAR (transactivation response element) RNA, they also studied the underpinnings of fluorescence displacement experiments by ESI-MS. 1017 The Nakatani group developed ligands binding specifically to RNA CUG expansion repeats, and the binding was evaluated by ESI-MS. 1147 A couple of methods papers on the direct detection of RNA-ligand interactions by ESI-MS are available, 604,1148 but despite its promises native mass spectrometry is still not widely adopted for the biophysical characterization of RNA-ligand complexes. A possible reason is the skill required to prepare salt-free RNA samples to obtain high-quality spectra. Affinity selection mass spectrometry methods alleviate this problem. In that method, the RNA targets are exposed to ligand libraries, separated by size-exclusion chromatography, then denatured so that the small molecule ligands can be identified and quantified by mass spectrometry. [1149][1150][1151] This method is used for other targets as well, including G-quadruplex DNA. 1152 4.5.5 Aptamer complexes with their targets DNA or RNA aptamers can be raised against any kind of target, from small molecules to entire cells. Affinity capture on aptamers can be used to detect their targets, for example by MALDI-MS. [1153][1154][1155][1156] Such method did not rely the preservation of the intact complex. With carefully tuned sample preparation conditions, MALDI can be used to detect aptamer-protein complexes. 1157 This observation on the thrombin-TBA complex (the thrombin binding aptamer TBA is a G-quadruplex) is made possible by salt bridge interactions between the protein and RNA. Native ESI-MS studies on this complex showed that at low ionic strength, the complex is more stable and even 2 TBA can bind per thrombin. 1158 In the same study, native top-down sequencing of the protein by ECD allowed to pinpoint the aptamer binding sites. Native ESI-MS was used to determine peculiar stoichiometries of other aptamer-protein complexes, for example up to two aptamers bound per streptavidin, 1159 or one aptamer bound per NF-B dimer. 1160 The other native ESI-MS studies concern aptamers binding to small molecule ligands. The first aptamer-ligand complexes were reported by the Brodbelt group. 946 The amounts of detected complex between the tobramycin RNA aptamer and tobramycin and other aminoglycosides reflect the relative solution binding affinities. However, the complexes between the (DNA) ATP aptamer and (RNA) FMN aptamer and their respective negatively charged ligands required divalent cations (Mn 2+ was used in this study). They were more fragile in the gas-phase, and the relative intensities did not reflect well the solution binding affinities.

Guo et al. studied the DNA argininamide binding aptamer (ABA) that binds up to two L-argininamide ligands, 1161 and studied the equilibrium affinity constants in detail. Salt-bridge interactions make this complex stable in the gas phase. Quinine binding to the (DNA) cocaine binding aptamer (CBA) was studied by several groups. [1162][1163][1164][1165] More complex is detected in both the negative and the positive mode (although there is less complex in that mode), 1165 and in high ammonium acetate concentrations. 1162 Based on the detection of the quinine-CBA and argininamide-ABA complexes, while the ampicillin complex with its aptamer could not be detected, Bottari et al. concluded that the ampicillin did not bind, and these results were confirmed by isothermal titration calorimetry. 1164 Hence ESI-MS helps revealing false positive obtained by indirect probing methods.

Aptamers raised to target small molecules often become more structured upon binding to their ligand. Hence, ion mobility spectrometry was used to investigate the effect of ligand binding on the aptamer collision cross sections. 1163 Figure 82 shows typical IM-MS results. The difference of CCS between the free and bound forms of the aptamer is smaller than expected. At the charge states typically produced by native MS, all structures are rather compact and have similar CCS values, 1162,1165 and in that sense an unstructured single strand can end up as compact as a folded aptamer. 263 The greatest difference between free and bound forms comes from charge state distributions, as observed in Figure 82A for the adenosine binding aptamer: the amount of complex greatly depends on the charge state, or in other words, the charge state distribution of the complex is very different from the charge state distribution of the free aptamer. 1163 According to the equilibrium partitioning model in ESI mechanisms (section 3.1.1.1.2), this indicates a conformational change. 621 One would thus expect significant differences of response factors between free and bound aptamers at a given charge state. Yet a careful study of several aptamers showed only up to a 2-fold change of response factors. 932 Negatively charged phosphate groups of nucleic acids form very stable complexes with positively charged basic side chains of the arginine and lysine residues of peptides. 537,539,658 Salt bridge formation between oppositely charged oligonucleotides and peptides stabilize the noncovalent complex, 537 as suggested by sequential MS n experiments. 539 The relative strength of non-covalent interactions in RNA-peptide complexes and covalent RNA backbone bonds was studied by native top-down mass spectrometry. 658 MS/MS studies show that proton transfer from the peptide (protonated ligand) to the RNA (deprotonated) within salt bridges favors the ligand loss, but that proton transfer becomes energetically critical in presence of additional hydrogen bonds. Thus, salt-bridge non-covalent interactions remain in place while the nucleic acids backbone can fragment covalently.

Non covalent complexes of nucleic acids with peptides were also probed by MALDI-MS. 530,538 Strong electrostatic interactions favor the preservation of complexes between DNA and basic polypeptides (penta-L-arginine, penta-L-lysine) by MALDI-MS. 538 The relative intensity and stoichiometries of the complexes depends on the nature and size of the DNA and polybasic compounds. The observed complexes do not result from non-specific MALDI-MS aggregation but exist in solution. As electrostatic interactions between the peptides and oligonucleotides are strong enough to survive in the gas phase, 659,1166 native top-down mass spectrometry of these complexes can be used to map the binding site. Complexes of HIV-1 TAR (transactivation responsive) RNA and a basic arginine-rich peptide (H2N-GRKKRRQRRRPP-NH2) were studied by CID. 659 This helped to probe the tat (transactivating) peptide binding sites in TAR RNA at the single residue level. Time-dependent MS data showed 1:2 and 1:1 stoichiometries of TAR-tat complexes, shown in Figure 83. Native mass spectrometry revealed the binding stoichiometry and binding mechanism of RRE stem IIB RNA with rev ARM peptides. 1166 ESI-MS showed that stem IIB RNA formed complexes with one or two ARM peptides and full length RRE stem IIB RNA binds with one or five rev ARM peptides. The binding site mapping was done by CID.

ESI-MS can be used to determine binding stoichiometries and ligand sequence selectivity of complexes between threading bis-intercalators and DNA. 1055 The ligand containing the -Gly3-Lys-peptide scaffold binds to the specific site of duplex DNA containing 5'-GGTACC-3'. MS/MS data revealed information about ligand binding interactions. Oligonucleotide-peptide cross-links can be identified by fractional mass measurements. 838 This process does not need isotope labelling or cross-linking reagents.

Complexes with PNA

In 2003, Sforza et al. published the first ESI-MS study of PNA complexes, 1167 and showed the detection of DNA-PNA duplex under soft conditions. When achiral PNA is mixed with parallel or antiparallel DNA, a stable duplex is formed. In contrast, chiral box PNA (with three adjacent D-lysine-based monomers in the middle of the strand) with parallel DNA sequence were unable to form duplex structure.

Baker et al. studied the formation of higher-order complexes between dye-labeled PNA and complementary dsDNA by FRET, nanoESI-MS and IM-MS. 1168 NanoESI detected the formation of hybrid PNA/DNA complexes with different stoichiometry such as PNA/DNA, PNA2/DNA, PNA/DNA2 and PNA2/DNA2. In addition, IM-MS combined with molecular dynamics showed all the possible conformations of each higher-order complex and sequence-specific binding in the complementary region for all complexes.

The binding of PNAs to G-quadruplexes was also studied by ESI-MS. 927,1009,1013 Amato et al. reported the formation of heteroduplexes and heterotriplexes between a short C-rich PNA and complementary DNA sequences at low ionic strength. The formation of heteroduplexes predominates over G4s in presence of high ammonium acetate and after heated and cooled at room temperature. 927 An external binding mode of C-rich PNA to G-rich DNA however preserves the G4 scaffold. 1013 Later, short PNAs sequences that can potentially bind and stabilize the c-kit87up G4 were studied using different spectroscopic techniques and ESI-MS. 1009 The shortest 5-mer PNA sequence (P1) complementary to the bases in the long loop of G4 is able to form a G4-P1 complex (the preservation of the two ammonium cations indicated the preservation of the G4 scaffold). The longer PNA sequences displayed different binding modes depending on the G4 stability: they acted as G4-binding agents in potassium while they formed hybrid PNA/DNA complexes in ammonium solution by acting as G4 openers.

Complexes with proteins

Detection, stoichiometry and affinity

The interactions of nucleic acids with proteins play important biological roles, for example in DNA repair and regulation, gene expression regulation, or transcription regulation. Mass spectrometry has been used to study these interactions at the molecular level. [START_REF] Hofstadler | Analysis of Noncovalent Complexes of DNA and RNA by Mass Spectrometry[END_REF]1169 Here, we focus on native MS detection of protein-nucleic acid complexes and will highlight a few specific approaches to map protein-nucleic acid interfaces. Although protein-nucleic acid complexes can be studied by MALDI, 952,1157,1170,1171 the most conventional approach is nanoelectrospray. 522,1172,1173 Non-covalent DNA-protein complexes can be transferred to the gas-phase intact, where they retain the similar binding specificity and stoichiometry known in solution-phase.

