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Introduction

The ease of modification and the chemical stability of DNA made it particularly appealing to the physicists who turned to biology in the mid-1990s, at the start of the single-molecule field.

In addition to investigations based on fluorescence microscopy, which are not central to this review, nanomanipulation experiments were developed to probe the mechanical properties of this unique, model polymer. First, the entropic nature of the elasticity of double-strand DNA (dsDNA) molecule was elucidated and quantitatively related to the local, enthalpic rigidity [START_REF] Smith | Direct mechanical measurements of the elasticity of single DNAmolecules by magnetic beads[END_REF][START_REF] Bustamante | Entropic elasticity of lambda-phage DNA[END_REF][START_REF] Bouchiat | Estimating the persistence length of a worm-like chain molecule from force-extension measurements[END_REF].

A few years later, thanks to magnetic trapping, dsDNA could be supercoiled, thus beginning to unveil the full phase diagram of DNA, i.e. under torque as well as under tension [START_REF] Strick | The elasticity of a single supercoiled DNA molecule[END_REF]. Alternative structures such as overstretched S-DNA [START_REF] Cluzel | DNA: An extensible molecule[END_REF][START_REF] Zhang | Two distinct overstretched DNA structures revealed by single-molecule thermodynamics measurements[END_REF][START_REF] Smith | Overstretching B-DNA: The elastic response of individual doublestranded and single-stranded DNA molecules[END_REF] and hypertwisted P-DNA [START_REF] Allemand | Stretched and overwound DNA forms a Pauling-like structure with exposed bases[END_REF] were also discovered relying on the so-called single-molecule force spectroscopy (SMFS) approach.

To perform the preceding observations the extremities of dsDNA molecules are attached to micron-size handles which are positioned and localized to within a few nanometers. Such handles include beads, cantilevers, and glass surfaces. They allow one to apply controlled forces using for example optical tweezers [START_REF] Neuman | Single-molecule force spectroscopy: optical tweezers, magnetic tweezers and atomic force microscopy[END_REF][START_REF] Ashkin | Observation of a single-beam gradient force optical trap for dielectric particles[END_REF], magnetic tweezers [START_REF] Strick | The elasticity of a single supercoiled DNA molecule[END_REF][START_REF] Neuman | Single-molecule force spectroscopy: optical tweezers, magnetic tweezers and atomic force microscopy[END_REF][START_REF] Gosse | Magnetic tweezers: Micromanipulation and force measurement at the molecular level[END_REF][START_REF] Vlaminck | Recent advances in magnetic tweezers[END_REF], atomic force microscopes [START_REF] Neuman | Single-molecule force spectroscopy: optical tweezers, magnetic tweezers and atomic force microscopy[END_REF][START_REF] Moy | Intermolecular forces and energies between ligands and receptors[END_REF], centrifuge force microscopes [START_REF] Yang | Multiplexed single-molecule force spectroscopy using a centrifuge[END_REF], and acoustic force spectroscopes [START_REF] Sitters | Acoustic force spectroscopy[END_REF]. Moreover, placing dsDNA in the grip of a single-molecule force apparatus enables researchers to take advantage of its mechanical properties as a proxy for the detection of molecular interactions: the rigid polymer becomes a substrate into which more complex nucleic-acid structural elements (e.g. hairpins) can be inserted and probed for stability (Fig. 1a), or on which the work of enzymes can be scrutinized (Fig. 1a').

Although the above strategies have been successful for more than two decades, they have also run up against certain limitations which we discuss below and which served as the motivation for the development of DNA-based scaffolds as a novel class of functional elements dedicated to single-molecule experiments. Application in sensing have even emerged [START_REF] Shrestha | Mechanochemical Sensing: A Biomimetic Sensing Strategy[END_REF][START_REF] Castro | DNA origami devices for molecular-scale precision measurements[END_REF][START_REF] Ma | DNA nanotechnology as an emerging tool to study mechanotransduction in living systems[END_REF] but here we will only stay focus on fundamental biophysics.