Solution-phase binding stoichiometries of different non-covalent DNA-protein complexes were studied by ESI-MS early on. 1174,1175 In 1995, Greig and Griffey determined the KD values for the complex between a 20-mer phosphorothioate oligonucleotide and bovine serum albumin (BSA). 1175 Binding of two oligonucleotides to BSA was observed. Size-specific and sequence-specific complexation was observed in protein-nucleic acid complexes. 1176,1177 For example, PU.1 interacts with a wild-type 17 base-pair sequence but not with a 19 base-pair mutant sequence. 1176 Binding of the trp apo-repressor protein under competitive conditions was observed only with dsDNA containing two specific CTAG motifs linked by a four base-pair spacer. 1177 CID experiments showed that this complex needs very high collision energy (same energy as required to break covalent bonds) to dissociate. The binding stoichiometry of the gene V protein of bacteriophage f1 with ssDNA (16 mers) was 4:1 (protein:oligonucleotide). 1178 MS results showed the presence of three protein Dicer, Ago2 and TRBP in 1:1:1 stoichiometry with an additional small RNA (11 kDa) bound to Ago2. The dynamic interactions of the E. coli RNA polymerase with σ 70 and Rsd proteins was monitored by MS experiments. 1179 Results showed 1:1 stoichiometries for the Rsd:σ 70 and core enzyme:RSD complexes. MS investigations revealed the stoichiometry of triple sieve tRNA editing complex. 1180 Two ProRS are complexed with one tRNA in both two-and three-component complexes. One YbaK protein binds to the 2:1 complex. Thus, the final stoichiometry for the triple sieve model ProRS:tRNA:YbaK is 2:1:1. Wild-type and mutant TRAP (trp RNA-binding attenuation protein) formed non-covalent complexes with RNA. 1181 NanoESI-MS showed that both proteins can bind a single-stranded RNA molecule at 1:1 molar ratio. The observed mass is 300 Da larger than the theoretical mass of the 1:1 complex of TRAP 11-mer with 11 Trp and RNA. Each TRAP monomer thus binds a Trp ligand in the TRAP-RNA complex. A similar trend was observed for the mutant 12-mer.

Large macromolecular protein-RNA complexes like ribosomes, spliceosomes and complexes of nucleosomes have masses in excess of 1 MDa, which are also amenable to MS studies. 1182 The study of ribosomal subunits and structural organization of the subcomplexes, small modification of intact particles can be done in the gas phase of mass spectrometers. 1173,[1183][1184][1185][1186][1187] MS of intact ribosomes from E. coli showed well resolved charge states for the small subunit 30S but for 50S and 70S charge states were not resolved. This problem was resolved in intact ribosomes from Thermus thermophilus by careful MS measurements, 1172 and more recently the use of higher-resolution high-mass orbitrap analyzers has improved the measurement capabilities (Figure 84). 

Fragmentation

MS/MS helped to explore the interaction between the protein dimer BlaI (wild-type and mutant) and its double stranded DNA operator. 522 CID studies of the complexes between c-Myb DBD (DNA-binding domain) and dsDNA helped to determine the binding affinity of the complexes. 1188 MS of multiply protonated high-affinity complexes was observed. Complexes between the c-Myb DBD (DNA-binding domain) and 22-mer dsDNA exhibited different KD values varying from 10 -9 to 10 -7 M. Later these complexes were studied by laser spray MS. 526 Unlike ESI-CID studies, the dissociations of the complexes occur here in solution, not in the gas phase. Multiple reaction monitoring mass spectrometry helped to identify substrate-contacting sites in RNase P using chemical modification of lysines. 1189 The ribosomal stalk complex plays a vital role in biology by delivering translational factors to the ribosome. However due to the dynamic nature of the stalk, it is difficult to characterize by X-ray crystallography or cryo-electron microscopy. They can be observed in the mass spectra of intact ribosomes. Tandem MS was done to separate the ions in the stalk complex. 1185 Protein-protein interactions were disrupted by increased internal energy in the gas phase. MS/MS results helped to establish the arrangement and the stoichiometry of the stalk complex in ten different species from bacteria, eukaryotes and archaea. MS/MS study confirmed the presence of heptameric organization of the stalk complex in T. thermophilus. Small CCS values suggested that the histone tails are compact for the ions with low charge states in the gas phase, but the large CCS values of higher charge states indicate that they became more extended.

The interaction and mechanism of DNA recognition of disordered proteins such as topoisomerase were determined by trapped ion mobility spectrometry. 1192 The Escherichia coli topoisomerase IA (EcTopIA) binds to single-stranded DNA with a 1:2 (protein:DNA) binding stoichiometry and with stemloop DNA with a 1:1 stoichiometry. The variola virus topoisomerase IB (vTopIB) binds with stem-loop DNA with a 1:1 stoichiometry. A microstate is defined as a specific microscopic configuration of a thermodynamic system, which may occupy with a certain probability during its thermal fluctuations. Many microstates were reported for the unbound proteins but upon binding with DNA, the number of conformational states was reduced. A smaller CCS range and slightly narrower mobility bands were observed for the complexes with DNA than with the protein. These results indicate that DNA binding to topoisomerase reduces the flexibility of the proteins.

Structural analysis of the SgrAI-DNA complex was also performed using IM-MS. 1193 SgrAI, a type IIF restriction endonuclease, binds to and cleaves an 8-bp DNA sequence. IM-MS results showed that oligomers of different sizes formed with DNA-bound SgrAI dimer (DBD), where the SgrAI dimer attached to two precleaved DNA duplexes. Experimental CCS values of oligomers showed a linear relationship with the number of DBD in each oligomer. This suggests a regular repeating structure in the SgrAI-DNA oligomers. Psi RNA binding of wild-type HIV-1 Gag protein showed dimerization of the protein. 1194 Specific binding of Gag to Psi RNA favors the nucleation of Gag-Gag interaction at the early stage. It binds to control RNA, TpA, as a monomer. 4.6.3.4 Chemical probing RNA-protein interactions in the complex formed by HIV-1 -RNA with the nucleocapsid protein (NC) was probed by ESI-FTMS. 763 Intact non-covalent complexes of RNA (each stem-loop SL2, SL3, SL4) and protein were observed thanks to the soft conditions of ESI-MS. Here, the solvent-accessible reagents were used as a complementary method to probe protein binding with RNA (see section 3.3.1.2.2). The low reactivity of β-ethoxy-ɑ-ketobutyraldehyde (kethoxal) and 1-cyclohexyl-3-(2-morpholinoethyl)carbodiimide metho-p-toluene sulfonate (CMCT) with SL2 is due to protection of the nucleobases by the complexed NC. Finally, experimental and computational workflows with photo-cross-linking strategies were developed to map the interface of RNA-Protein complexes. 761,807,1195 RNA-binding sites were determined by high-resolution MS and automated database searching. With this methodology, 749 cross-links, that were mapped to 257 unique amino acids or protein regions in 124 different proteins, were identified for three biological systems of human and yeast origin. 1195 UV-induced crosslinking and MS of DNA-protein interactions in chromatin allowed to map the protein regions crosslinked to dsDNA. 824 

Conclusions and perspectives

Mass spectrometry has become an advanced biophysical method to study cation and ligand binding to nucleic acids, as well as nucleic acid self-assembly. In terms of impact on the nucleic acid research community, its use has nowadays mostly permeated in the G-quadruplex community, but after the research program on high-throughput native MS at Ibis Therapeutics was dropped, mass spectrometry as a biophysical method lost prominence in the RNA community. However, as RNA as druggable targets are gaining momentum again, 446,448,1196 both in academia and industry, 1197 there is a clear window of opportunity for native MS. To our opinion, it should become at least an indispensable control for the stoichiometry models on which other biophysical methods rely on. Moreover, to date only few contributions fully leveraged native MS for thermodynamic and kinetic studies, by performing quantitative measurements as a function of temperature 632,638 and/or time, 199,628,632 or by exploiting solution hydrogen-deuterium exchange in native conditions. 771 These information-rich measurements constitute a treasure trove that are worth exploiting more systematically to classify the ligand binding profiles.

Nucleic acid sample preparation for native MS is to our experience more delicate than for protein native MS, yet the compatibility with high-throughput screening has been demonstrated. There is however still room for improvement in terms of solution composition amenable to native MS. Progress has been made to analyze G-quadruplexes in potassium, and similar progress is necessary to analyze RNA complexes requiring the presence of magnesium. Small nanoelectrospray tips help diminish the nonspecific adducts, but their use is not high-throughput. Nowadays the best compounds have reported equilibrium dissociation constants in the nanomolar range, and the measurement sensitivity in native conditions must be improved to routinely analyze folded nucleic acids at nanomolar concentrations. There is further untapped potential in associating native MS with chromatography, as this will require an exchange of expertise between the communities.

In terms of mass spectrometry methods, nucleic acid duplexes and G-quadruplexes turned out to be fantastic models for developing and testing gas-phase methods. In particular, the stability of duplexes can be finely modulated by the sequence choice and allowed to test the effect of solution-phase and gas-phase dissociation equilibria and kinetics. In the case of G-quadruplexes, cations rigidify and stabilize the structures in the gas phase, which allowed to test advanced approaches to probe gasphase ion structures such as ion mobility spectrometry and ion spectroscopy. These nucleic acid structures even inspired the development of a new method: circular dichroism spectroscopy is the most widely used solution method to determine the base stacking pattern, and the transposition of the technique into the gas phase led to the development of circular dichroism ion spectroscopy. 190 This illustrates the mutual fertilization between the fields of biochemistry/biophysics and analytical sciences.

Nucleic acid studies also led to question the generality of one of the most basic tenets of native mass spectrometry: the extent to which solution structures are preserved into the gas phase. In contrast to cation-rigidified structures, it was found that duplexes, hairpins and loop regions rearrange in the gas phase. The key player are the phosphates of the backbone. The electrospray process, usually viewed as a "charging process" is on nucleic acids rather a partial neutralization of the phosphate groups, and when the Coulomb repulsion is shielded enough, non-native hydrogen bonds between phosphate groups can form. Nucleic acids thus charge differently than proteins because of the nature and spatial distribution of their charge carriers. An open question is whether controlling the charge state could help devise conditions ensuring the preservation of the solution structure into the gas phase for all nucleic acid structures, not just cation-rigidified ones. These considerations are relevant to generalize native MS to all kinds of natural and artificial (supramolecular) complexes.

Focusing on the fundamental physical driving forces is key to such generalization. For example, in probing the strength of intermolecular interactions with fragmentation (collision-induced dissociation), we learned that it's only doable if the dissociation channel is the rupture of the bonds one aims to probe (for example, ligand neutral loss to probe ligand-nucleic acid intrinsic interactions). However, many strong binders are cationic, and thus remain attached to the negatively charged nucleic acids. Although this behavior is favorable to map binding sites (with radical-based fragmentation if necessary), it doesn't help to rank ligand-nucleic acid interactions. Collision-induced unfolding probed by ion mobility spectrometry could potentially probe the extent to which ligands bridge parts of the structure, but again this process will depend on initial charge state and internal energy control. Achieving this control and being able to quantitatively relate the outcomes to binding energies will require further fundamental work. acids interactions using spectroscopic and mass spectrometric analysis. After post-doctoral research with Jean-Louis Mergny at Museum National d'Histoire Naturelle (France) on G-quadruplexes structures, he returned to Liège as an FNRs post-doctoral fellow. In 2012, he was visiting scientist in Thomas Rizzo's group at EPFL (Switzerland) and explored cold ion spectroscopy. In 2013, he joined the Institut Européen de Chimie et Biologie (IECB) in Bordeaux, France, and became research engineer at the CNRS. He is the head of the mass spectrometry platform of IECB. His major research interests are mass-spectrometry based approaches for structural chemistry, and he develops ion mobility and ion spectroscopy methods to study non-covalent complexes including nucleic acids. 

Figure 1 .

 1 Figure 1. Comparison of the major canonical and non-canonical secondary structures of nucleic acids. Left: duplexes formed by the association of two DNA strands adopting the right-handed A-form dCCGTACGTACGG, PDB: 117D 84 ; X-ray diffraction), B-form dCGCGAATTCGCG, PDB: 9BNA 85 ; X-ray diffraction), or left-handed Z-form dCGCGCGCGCGCG, PDB: 4OCB 86 ; X-ray diffraction). Middle: Triplex formed by the binding of a DNA hexamer dCTCTCT, gold; parallel base pairing) into the major groove of dsDNA truncated to a dodecamer dCTGAGAGACGTA + complementary sequence, PDB: 1BWG; 87 solution NMR). Right: i-motif (PDB: 1YBL; 88 solution NMR) and G-quadruplex (PDB: 2O4F; 89 X-ray diffraction) formed by the association of four identical dAACCCC or dTGGGGT strands, respectively. All the structures (excluding the TFO from the triplex) contain 24 nucleotides and are scaled identically. Adenosines are colored in blue, cytidines in pink, guanosines in tan, thymidines in green, phosphodiester backbone in white, and sodium in purple.

Figure 4 .

 4 Figure 4. Non-canonical hydrogen-bonding pattern and base pairing in dsDNA: A. T•T mismatch (PDB: 2LL9; 108 solution NMR), B. two consecutive T-Hg II -T base pairs (PDB: 4L24 141 ; X-ray diffraction), and C. C-Ag I -C base pair (PDB: 2RVP; 144 solution NMR). Phophodiester backbone in white, guanosines in tan, adenosines in blue, thymidine in green, cytosines in pink, Hg and Ag atoms as grey spheres. Non-canonical base pairs have colored heteroatoms (oxygen: red, nitrogen: blue, hydrogen: white), H-bonds in blue, and metal coordination bonds in purple.

Figure 5 .

 5 Figure 5. Base triplets typically found in A. parallel and B. antiparallel triplexes. Hoogsteen and reverse Hoogsteen H-bonds are shown in blue and orange, respectively. Top-right: parallel triplex formed by the binding of one strand (green) within the major groove of dsDNA (blue and red).

Figure 7 .

 7 Figure 7. C-H + -C base pair (left) and example of intramolecular i-motif structure (right).

Figure 8 .

 8 Figure 8. Schematic illustration of parameters describing nucleic acid-cation interactions. (A) The population of diffuse cations is much greater than the population of site-bound cations. (B) Diffuse ions are not directly coordinated. The number of first shell ligands contributed by nucleic acids to Na + or K + can generally vary from zero to six. In G-quadruplexes, monovalent cations are coordinated by up to eight first shell ligands. The number of first shell ligands contributed by RNA to Mg 2+ can vary from zero to four. (C) As the number of first shell ligands increases, the thermodynamic significance of cation association decreases, primarily because the number of cations with first shell ligands is relatively small. (D) The specific structural significance of a cation increases with the number of first shell ligands. Figure adapted with permission from Ref. 253. Copyright 2012 Elsevier.

Figure 9 .

 9 Figure 9. A. Dimerization site of the HIV-1 DIS subtype A (crystal structure, PDB: 2B8S, 283 zoomed on 5'-rAGGUGCACA). An Mg 2+ cation (green sphere; water oxygen in red) is specifically bound by the Hoogsteen face of two G276 (tan) and the O4 of two U275 (light green). Note the other Mg 2+ and Na + (purple sphere) cations more diffusely bound. B. Three-tetrad G4 formed by a bromo-substituted human telomeric sequence (crystal structure, PDB: 6JKN, 285 dG3T2AG Br GGT2AG3T2AG Br GG. Two K + are coordinated by two quartets each, a third is coordinated by one quartet and two loop thymines (two water molecules complete the octa-coordination).

Figure 10 .

 10 Figure 10. Hairpins are formed by a double-stranded stem closed by a single-stranded loop. Hairpins can form within duplex DNA, and form cruciform if a hairpin is present on both strands. In RNA, hairpin loops can base pair intramolecularly to form a pseudoknot, and two loops can base pair to form a kissing complex. Three strands can hybridize into three duplexes that converge into a branch point (that can contain unpaired nucleotides), forming a three-way junction.

Figure 12 .

 12 Figure 12. H-bonding opportunities in dsDNA grooves. A. Donor and acceptor groups on the edge of base pairs, highlighted with orange and blue arrows, respectively, B. Schematic of the H-bonding interactions between netropsin and adenine N3 or thymine O2 atoms on the floor of the AATT minor groove of dCGCGAATT Br CGCG. Figure adapted with permission from Ref. 350 Copyright 1985 Elsevier. C. corresponding X-ray diffraction structure (full structure shown in Figure 13G; PDB: 6BNA 350 ).

Figure 13 .

 13 Figure 13. Duplex DNA minor groove binding: A. Netropsin fitting tightly into an AT-rich groove and establishing specific Hbonds without unwinding nor elongating the double helix (dCGCGAATT Br CGCG, X-ray diffraction, PDB: 6BNA),350 and B. GCrich wider minor groove binding by antiparallel side-by-side pairing of two four-ring pyrrole-imidazole polyamides establishing an extensive network of hydrogen bonds (dCCAGG Br CCTGG, X-ray diffraction, PDB: 365D).358 DNA is shown in grey, ligands in orange. Some cations have been hidden for the sake of clarity.

Figure

  Figure 14. DNA complex with proteins. A and B. Complex between double-stranded human telomeric DNA (grey) and Trf2 (orange) (dGT2AG3T2AG3/dC3TA2C3TA2C, solution NMR, PDB: 1VFC).377 The Lys447 (pink) from the N-terminal arm interacts

Figure 15 .

 15 Figure 15. G4 DNA binding by small molecules. A. Phen-DC3 stacking on a parallel c-myc G4 (dTGAG3TG2TGAG3TG4A2G2, solution NMR, PDB: 2MGN), 411 B. BRACO-19 stacking on a bimolecular parallel human telomeric G4 (dTAG3T2AG3T, X-ray diffraction, PDB: 3CE5), 418 C. Trinuclear Pt(II) Pt-tripod complex stacking on a hybrid human telomeric G4 (dA3G3T2AG3T2AG3T2AG3A2, solution NMR, PDB: 5Z80), 410 D. Telomestatin-derivative L2H2-6OTD stacking on a hybrid human telomeric G4 (dT2G3T2AG3T2AG3T2AG3A, solution NMR, PDB: 2MB3), 422 and E. four distamycin molecules binding as dimers in two grooves of a parallel tetramolecular G4 ((dTG4T)4, solution NMR, PDB: 2JT7). Ligands are colored in orange, potassium in purple, and the targeted external G-quartets in tan.

Figure 17 .

 17 Figure 17. A. An ESI source working in negative ion mode. Figure adapted from Ref. 474. Copyright 2013 American Chemical Society. B. Droplet evolution at the Rayleigh limit. R corresponds to the radius of droplet in micrometers, N is the number of elementary charges, and Δt (µs) is the time required for droplet shrinkage to reach the next fission. Figure adapted with permission from Ref. 475. Copyright 2000 Wiley. At constant total charge, solvent evaporation increases the Coulomb repulsion. This results in droplet jet fission. Droplet jet fission is shown at the top right. Figure reproduced with permission from Ref. 476. Copyright 1994 AIP.