Limitations faced in the study of non-covalent interactions

Besides detailing the mechanical properties of dsDNA, single-molecule manipulation has provided insights into the properties of single-strand (ss) nucleic acids. Simple structures made of ssDNA or ssRNA have extensively been studied by flanking them with long dsDNA fragments employed as shanks to connect to the two handles of a force apparatus (Fig. 1a). By applying successive pulling/relaxation cycles one can elucidate the mechanism of the associated unfolding/folding transitions and evaluate how the applied force affects those monomolecular processes. Among the vast literature on the topic -see Yang et al. for a survey [START_REF] Yang | A universal assay for making DNA, RNA, and RNA-DNA hybrid configurations for single-molecule manipulation in two or three steps without ligation[END_REF] -one can for instance mention reports on DNA hairpins [START_REF] Kemmerich | Simultaneous single-molecule force and fluorescence sampling of DNA nanostructure conformations using magnetic tweezers[END_REF][START_REF] Manosas | Single molecule high-throughput footprinting of small and large DNA[END_REF][START_REF] Ding | Singlemolecule mechanical identification and sequencing[END_REF][START_REF] Koirala | Detection of single nucleotide polymorphism using tensiondependent stochastic behavior of a single-molecule template[END_REF][START_REF] Woodside | Nanomechanical measurements of the sequence-dependent folding landscapes of single nucleic acid hairpins[END_REF][START_REF] Guo | Structural-elastic determination of the force-dependent transition rate of biomolecules[END_REF], RNA hairpins and riboswitches [START_REF] Greenleaf | Direct observation of hierarchical folding in single riboswitch aptamers[END_REF], DNA aptamers [START_REF] Yangyuoru | Single-molecule measurements of the binding between small molecules and DNA aptamers[END_REF], and G-quadruplexes [START_REF] Mitra | Extreme mechanical diversity of human telomeric DNA revealed by fluorescence-force spectroscopy[END_REF][START_REF] Long | Mechanical unfolding of human telomere G-quadruplex DNA probed by integrated fluorescence and magnetic tweezers spectroscopy[END_REF][START_REF] Koirala | A single-molecule platform for investigation of interactions between G-quadruplexes and smallmolecule ligands[END_REF][START_REF] You | Stability and kinetics of c-MYC promoter G-quadruplexes studied by single-molecule manipulation[END_REF]. With the advent of DNA nanotechnologies [START_REF] Hong | DNA origami: Scaffolds for creating higher order structures[END_REF] the behavior of even more complex objects could be observed relying on similar experimental schemes, from Holliday junctions [START_REF] Kemmerich | Simultaneous single-molecule force and fluorescence sampling of DNA nanostructure conformations using magnetic tweezers[END_REF][START_REF] Hohng | Fluorescence-force spectroscopy maps two-dimensional reaction landscape of the Holliday junction[END_REF] to 10-helix bundles [START_REF] Bae | Programmed folding of DNA origami structures through single-molecule force control[END_REF] and DNA tubes [START_REF] Shrestha | Mechanical properties of DNA origami nanoassemblies are determined by Holliday junction mechanophores[END_REF].

Significant progress has also been made in the study of bimolecular reactions involving a manipulated nucleic acid structure and a partner in solution (e.g. an oligonucleotide, a drug, a protein) [START_REF] Zhao | Single-molecule manipulation quantification of sitespecific DNA binding[END_REF][START_REF] Marko | How do DNA-bound proteins leave their binding sites? Current Opinion in Chemical Biology[END_REF], with applications to sequence determination [START_REF] Ding | Singlemolecule mechanical identification and sequencing[END_REF][START_REF] Koirala | Detection of single nucleotide polymorphism using tensiondependent stochastic behavior of a single-molecule template[END_REF] and molecular pharmacology [START_REF] Manosas | Single molecule high-throughput footprinting of small and large DNA[END_REF][START_REF] Koirala | A single-molecule platform for investigation of interactions between G-quadruplexes and smallmolecule ligands[END_REF]. In contrast, investigations in which two nucleic acid partners are manipulated have remained scarce; until recently only a dozen reports had been published on the shearing of oligonucleotide duplexes [START_REF] Hatch | Demonstration that the shear force required to separate short double-stranded DNA does not increase significantly with sequence length for sequences longer than 25 base pairs[END_REF][START_REF] Strunz | Dynamic force spectroscopy of single DNA molecules[END_REF][START_REF] Pope | Force-induced melting of a short double helix[END_REF] and triplexes [START_REF] Ling | Rupture force between the third strand and the double strand within a triplex DNA[END_REF][START_REF] Chang | Direct visualization of triplex DNA molecular dynamics by fluorescence resonance energy transfer and atomic force microscopy measurements[END_REF], none on the unstacking of base-pairs. In fact these measurements are more cumbersome to perform and more difficult to interpret. For instance, no repeatable pulling/relaxation cycles can be applied: once the complex dissociates under force the handles irreversibly separate (Fig. 1b). Multiple contact attempts are thus necessary to obtain a new association, but the newly probed partners will surely be different from the first ones, and not in exactly the same environment [START_REF] Strunz | Dynamic force spectroscopy of single DNA molecules[END_REF][START_REF] Pope | Force-induced melting of a short double helix[END_REF][START_REF] Ling | Rupture force between the third strand and the double strand within a triplex DNA[END_REF][START_REF] Chang | Direct visualization of triplex DNA molecular dynamics by fluorescence resonance energy transfer and atomic force microscopy measurements[END_REF]. Alternatively, multiple single-interactions can be monitored in parallel, but a new sample need to be prepared each time all complexes have dissociated [START_REF] Hatch | Demonstration that the shear force required to separate short double-stranded DNA does not increase significantly with sequence length for sequences longer than 25 base pairs[END_REF].

Limitations faced in the study of enzymatic reactions

Owing to its well-formalized mechanical properties, dsDNA is an exceptionally good substrate for the detection, through single-molecule manipulation, of its interactions with the molecular machines in charge of its processing in vivo. For example, the action of the T4 DNA ligase [START_REF] Crut | Dynamics of phosphodiester synthesis by DNA ligase[END_REF], of several type I and type II topoisomerases [START_REF] Strick | Single-molecule analysis of DNA uncoiling by a type II topoisomerase[END_REF][START_REF] Koster | Antitumour drugs impede DNA uncoiling by topoisomerase I[END_REF], and of a serine recombinase [START_REF] Bai | Single-molecule analysis reveals the molecular bearing mechanism of DNA strand exchange by a serine recombinase[END_REF] could be deciphered in the following way: when dsDNA is supercoiled, writhed plectonemic structures result from torsional stress and their contour length, Lc, roughly corresponds to the persistence length of the polymer, Lp ≈ 50 nm [START_REF] Bouchiat | Estimating the persistence length of a worm-like chain molecule from force-extension measurements[END_REF][START_REF] Camunas-Soler | Elastic properties of nucleic acids by single-molecule force spectroscopy[END_REF]; as a consequence, at constant force in the pN range one can easily spot the addition or the removal of such individual loops through the corresponding changes in handle position (Fig. 1a'). Importantly, although these processes require two dsDNA fragments to cross each other, no irreversible handle separation is observed; indeed, either the enzyme acts as a temporary connector between the cleaved strands, or at any time it leaves one of them strands intact. Therefore, once all plectonemes have been removed it is possible to supercoil the same dsDNA molecules again and resume work.

Going one step further, single-molecule experiments have also been successful at elucidating the rate-limiting steps of dsDNA cleavage by restriction endonucleases [START_REF] Van Den Broek | DNA-tension dependence of restriction enzyme activity reveals mechanochemical properties of the reaction pathway[END_REF][START_REF] Kostiuk | The dynamics of the monomeric restriction endonuclease BcnI during its interaction with DNA[END_REF].

However, the final step of the reaction involves the destruction of the substrate, which frustratingly implies extra sample preparations if large numbers of events are needed to provide relevant data (Fig. 1b').