Figure 18 .

 18 Figure 18. Different mechanisms involved in ESI. A. IEM showing the process of desorption of a small ion from the surface of a charged droplet. B. CRM showing the release of large globular protein into the gas phase. C. CEM showing the process of ejection of an unfolded protein from droplet surface. Figure adapted from Ref. 474. Copyright 2012 American Chemical Society.

Figure 19 .

 19 Figure 19. Charge state distribution for a 10 µM solution of an oligonucleotide dGAGACTGCCAAGCG as a function of solution ammonium ion concentration. Figure reproduced from Ref. 492. Copyright 1997 American Chemical Society.

Figure 20 .

 20 Figure 20. Summary of current understanding of nucleic acid electrospray mechanisms. Red helix: a large, pre-charged analyte, is folded in the bulk solution. Cations and anions are shown in green (there is an excess of anions at the droplet surface in the negative mode). Small electrolyte ions are released from the droplet by IEM. Longer chains, sitting at the droplet surface, can be ejected by CEM. Analytes that stay in the center of the droplet until complete desolvation and declustering are ionized by CRM.

Figure 21 .

 21 Figure 21. Comparison of MS spectra of double-stranded DNA generated from different capillary emitter (micrometer and submicrometer-size). nanoESI (bottom panel) produces a spectrum with reduced non-specific adduct. Figure reproduced from Ref. 519. Copyright 2018 American Chemical Society.

Figure 22 .

 22 Figure 22. CSI (top panel) and ESI (bottom panel) mass spectra of T25•A25-T25 in negative mode. Figure reproduced with permission from Ref. 527. Copyright 2003 Wiley.

Figure 24 .

 24 Figure 24. Influence of instrument choice and tuning on ammonium ion preservation in [(dG4T4G4)2] 5-. The number of preserved ammonium ions is written in red. (A) Representative full scan mass spectrum and (B-D) zooms on the 5-charge state in softest conditions on (B) a Solarix 9.4 T ESI-Q-FTICRMS (Bruker Daltonics, Bremen, Germany), 300 (C) a Q-TOF Ultima Global ESI-Q-TOFMS (Waters, Manchester, UK) 300 and (D) a 6560 IMS-Q-TOF with the drift tube operated in nitrogen. 590 Figure adapted with permission from Ref. 300, Copyright 2013 American Chemical Society (panels B and C), and from Ref. 590, Copyright 2018 American Chemical Society (panel D).

Figure 25 .

 25 Figure 25. ESI-MS titration experiments of K + binding to three different G-quadruplex forming sequences containing the human telomeric motif (24TTG: dTT(G3T2A)3G3A, 23TAG: dTA(G3T2A)3G3, 22GT: d(G3T2A)3G3T). The KD1 and KD2 were determined through dynamic fitting of the titration data with the mass balance equations. Due to the difference in m/z ratios, KD1 and KD2 may be calculated independently from one another. Figure reproduced with permission from Ref. 199. Copyright 2016 Oxford Academic.

Figure 26 .

 26 Figure 26. ESI-MS titration curve of a peptide binding to hairpin-RNA, forming a 1:1 complex. Each point shows the mean average of three independent experiments. The KD value (29 µM) was determined using nonlinear regressing with Equation (9). Figure adapted from Ref. 601. Copyright 2009 American Chemical Society.

Figure 27 .

 27 Figure 27. Comparison between fluorescence titration and MS titration for the G-quadruplex 22AG with ThT in NH4OAc (adapted from the data of 625 ). Fluorescence was measured at 485 nm in relative units (F485 = 1 before the titration). (A) Fluorescence titration curve of ThT by DNA, which fits well with a 1:1 binding model. (B) Fluorescence titration of DNA by ThT reveals additional phenomena at high ligand concentration. (C) Results of ESI-MS titration of 5 µM 22AG with ThT, revealing up to four ligands bound per 22AG molecule. Error bars represent standard error of triplicate measurements. Figure adapted from Ref. 625. Copyright 2013 American Chemical Society.

Figure 28 .

 28 Figure 28. Fragmentation nomenclature for oligonucleotide backbones. N is the total number of bases and n is the number of bases on the 5'-side of the fragmentation site.

  Figure 30. Illustration of the ion-gas interactions taken into account in three theoretical models for collision cross section calculation. A) The trajectory model (TM) calculates the momentum transfer collision integral by considering long-range interaction potentials between the ion and the gas. These interaction potentials can be attractive or repulsive, and their magnitude depends on the temperature. B) The exact hard spheres scattering (EHSS) model calculates the momentum transfer collision integral by assuming that the ion and gas collide as hard spheres. C) The projection approximation (PA) model calculates the collision cross section as a projection of the ion on a surface, averaged on all possible orientations, assuming an all-or-none interaction. D) The projection superposition approximation (PSA) is a projection approximationwherein the ion's atoms are considered as 'soft' spheres, accounting for the collective size effect by superimposition of all atomic contributions, and the resulting value is scaled by a shape factor ρ, which takes into account the shape effects by assessing the molecule's concavities. Figure reproduced with permission from Ref. 706. Copyright 2015 Wiley.

Figure 31 .

 31 Figure 31. Schematic energy levels involved in UV (electronic) spectroscopy, IR (vibrational) spectroscopy and photoelectron spectroscopy. Thick lines are electronic energy levels and thin lines are vibrational energy levels. IR absorption results in intramolecular vibrational energy redistribution among several degrees of freedom. UV absorption can result in (i) total internal conversion into vibrational energy at the ground state, (ii) fluorescence, (iii) reaction directly from the electronic excited state, as depicted here with electron detachment. The system ends up on the potential energy surfaces of the product (here the DNA radical with one fewer charge). In this particular case, the kinetic energy of the electron (KE) can also inform us on electron binding energy (difference of energy between DNA (z-1)•-and DNA z-) and excited states of the radical.

Figure 32 .

 32 Figure 32. Black: experimental IRMPD action spectrum recorded on deprotonated guanosine-5′-monophosphate. Green: calculated IR spectrum for the syn conformation. Red: calculated IR spectrum for the anti conformation. All bands match for the syn conformation, whereas one band is not matching for the anti conformation. Figure reproduced from Ref. 746. Copyright 2013 American Chemical Society.

Figure 33 .

 33 Figure 33. Electronic (UV) action spectra of oligonucleotides. Red circles: fragmentation relative efficiency; Black squares: electron photodetachment relative efficiency as a function of wavelength (top axis) or photon energy (bottom axis). Blue: solution absorption spectra. The results illustrate that the preferred action depends on the base nature. Figure adapted with permission from Ref. 693. Copyright 2019 RSC Publishing.

Figure 34 .

 34 Figure 34. Gas-phase circular dichroism spectra (ePD/ePD) compared to the equivalent solution-phase spectra (A/A). Symbols and lines denote gas-phase and solution-phase CD data, respectively. (A) TG4T: natural right-handed D-[(dTGGGGT)4•(NH4 + )3] 5-(blue) and its mirror image L-[(dTGGGGT)4•(NH4 + )3] 5-(red). Inset: Gas-phase CD measured at 260 nm for [(dTGGGGT)4•(NH4 + )3] 5-ions prepared from 5 µM solutions with varying ratios of D-TG4T and L-TG4T. Error bars show the 95% confidence interval calculated from the standard error (three replicas, except at 260 nm with five replicas). (B to D) Gasphase and solution-phase CD spectra for the antiparallel G-quadruplex [d(GGGTTA)2GGGTTTGGG•(K + )2] 5-(B), the left-handed G-quadruplex [dT(GGT)4TG(TGG)3TGTT•(NH4 + )3] 6-(C), and the G-duplex [(dG11)2•(Ag + )11] 5-(D). The illustrations showing helicity were generated using Chimera from Protein Data Bank coordinates (entries 2O4F, 5YEY, 6GZ6, and 4JRD), respectively. Figure reproduced with permission from Ref. 190. Copyright 2020 AAAS.

Figure 35 .

 35 Figure 35. A, B: ESI-FTICR mass spectra of RNase A digestion products obtained from full-length HIV-1 packaging signal (-RNA) probed with A) kethoxal (KT) and B) nitrogen mustard (NM; cross-linked products are connected by a bar). C. Map summarizing the probing of -RNA by DMS (red triangles), CMCT (blue circles), KT (green squares), and nucleotides bridged by NM (dashed lines; non-exhaustive, and colored by use: modeling, validation, or secondary structure confirmation). Adapted with permission from Ref. 768. Copyright 2008 National Academy of Sciences

Figure 36 .

 36 Figure 36. A. Typical workflow of RNA:protein UV-crosslinking, involving nucleases and protease digestion, enrichment, and LC-MS/MS analysis of the fragments. In CLIR-MS/MS, the nucleic acid is 13 C, 15 N-labeled segmentally to unambiguously assign crosslinks to a nucleic acid region (an example of labeled stem-loop segment is shown in red). B. Typical isotope pattern observed in CLIR-MS/MS arising from the 50% isotope labeling of uracil. Figure adapted with permission from Ref. 820. Copyright 2017 Springer Nature.

Figure 37 .

 37 Figure 37. A-C: NanoESI mass spectra of HIV-1 polypurine tract (PPT) RNA/DNA hybrid after reaction with a 10-fold (A; partially modified), 50-fold (B; mostly modified), and 100-fold (C; fully modified) NMIA excess for 50 min at 37°C. The DNA strand remains unmodified in all cases (no 2'-OH groups). D: CID spectrum of the triply modified RNA substrate in the 5charge state. Only the modified fragments are labeled, except c1 to highlight the mass increment (grey arrow). The number of NMIA adducts is shown with •. Figure adapted with permission from Ref. 770. CC 2009 RNA Society.