Finally, a broad range of processes requires two separate nucleic acid molecules to take place. This includes repair of double-strand DNA breaks, which is of key importance in human health and disease [START_REF] Scully | DNA double-strand break repair-pathway choice in somatic mammalian cells[END_REF]. More precisely, in the homologous repair pathway a single dsDNA end is first associated, via protein-mediated base-pairing, to the identical DNA sequence located in a sister chromatid; in the non-homologous repair pathway two dsDNA ends, which usually do not display any complementary overhangs, are aligned and ligated together. Unfortunately for the study of such complex reactions classical single-molecule approaches fall short as it is of experimental interest to manipulate well identified sets of DNA ends and to probe them repeatedly in order to ensure the reversibility of the assay and its statistical significance.

Concept

The introduction of a third polymer segment spanning the two separate nucleic acid molecules under consideration is one solution to prevent them from definitively separating after dissociation; it should also allow monitoring association more easily (Fig. 1c,c'). In fact, the implementation of such a strategy has been described more than a decade ago for the study of oxidation and reduction of disulfide bonds in proteins [START_REF] Wiita | Force-dependent chemical kinetics of disulfide bond reduction observed with single-molecule techniques[END_REF][START_REF] Ainavarapu | A single-molecule assay to directly identify solvent-accessible disulfide bonds and probe their effect on protein folding[END_REF], and it has later been harnessed for the characterization of protein-protein interactions [START_REF] Kim | A mechanically stabilized receptor-ligand flex-bond important in the vasculature[END_REF][START_REF] Gao | Single reconstituted neuronal SNARE complexes zipper in three distinct stages[END_REF][START_REF] Rognoni | Dynamic force sensing of filamin revealed in singlemolecule experiments[END_REF] (Tab. 1). However, this idea has only recently been extended and applied in the context of nucleic acids [START_REF] Halvorsen | Nanoengineering a single-molecule mechanical switch using DNA self-assembly[END_REF][START_REF] Wang | Dissection of DNA double-strand-break repair using novel single-molecule forceps[END_REF][START_REF] Kilchherr | Single-molecule dissection of stacking forces in DNA[END_REF].

Using a leash as a central element of a scaffold

Most of the molecular constructs we will discuss comply with a tweezers-like anatomy: the partners in interaction are located at the tips and the handles for manipulation are attached to the shanks; a leash connects the two tip-shank segments (Fig. 2a). Shanks made of dsDNA have been used from nearly the onset of the single-molecule field [START_REF] Yang | A universal assay for making DNA, RNA, and RNA-DNA hybrid configurations for single-molecule manipulation in two or three steps without ligation[END_REF][START_REF] Kim | A mechanically stabilized receptor-ligand flex-bond important in the vasculature[END_REF][START_REF] Gao | Single reconstituted neuronal SNARE complexes zipper in three distinct stages[END_REF] and their role is to keep the objects of interest far from any surface, so as to minimize non-specific interactions [START_REF] Kim | A mechanically stabilized receptor-ligand flex-bond important in the vasculature[END_REF][START_REF] Halvorsen | Nanoengineering a single-molecule mechanical switch using DNA self-assembly[END_REF].

When preferable, tips are implemented (Tab. 1) to influence the conformational space in which the partners evolve, either widening [START_REF] Wang | Dissection of DNA double-strand-break repair using novel single-molecule forceps[END_REF][START_REF] Kostrz | A modular DNA to study protein-protein interactions at single-molecule resolution[END_REF] or restricting it [START_REF] Kilchherr | Single-molecule dissection of stacking forces in DNA[END_REF].