Figure 38 .

 38 Figure 38. A. Continuous-flow HDX/MS setup to monitor of fast exchanging sites (1-300 s), making use of a 6-port, 2-position valve to easily cycle through capillary sizes (shades of grey; dashed lines illustrate direct coupling of a capillary to the MS source to shorten the mixing time). In this setup, oligonucleotides exchange in the D-to-H direction (90% to 9% D) B. Exchange kinetics of five oligonucleotides acquired by continuous-flow (circles) and manual mixing (squares) native HDX/MS. 26CEB, N-Myc, and T30177TT are 3-tetrad G4s, TBA is a 2-tetrad G4, and ds26 forms a canonical B-helix. Figure adapted from Ref. 771. Copyright 2020 American Chemical Society.

Figure 39 .

 39 Figure 39. Theoretical structures of the NH4 + mediated G4-clusters MG4, MG8 and M2G12. The latter two are modeled with an additional NH4 + ion outside the G4-cluster. Figure adapted from Ref. 864. Copyright 2005 American Chemical Society.

Figure 40 .

 40 Figure 40. Gas-phase dissociation curves of alkaline metal MG4 + clusters as a function of the center of mass energy, assessed by SORI-CID. Figure reproduced with permission from Ref. 748. Copyright 2015 RSC Publishing.

Figure 41 .

 41 Figure 41. Different H-bonding geometries resulting in different magic number stoichiometries for guanine (top) and isoguanine (bottom). Figure reproduced with permission fromRef. 880. Copyright 2004 Wiley. 

Figure 42 .

 42 Figure 42. Competition between cations. ESI-MS spectra of 600 µM thymine with a) 200 µM KCl and 200 µM RbCl b) 200 µM RbCl and 200 µM CsCl c) 200 µM KCl and 200 µM CsCl. The stoichiometry of the most abundant species depends on the size of the cation. Figure reproduced with permission from Ref. 881. Copyright 2011 Wiley.

Figure 43 .

 43 Figure 43. Effect of base methylation on the base pairing energy. A) Threshold CID results: reaction cross section as a function of the center-of-mass collision energy (ECM). B) Base pairing energy (BPE) correlates with the polarizability of the bases. C) B3LYP/6-31G* optimized geometries of the ground-state conformations of the (dCyd)H + (dCyd), (m 5 dCyd)H + (m 5 dCyd), and (m 5 dCyd)H + (dCyd) protonated nucleoside base pairs. Figure adapted from Ref. 895. Copyright 2015 American Chemical Society.

Sections 4 .

 4 3.3 and 4.4.2 provide more extensive discussion what was learned on G-quadruplex structures thanks to advanced mass spectrometry methods.

Figure 44 .

 44 Figure 44. ESI-MS titration experiments of K + binding to G-quadruplex forming sequences. Due to the different m/z ratios, the KD1 and KD2 values may be determined independent from one another. Figure reproduced with permission from Ref. 199. Copyright 2016 Oxford Academic.

Figure 45 .

 45 Figure 45. Disruption of Watson-Crick duplexes after the addition of 0.5 equivalents Ag + per base, as observed in ESI-MS. Figure adapted with permission from Ref. 143. Copyright 2015 Springer Nature.

Figure 46 .

 46 Figure 46. Binding of alkaline earth metal ions to (a,c) the TBA sequence dGGTTGGTGTGGTTTGG and (b,d) the control (Ctl) sequence dAATTAATGTAATTAA, which does not form a G-quadruplex. (a,b) Mg 2+ and Ca 2+ bind similarly to both sequences, while (c,d) Ba 2+ and Sr 2+ bind much better to the TBA sequence, suggesting a specific, inter-quartet interaction. Figure adapted with permission from Ref. 287. Copyright 2012 Elsevier.

Figure 47 .

 47 Figure 47. ESI-MS spectra of 20 µM DNA before and after adding 0.5 equivalents of Hg 2+ per base. Figure reproduced from Ref. 773. Copyright 2010 American Chemical Society.

Figure 48 .

 48 Figure 48. (A) Fragmentation channels of duplex DNA. Each partially unzipped state can undergo base loss and subsequent fragmentation. The detection of pieces of duplex with a missing fragment (DS-frag) led to conclude to a multi-step unzipping mechanism. (B) Dependence of unimolecular reaction rate constants for neutral base loss (red) and noncovalent dissociation of the duplex to single strands (blue) on the internal energy. In slow heating conditions, the reaction times are longer and the k(E) sampled are lower; this favors the base loss channel. In fast heating conditions, the reaction time is shorter and one must reach higher k(E); this favors dissociation of the duplex into single strands. Figure adapted from Ref. 960. Copyright 2002 American Chemical Society. Griffey et al. reported the first study on the formation of DNA-RNA duplex by ESI-MS and MS/MS. 642 The authors detected and located the base pairs mismatches in 14-mer duplexes by monitoring base loss at low activation energy. The results showed that duplexes with A•C base pair mismatch displayed selective cleavage of A nucleobase and duplexes with C•C mismatches presented selective fragmentation for C nucleobase.

Figure 49 .

 49 Figure 49. IRMPD spectroscopy of electrosprayed, multiply deprotonated DNA single strands and duplexes: (a) AT-only single strands ssAT14 -(sequence: dAAATTATAATATTAAA) and ssAT2 4-(sequence: dTTTAATATTATAATTT); (b) duplex dsAT 7- constituted by ssAT1 and ssAT2; (c) GC-only single strand ssGC 3-(sequence: dCGCGGGCCCGCG); (d) self-complementary duplex dsGC 5-(same sequence). Figure adapted with permission from Ref. 747. Copyright 2014 Springer.

Figure 50 .

 50 Figure 50. Retrospective of molecular modeling of charged duplex DNA in the gas phase. A) 250 ns force field MD on 12-bp (dCGCGAATTCGCG)2 5-. Figure adapted from Ref. 722. Copyright 2003 American Chemical Society. B) 2-ns force field MD on [d(CG)7]2 7-and [d(CG)11]2 11-starting from a canonical A-helix or B-helix. Figures adapted from 698, Copyright 2004 American Chemical Society, and Ref. 699, Copyright 2007 American Chemical Society. C) Semi-empirical (PM7) optimization of [d(CG)5]2 4-, and D) DFT (M06-2X ,4-31G(d)) optimization of of [d(CG)5]2 4-, showing hydrogen bond formation between phosphate groups across the minor groove, and concatenated model that served to obtain the DFT trend line in Figure 51. Figures adapted from Ref. 701, Copyright 2017 American Chemical Society, and Ref. 145, Copyright 2018 American Chemical Society. E) Hypothetical model of a B-helix zipped by H-bonds across both the minor and major groove, thanks to restraints then force field MD, and F) compaction of (dCGCGAATTCGCG)2 5-modeled by force field MD in an evaporating charged water droplet containing the duplex 22-and 17 NH4 + ions. The last step of the modeling consisted of placing the protons on their nearest phosphate group and continuing the unrestrained MD on the gas-phase duplex. Figures adapted from Ref. 701. Copyright 2017 American Chemical Society.

Figure 51

 51 Figure 51 displays experimental CCS values (Table1), recorded in helium for duplexes (DNA and RNA) containing only CG base pairs (black data) or mixed sequences (red data), and each symbol corresponds to 𝑧/𝑛𝑡. Some intermediate charge densities were obtained from 150 mM NH4OAc solutions in presence of supercharging agent. This figure highlights that the CCS values measured for a duplex depend largely on the charge density. The trend lines corresponding to canonical B-helices obtained by X-ray crystallography and to unrestrained force field MD best match with the CCS of the duplexes at high charge density, but not to those of duplexes sprayed in the most physiological conditions, resulting in low charge density.

Figure 51 .

 51 Figure 51. Collision cross sections in helium measured for duplex DNA and RNA, as a function of the number of nucleotides (compilation of data from references 145,698-702). The symbol is a number equal to the charge per nucleotide in the measured duplex. Black numbers are for sequences containing only CG base pairs and red symbols for mixed sequences. Lighter symbols are CCS of second minor peaks, if observed. The trendlines for X-ray canonical B-helix, unrestrained force field MD and zipped helix come from reference 701, and the DFT trendline comes from reference 145. See text and Figure 50 for further details.

Figure 52 .

 52 Figure 52. Ammonium ion distributions recorded using soft instrumental conditions on the Solarix ESI-FTICR instrument. Solution conditions: 100 % aqueous 150 mM NH4OAc with 10 μM DNA strand (a) dG4T3G4, (b) dG3T4G4 (Tdry gas: 150 °C), (c) dG4(T4G4)3 (Tdry gas: 220 °C), (d) dG2T2G2TGTG2T2G2=TBA. Adapted from Ammonium ion distributions recorded using soft instrumental conditions on the Solarix ESI-FTICR instrument. Solution conditions: 100 % aqueous 150 mM NH4OAc with 10

Figure 53 .

 53 Figure 53. Influence of the bias voltage on the number of preserved ammonium ions and on the collision cross sections (CCS) of the bimolecular G-quadruplexes at different charge states. The upper plots indicate the relative abundance of each species as a function of the bias. Figure adapted from Ref. 300. Copyright 2013 American Chemical Society.

Figure 54 .

 54 Figure 54. Mass spectra of A. T30923 and B. 93del obtained at oligonucleotide incubation concentrations of 1, 20, and 100 μM. UV melting curves of C. T30923 and D. 93del performed at the same strand concentrations as that in mass spectra. M in all mass spectra stands for monomer. Before the UV melting analysis, parts of the incubated samples were used for ESI-MS analysis. Figure adapted from Ref. 978. Copyright 2016 American Chemical Society.

Figure 55 .

 55 Figure 55. A) Chemical formulae of the bases tested here. I = Inosine; 6 = 6-thioguanine; 7 = 7-deazaguanine; 8 = 8-oxoguanine; P=6MI =6-methylisoxanthopterin; Q = 3MI = 3-methylisoxanthopterin; M = 6-methyl guanine; X = 8-bromo-guanine. Formula of the regular DNA and RNA bases (A, C, T, U) are not shown. B) Zoom on the 5-charge state of (dTG4T)4 quadruplex, (dTG5T)4, (dT8GGGGT)4 and (dTCGGGGT)4 quadruplex. 3 and 4 ammonium ions are detected with the model parallel quadruplexes (dTG4T)4 and (dTG5T)4 respectively. C) Effect of guanine substitution on the mean number of NH4 + ions present in the quadruplexes: MS analysis. ESI-MS spectra obtained in gentle condition help in understanding the formation of these tetramolecular structures, not only by providing the strand stoichiometry but also an unambiguous determination of the number of contributing structural cations. The position of each substitution is indicated on the x-axis. The mean number of ammonium ions (nNH4) present in the complexes is obtained from equation: NNH4 = (4 x I(G4with 4NH4) + 3 x I(G4with 3NH4) + 2 x I(G4with 2NH4) + 1 x I(G4with 1NH4)) / Sum[I(G4all)] where I(G4n) are the relative intensities of the quadruplex with different number of ammonium ions. Figure adapted with permission from Ref. 903. Copyright 2007 Oxford Academic.

Figure 56 .

 56 Figure 56. ESI-MS spectra of dTGnT sequences in a) 10 mM NH4OAc or b) 150 mM NH4OAc. Figure adapted with permission from Ref. 904. Copyright 2012 RSC Publishing.

Figure 57 .

 57 Figure 57. Gas-phase studies on [(dTG4T)4•(NH4 + )3] 5-. A) slow activation CID MS/MS. Figure adapted with permission from Ref. 926. Copyright 2002 Wiley. B) Gas-phase HDX-MS in an FTICR-MS. Figure adapted with permission from Ref. 671. Copyright 2004 Wiley. C) Molecular modeling at the semi-empirical level (PM7). Figure adapted with permission from Ref. 190. Copyright 2020 AAAS. D) IRMPD spectroscopy compared to its single strand (unpublished data, higher resolution than those presented in reference 749). E) UV action spectroscopy at different charge states. Figure adapted with permission from Ref. 693. Copyright 2019 RSC Publishing. F) Drift tube ion mobility spectrometry in helium at different charge states (top) produced in 150 mM NH4OAc and (bottom) in the same solution with addition of 0.75% sulfolane. Figure adapted from 701. Copyright 2017 American Chemical Society. G) Circular dichroism ion spectroscopy of the natural (D-) and enantiomer (L-) version of the quadruplex. The inset shows the CD signal measured at 260 nm with samples of varying proportions of D-and L-isomers.Figure adapted with permission from Ref. 190. Copyright 2020 AAAS.

Figure 58 .

 58 Figure 58. Mass spectra of 1:1 mixture of d(TC4T)(TC) and d(TC5T)(TC'), incubated in ammonium acetate at 4 °C for 7 days.Figure adapted with permission from Ref. 988. Copyright 2016 Wiley.

  Figure 58. Mass spectra of 1:1 mixture of d(TC4T)(TC) and d(TC5T)(TC'), incubated in ammonium acetate at 4 °C for 7 days.Figure adapted with permission from Ref. 988. Copyright 2016 Wiley.
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 35 RNA kissing complexesRNA kissing complexes are base pairs that can form especially in tertiary structures between two hairpin loops. The importance of this base paring on the stability of interstrand complexes was studied byStephenson et al. by ESI-MS (Figure 

Figure 59 .

 59 Figure 59. ESI-MS spectra of kissing interactions. Spectra obtained from samples containing (a) 1:1 GACG loops with light (H3) and heavy (H4) stems or (b) 1:1 GACG (H3) and GUCG (H4fU) loops in 150 mM ammonium acetate. Expanded views show the regions containing the 6-charge states of the dimeric species. Insets show full range spectra containing the corresponding monomeric species. Figure reproduced from Ref. 1003. Copyright 2013 American Chemical Society.

Figure 60 .

 60 Figure 60. Negative mode ESI mass spectra of the telomeric DNA sequences 24TTA (d(TTAGGG)4) and its RNA counterpart 24UUA (r(UUAGGG)4), annealed in (A,B) 150 mM NH4OAc or (C,D) 100 mM TMAA and 1 mM KCl. Final strand concentration is 10 μM. In peak annotations [m] z-, m stands the number of strands and z-is the charge state; in the inset, n indicates the number of NH4 + or K + adducts. Figure adapted with permission from Ref. 709. Copyright 2019 RSC Publishing.

Figure 61 .

 61 Figure 61. Thermal denaturation experiment of 10 μM dTA(GGGTTA)3GGG in 100 mM TMAA and 1 mM KCl. Left: native mass spectra at different temperatures. Right: quantity of each stoichiometry as a function of temperature (after subtracting the nonspecific adducts contributions). Figure adapted from Ref. 638. Copyright 2018 American Chemical Society.

Figure 62 .

 62 Figure 62. Evolution of the collision cross section as a function of gas-phase molecular dynamics for three models of d(TTAGGG)4 (antiparallel, hybrid 1 and hybrid 2). Structures on the left are solution models extracted from solution MD, which served as starting points for gas-phase force field MD. Structures on the right are gas-phase structures extracted after 200 ns of gas-phase force field MD. Figure reproduced with permission from Ref. 709. Copyright 2019 RSC Publishing.

Figure 63 .

 63 Figure 63. Hydrogen bonding status dependency of oligonucleotide native HDX/MS. Exchange kinetics acquired by continuous-flow HDX (90% to 9% D) of (A) unstructured (24nonG4; dTG3ATGCGACA(GA)2G2ACG3A) and structured (24TTG•2K + ; TTG3(TTAG3)3A) oligonucleotides, and (B) the same oligonucleotide (222T; T(G3T)4) in the presence of 1.0 or 0.1 mM KCl, which leads to the formation of three distinct species (the G-quadruplexes 222T•2K + and 222T•1K + , and the unfolded conformer 222T•0K + ). C. Corresponding spectra for 222T in 0.1 mM KCl solution, zoomed on the 5-charge state. The K + -binding stoichiometry is indicated with labels. No exchange occurs in the explored time range for unfolded species (0 K + ), unlike the G-quadruplexes species (≥1 K + ). Figure reproduced from Ref. 771. Copyright 2020 American Chemical Society.

Figure 64 .

 64 Figure 64. IRMPD spectra of telomeric DNA sequences. (a) Full-spectrum of [d(TTAGGG)4•(NH4 + )2] 5-. (b-d) Zooms on the carbonyl stretch regions of (b) [ d(TTAGGG)4 •(NH4 + )2] 5-, (c) [d(TTAGGG)4] 5-, and (d) [dTTAGGG] 2-.

Figure 65 .

 65 Figure 65. Application of mass-resolved circular dichroism to a mixture of conformations adopted by the human telomeric DNA sequence dTAGGG(TTAGGG)3. (A) Deconvoluted solution-phase CD spectra for the three-quartet (2 K + , orange circles) and two-quartet (1 K + , blue squares) complexes coexisting at KCl concentrations between 0 and 1 mM. 199 The error bars are the standard uncertainties propagated from the original data; the lines were obtained by Savitzky-Golay smoothing. The insets show the stacking topologies deduced from the K + stoichiometry and the CD spectral shapes (light gray and colors denote anti and syn glycosidic bond angles, respectively). (B) Gas-phase CD spectra for the complexes [M+1K] 5-(orange circles) and [M+2K] 5-(blue squares) co-isolated from a solution containing 400 mM KCl. The error bars are the standard uncertainties from the replicates; the lines were obtained by Savitzky-Golay smoothing. The inset shows the two co-isolated parent ions. Figure reproduced with permission from Ref. 190. Copyright 2020 AAAS.

Figure 66 .

 66 Figure 66. ESI-MS spectra of equimolar amounts of 12-mer duplex DNA with common minor groove binders (A) netropsin (10 µM), (B) Hoechst 33258 (10 µM), (C) distamycin A (10 µM), and (D) RP12274 (8 µM). Figures adapted with permission from Ref. 506, Copyright 1999 Wiley (A-C), and Ref. 610, Copyright 2008 Wiley (D).

Figure 67 .

 67 Figure 67. a) Mixed hairpin DNA sequences ATATAT, AAATTT, and ATGA used to screen interaction for monomer and dimerforming diamidine. B) Deconvoluted ESI-MS spectra of MW346 titrated with multiple DNA sequences. Concentration in DNA is 5 µM in 150 mM NH4Ac. Mole-to-mole ratio of MW346-to-DNA is 0:1 (a), 1:1 (b), and 2:1 (c). The cooperative nature of MW346 binding to ATGA is indicated by increasing peak for the dimer species and no detectable 1:1 species. Figure reproduced with permission from Ref. 1043. Copyright 2015 Wiley.

  2.1.3 for further discussion), but rather indicate enthalpic stabilization due to the formation of specific non-covalent bonds, and are thus well correlated with crystallography data. 1051

Figure 68 .

 68 Figure 68. A. Breakdown curve of dsDNA [(dGGGGATATGGGG)/(dCCCCATATCCCC)] 5-(circles) and the complex with Hoechst 33258 (triangle) and netrospin (squares). Figure adapted with permission from Ref. 1032. Copyright 2000 Wiley. B. Illustration of the interaction between Hoechst 33258 (left) and netrospin (right) with a double helix (dCGCGATATCGCG)2. The hydrogen bonds formed between the drug and the duplex are shown by dotted lines. Figure adapted with permission from Ref. 506.Copyright 1999 Wiley. See alsoFigure 12. 

  Figure 68. A. Breakdown curve of dsDNA [(dGGGGATATGGGG)/(dCCCCATATCCCC)] 5-(circles) and the complex with Hoechst 33258 (triangle) and netrospin (squares). Figure adapted with permission from Ref. 1032. Copyright 2000 Wiley. B. Illustration of the interaction between Hoechst 33258 (left) and netrospin (right) with a double helix (dCGCGATATCGCG)2. The hydrogen bonds formed between the drug and the duplex are shown by dotted lines. Figure adapted with permission from Ref. 506.Copyright 1999 Wiley. See alsoFigure 12. 

Figure 69 .

 69 Figure 69. ESI-MS spectrum of equimolar amounts of Mitoxantrone (M) and a 14-mer duplex (ds = ss1 + ss2) with 85% GC base pairs. Multiples stoichiometries are detected both with the double helix and the single strand. Figure adapted with permission from Ref. 593. Copyright 2007 Wiley.

  Finally, Duskova et al. used ESI-MS to test the specificity of ligands for three-way junctions in comparison with regular duplex DNA. 1073

Figure 70 .

 70 Figure 70. Sequence selectivity of some intercalators towards 12mer double helices. The amount of drug bound is shown as a function of the percentage of GC base pairs in the duplex DNA (5 µM): 100%GC = (dCGCGGGCCCGCG)2, 66%GC = (dCGCGAATTCGCG)2, 33%GC = (dCGCAAATTTGCG)2. The data is compiled from references 599,606,607,1052.

Figure 71 .

 71 Figure 71. Negative ion mode MS/MS spectra of the complex (1:1) 5-of duplex (CGCGAATTCGCG)2 with A. cryptolepine and B. neocryptolepine at the same hexapole collision voltage (10 V): the resulting fragment is the (duplex) 5-. The complex with neocryptolepine (bottom) is more dissociated compared to the complex with cryptolepine (top). The opposite position of N-CH3 group of neocryptolepine induced a destabilization of the complex. Right: Schematic overlap with a GC base pair and the drugs is showed. Figure adapted with permission from Ref. 489. Copyright 2006 Elsevier.

Figure 72 .

 72 Figure 72. Hydrogen-bonding between A. NC and the G-G mismatch, B. Schematic illustrations of the proposed NC binding to the CGG/CGG triad (red rectangles: 2-amino-1,8-naphthyridine), C and D: CSI-TOF MS of the 11-mer self-complementary duplex dTCAACGGTTGA containing a CGG/CGG triad (20 µM), in absence (C) or presence (D, 20 µM) of NC, in 50% aqueous

Figure 73 .

 73 Figure 73. A) MS/MS breakdown curves of the complexes between ligands 4-7 (see Chart 8) and the triplex dCCTTTTCTCTTTCC and dGGAAAGAGAAAAGG which constitute a Watson-Crick duplex and dCCTTTCTCTTTTCCwich is the antigene strand. B) Models of three ligands intercalated in a TAT-TAT base triplet of the model triplex (dCTTTTCC•dGAAAAGG-dCTTTTCC), ranked by order of observed gas-phase kinetic stability, which matches with the order of calculated interaction energies. The planar ring system of the ligands (purple) is shown stacked with the base triplet (orange and green). Only the bottom triplet is shown for clarity. The Watson-Crick base pairs are in brown (at the bottom left and bottom right corners of each figure), the antigene base is green (at the top left corner of each figure), and the drug is stacked on top of the three bases. Adapted from Ref. 382. Copyright 2007 American Chemical Society.

  G-quadruplex ligands (continued).
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Figure 74 .

 74 Figure 74. ESI-MS spectra of Phen-DC3 (L; 5 µM) with A. the telomeric G-quadruplex d(T2AG3)4 (Telo; 5 µM) and B. the 12-mer duplex (dCGCGAATTCGCG)2 (ds12; 5 µM), in 150 mM NH4OAc and 15% MeOH. The amount of Phen-DC3 bound quadruplex is 4.9 µM and 0.1 µM, respectively. Figure adapted with permission from Ref. 1053. Copyright 2008 Elsevier.

Figure 75 .

 75 Figure 75. A) left: ESI-MS spectra of a mixture of 5 µM d(GGGTTA)3GGG ("G") and 5 µM d(CCCAAT)3CCC ("i") after 200 s (top) and 2000 s (bottom). Right: ESI-MS spectra of a mixture of 5 µM "G", 5µM telomestatin, and 5 µM "i" after 200 s (top) and 2000 s (bottom). "Duplex" stands for "G•i"; "1:1" stands for "telomestatin•G"; "2:1" stands for "2telomestatin•G". B) Relative abundances of the different forms of the G-strand as a function of time. The complementary strand (5 µM) is added to a solution (5 µM) of preformed d(GGGTTA)3GGG quadruplex alone (left) or in the presence of 5 µM telomestatin (right). (black circle): duplex; (open circle): free G-strand; (triangle): 1:1 complex with telomestatin; (square): 2:1 complex with telomestatin. Figure adapted with permission from Ref. 628. Copyright 2003 RSC publishing.

Figure 76 .

 76 Figure 76. Summary of the polymorphism and folding pathways of telomeric G-quadruplexes, 199 and ligand preferences deduced from stoichiometries observed by ESI-MS (pink: Phen-DC3, 916 blue: Cu(II)-ttpy, 615 orange: L2H2-6OTD 916 ).

Figure 77 .

 77 Figure 77. Left: ESI-MS mass spectra of Pt-tMebip (A) and Pd-tMebip (B) with the quadruplex (dTGGGGT)4, 1 h after mixing (zoom on the 5-charge state). Right: amounts of Pt-tMebip (C) and Pd-tMebip (D) ligands (8 µM) bound to different DNA Gquadruplex (Q1 = (dTGGGGT)4, Q2 = human telomeric sequence d(GGGTTA)3GGG and duplex (D100= (dCGCGGGCCCGCG)2, D66 = (dCGCGAATTCGCG)2, D33 = (dCGCAAATTTCGC)2) structures (4.8 µM), 1h after mixing. The brown and blue bars correspond to the fractions of direct coordination and non-covalent binding (under the aqua or chloride forms), respectively. Figure adapted with permission from Ref. 316. Copyright 2011 Wiley.

Figure 78 .

 78 Figure 78. Mass spectra of 10 μM T95-2T ("M") without (A-D) and with 40 µM Rhau18 ("P") (E-H), and in the absence of ligand ("L") (A,E) and the presence of 20 µM Phen-DC3 (B,F), TMPyP4 (C,G), and proflavine (D,H). I. Relative abundance of DNA complexes containing only small-molecule ligands (blue), only Rhau18 (red), and both small-molecule ligands and Rhau18 (orange). Figure reproduced with permission fromRef. 1124. Copyright 2020 Wiley. 

Figure 79 .

 79 Figure 79. MS-melting of 10 μM 24TTG with 10 μM TrisQ in 100 mM TMAA and 1 mM KCl. A. Mass spectra obtained at various temperatures (zooms on the 5-charge state). B. Quantification of each state distinguished based on its stoichiometry. The concentration of free ligand is obtained by difference. C. Thermodynamic parameters for potassium cation and ligand binding to G-quadruplexes. ΔΔG°, ΔΔH°, and -298.ΔΔS° are relative to the folded G-quadruplex (MK2). The values are color-coded, indicating how favorable (green) or unfavorable (red) is a given state compared to the free G-quadruplex, should the reaction be carried out at 1 M concentration of each partner. The reported uncertainties are the standard deviations from repeated experiments, considering uncertainty propagation when sequential reactions are used for the van't Hoff regressions. Figure adapted from Ref. 638. Copyright 2018 American Chemical Society.

Figure 80 .

 80 Figure 80. Multitarget affinity/specificity screening of 16S and 18S RNAs with a library of 5 aminoglycosides: sisomicin (Sis), tobramycin (Tob), bekanomycin (Bek), paromomycin (PM), and livodomycin (LV). Signals from the (M -5H) 5-charge states of free 16S and 18S RNAs are detected at m/z 1801.515 and 1868.338, respectively. Consistent with the higher binding affinity of these aminoglycosides for the 16S A-site relative to the 18S A-site, aminoglycoside complexes are observed only with the 16S rRNA target. Note the absence of 18S-paromomycin and 18S-lividomycin complexes, which would be observed at the m/z values indicated by the arrows. Figure adapted from Ref. 1135. Copyright 1999 American Chemical Society.

Figure 81 .

 81 Figure 81. (a) Product ion spectrum and (b) fragmentation map of the SL1G259A•2NB assembly. The fragmentation pattern obtained by SORI-CID displayed protection of G254:G257 and G270:G272, which are located in double-stranded regions near the internal bulge and immediately below the apical loop, as indicated on the hairpin secondary structure (c). These results were corroborated by docking the ligand molecule onto the electrostatic surfaces of SL1 (d). Figure reproduced with permission from Ref. 1008. Copyright 2008 Wiley.

  Figure 81. (a) Product ion spectrum and (b) fragmentation map of the SL1G259A•2NB assembly. The fragmentation pattern obtained by SORI-CID displayed protection of G254:G257 and G270:G272, which are located in double-stranded regions near the internal bulge and immediately below the apical loop, as indicated on the hairpin secondary structure (c). These results were corroborated by docking the ligand molecule onto the electrostatic surfaces of SL1 (d). Figure reproduced with permission from Ref. 1008. Copyright 2008 Wiley.

Figure 82 .

 82 Figure 82. Native ion mobility-mass spectrometry (IM-MS) analysis of adenosine-binding (A), L-argininamide-binding (B), and cocaine-binding (C) aptamers in complexes with their specific ligands. Top traces represent mass spectra, and the contour plots below them show IM data (deeper color corresponds to higher signal intensity). Charge states of ions are indicated above the respective peaks. The number of bound ligands is indicated in smaller italic numbers. Samples (A-B) contained 10 µM aptamer, 100 µM ligand in 50 mM NH4OAc and sample (C) contained 10 µM aptamer, 50 µM ligand in 300 mM NH4OAc. Figure adapted from Ref. 1163. Copyright 2018 American Chemical Society.

4. 6

 6 Nucleic acid complexes with other biopolymers 4.6.1 Complexes with peptides

Figure 83 .

 83 Figure 83. ESI-MS spectra of TAR and tat (2 μM each) in H2O:MeOH (9:1) at pH 7.7 (adjusted by addition of piperidine, final concentration 1.125 mM) sprayed ca. 5 (top) and 30 min (bottom) after preparation of the solution. Empty circles corresponds to (TAR-nH) n-; red circles are for (TAR+tat-nH) n-; blue/purple circles are for (TAR+2 tat-nH) n-ions. Figure adapted with permission from Ref. 659. Copyright 2016 Wiley.
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Figure 84 .

 84 Figure 84. Monitoring of the formation of a complex containing human 40S ribosomes and Internal Ribosome Entry Site (IRES) RNA fragments of Cricket Paralysis Virus (CrPV) and Hepatits C virus (HCV). Mass spectra of the RNA fragments alone (insets) provide the accurate mass of the IRES elements. This mass corresponds well with the observed increase in mass of the 40S ribosome upon binding of the RNA indicating that the particles do not undergo a significant change in composition. Structures of the free 40S ribosomes (PDB 5A2Q) and particles bound by CrPV (PDB 4V91) and HCV IRES (PDB 5A2Q) are shown, with the ribosomal proteins in blue, the rRNA in gray and the IRES elements in yellow and green, respectively. Figure adapted with permission from Ref. 1187. Copyright 2018 Springer Nature.
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4. 6 . 3 . 3

 633 Ion mobility spectrometry Nucleosome core protein (NCP) consists of histone protein octamers and DNA. 1190 IM-MS results resolved multiply charged ions of the hexasome (an important intermediate during the protein-DNA assembly and disassembly) by arrival times and m/z values in a 2D contour plot. Structural diversity of canonical NCP was shown by IM-MS. 1191 Histone tails play vital roles in many biological processes.
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Table 1 .

 1 Ion mobility spectrometry literature on oligonucleotide structures, with collision cross section values or CCS distributions.

  Structural interpretation of collision cross sectionsA CCS value alone does not inform on the structure, but comparing CCS values for systems of the same size (name number of nucleobases) can reveal which ion ensembles have more compact (low CCS) or more extended (high CCS) conformations. Table

				3.2.3.2																										
	711	263						490													263						263			263			
	CCSD b	630	654	717	983	1042	1106	821	863	917	1023, 1190	1111, 1234,	1314, 1360	1335, 1362,	1394, 1436	1462, 1482	1548	800	846	922	842	883	928	1275	1393	1504	820	850	907	641 1009 1145 671 1217 740	984	1063	1111
	-3-11	-4	-5	-6	-7	-8	-9	-3	-4	-5	-6	-7		-8			-9	+3	+4	+5	-5	-6	-7	-8	-9	-10	-5	-6	-7	-4 -8 -9 -5 -10 -6	-7	-8	-9
	DT Ω							TIMS Ω													DT Ω						DT Ω			DT Ω			
	i-motif							i-motif													Single strand						i-motif			Single strand			
	d(CCCTAA)3CCC, pH = 5.5 21							d(CCCTAA)3CCC 21													d(TAACTC)5, pH = 5.5 30						d(TAACCC)5, pH = 5.5 30			21	Complementary sequence to form a Watson-Crick antiparallel duplex		Favored if 2 NH4 + ions bound and in soft pre-IMS conditions
																															a	

b Collision cross section distribution c Sulfolane was used as supercharging agent d
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	Li +	LiG4 + , Li(dG)4 +	(none)	Li(rC)3 + , Li2C15 2+	LiT3 + LiT7 + LiT10 + Li2T14 2+	LiU3 + LiU10 + Li2U20 2+
	Na +	NaG4 + Na(dG)4 + , Na(rG)4 + Na(dG)8 + , Na(rG)8 + Na2(dG)12 2+ , Na2(rG)12 2+ Na3(dG)16 3+ , Na3(rG)16 3+	(none) Na(rC)3 +	Na(dT)3 + NaT4 + NaT7 + NaT10 + NaT20 +	NaU4 + NaU7 + NaU10 + NaU16 +
	K +	KG4 + , K(dG)4 + , K(rG)4 + KG8 + , K(dG)8 + , K(rG)8 + K2(dG)12 2+ , K2(rG)12 2+ K3(dG)16 3+ , K3(rG)16 3+	(none) (none)	K(dT)3 + KT5 + KT10 + K2T15 2+ KT7 +	KU5 + KU10 + K2U15 2+
	NH4 +	NH4(dG)4 + NH4(dG)8 + , (NH4)2(dG)12 2+ , (NH4)3(dG)16 3+	(none) (none)	NH4T5 + NH4T10 + (NH4)2T15 2+	NH4U5 + NH4U10 + (NH4)2(rU)12 2+ (NH4)2U15 2+
					RbT5 +	
	Rb +	RbG4 +	(none) (none)	RbT10 +	(none)
					Rb2T15 2+	
	Cs +	CsG4 + , Cs(rG)4 + , Cs2(dG)12 2+ , Cs2(rG)12 2+	(none) (none)	CsT5 + Cs2T15 2+ CsT10 +	CsU5 +
						CaU6 2+ , CaU8 2+
	Ca 2+	Ca2(rG)4 2+ Ca(dG)8 2+ , Ca(rG)8 2+	(none) CaC4 2+	CaT6 2+ CaT10 2+ CaT12 2+ CaT14 2+	CaU10 2+ , CaU12 2+ CaU14 2+ , CaU18 2+
						CaU24 2+

Table 3 .

 3 Overview of G-quadruplex (G4) ligand non-covalent interaction(s) studied by ESI-MS.

	Ligands	Sequences	Ref.
		(dTG4T)4	
	Ditercalinium	(dG4T4G4)2	
		dG3(T2AG3)3	
		(dTG4T)4	
	Cryptolepine, Neocryptolepine	(dG4T4G4)2	
		dG3(T2AG3)3	
		(dTG4T)4	
	Ethidium derivatives	(dG4T4G4)2	
		dG3(T2AG3)3	
	Ascididemin, Meridine	d(G3T2A)3G3 (dTG4T)4	
	Nemorubicin, doxorubicin, PNU-159682	(dT2AG3T) 4	
	Daidzin	dA(G3T2A)3G3	
	Berberine and derivative (SS14) daunomycin	(dT2G5T)4	
		(dT2G5T)4	
	Berberine derivatives	(dG4T4G4)2	
		dG3(T2AG3)3	
	Natural products	dTGAG3TG3TAG3TG3TA2	
	Natural products	dAG3CG3AG3AG3A	
	Natural products	dAG3AG3CGCTG3AG2AG3	
	Alkaloids	(dTG4T)4	
	Alkaloids	dG5C2GUG4UG3AGCUG4	
	Alkaloids	dG3(CTG3)2CG4	
	Flavonoids	dTA(G3T2A)3G3	
	Sanguinarine	dAG3(T2AG3)3	
	Chelerythrine	dAG3(T2AG3)3 r(U2AG3)4U2A	
	Pyrrolobenzodiazepine derivatives, TMPyP4	d(T2G8)4	
	Glucosaminoside derivatives	d(T2AG3)4T2A R(U2AG3)4U2A	
	Telomestatin	d(G3T2A)3G3	
		(dTG4T)4	
	Telomestatin	(dT2AG3)4	
		dGAG3TG4AG3TG4A2G	
	Telomestatin derivatives, RHPS4	dAG3(T2AG3)3	
	TRZ and RHPS4	dAG3(T2AG3)3 dAG3AG3CGCTG3AG2AG3	
	Cyclo[n]pyrroles (n=6-8)	(dT2AG3)4	
		d(G2A)3G2TCAC	
	Cyclic polyamide	r(G2A)4 d(G2A)4GA2(G2A)4	
		d(G2A)3G2TCACG2A(G2A)3GA2(G2A)4	
	LSA2-6OTD derivatives and dimer	(dT2AG3)4	
		(dTG4T)4	
	Mesoporphyrin IX	(dG4T4G4)2	
		dG3(T2AG3)3	
	CuTMPyP4	(dT4GnT4)4 (n = 4, 10)	
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