The leash is in fact the most innovative aspect of molecular scaffolds. As evoked above, it first allows one to repeatedly probe the same interaction, established between the two same nucleic acids ends. Increasing throughput is of course a key element of single-molecule experiments, which must painstakingly generate statistically large enough datasets of individual events so as to permit subsequent analysis [START_REF] Kim | A mechanically stabilized receptor-ligand flex-bond important in the vasculature[END_REF][START_REF] Halvorsen | Nanoengineering a single-molecule mechanical switch using DNA self-assembly[END_REF]. Yet, repeated probing further enables the full characterization of each single-pair of partners; by comparing the results issued from the different pairs one can thus obtain insights into sample heterogeneity that cannot be accessed by testing only once even a massive number of single-interactions [START_REF] Halvorsen | Nanoengineering a single-molecule mechanical switch using DNA self-assembly[END_REF][START_REF] Schickinger | Tethered multifluorophore motion reveals equilibrium transition kinetics of single DNA double helices[END_REF]. Finally, acquiring numerous events on the same single-pairs of partners participates in quality control: degradation over time can be readily noted on time-traces (e.g. full reversibility may disappear), and deviation from some expected behavior can be evidenced by histogram plotting (e.g. non-specific interactions may introduce a second characteristic timescale).

Importantly, the leash also guarantees specificity and reproducibility thanks to the mechanical fingerprint it affords [START_REF] Wiita | Force-dependent chemical kinetics of disulfide bond reduction observed with single-molecule techniques[END_REF][START_REF] Ainavarapu | A single-molecule assay to directly identify solvent-accessible disulfide bonds and probe their effect on protein folding[END_REF][START_REF] Kim | A mechanically stabilized receptor-ligand flex-bond important in the vasculature[END_REF][START_REF] Halvorsen | Nanoengineering a single-molecule mechanical switch using DNA self-assembly[END_REF][START_REF] Johnson | How do we know when single-molecule force spectroscopy really tests single bonds?[END_REF]. Since this structural element is composed of a polymer with well-understood mechanical properties, a well-defined length increase (resp. decrease), Δz(F), is obtained upon dissociation (resp. association; Figs. 1c,c' and2). Non-specific interactions, which do not manifest themselves through the expected extension change, can then be filtered out on a robust, objective, and quantitative basis.

When choosing a leash one has to take into account both chemical and physical criteria.

Secondary structures must be absent as otherwise the mechanical response of this part of the scaffold may become convolved with the one from the partners -this requires for polypeptides the use of unstructured domains [START_REF] Kim | A mechanically stabilized receptor-ligand flex-bond important in the vasculature[END_REF][START_REF] Rognoni | Dynamic force sensing of filamin revealed in singlemolecule experiments[END_REF][START_REF] Kim | Force-induced on-rate switching and modulation by mutations in gain-of-function von Willebrand diseases[END_REF][START_REF] Wang | Label-free single-molecule quantification of rapamycin-induced FKBP-FRB dimerization for direct control of cellular mechanotransduction[END_REF] and for single-strand nucleic acids the use of homopolymeric sequences [START_REF] Kilchherr | Single-molecule dissection of stacking forces in DNA[END_REF] (Tab.1). However, non-specific interactions between the leash and the studied complex are always possible and in this respect dsDNA is a safer choice [START_REF] Yang | Multiplexed single-molecule force spectroscopy using a centrifuge[END_REF][START_REF] Halvorsen | Nanoengineering a single-molecule mechanical switch using DNA self-assembly[END_REF][START_REF] Wang | Dissection of DNA double-strand-break repair using novel single-molecule forceps[END_REF][START_REF] Kostrz | A modular DNA to study protein-protein interactions at single-molecule resolution[END_REF][START_REF] Schickinger | Tethered multifluorophore motion reveals equilibrium transition kinetics of single DNA double helices[END_REF][START_REF] Li | The dynamics of forming a triplex in an artificial telomere inferred by DNA mechanics[END_REF].

From a physical point of view, two key parameters should be considered when selecting a leash, namely its contour length Lc, which corresponds to its actual size, and its persistence length, Lp, which intrinsically characterizes its local bending rigidity -see [START_REF] Camunas-Soler | Elastic properties of nucleic acids by single-molecule force spectroscopy[END_REF] for data on nucleic acids. In solution, biopolymers lacking secondary structure form random coils, the mechanical response of which greatly depends on Lp [START_REF] Smith | Direct mechanical measurements of the elasticity of single DNAmolecules by magnetic beads[END_REF][START_REF] Bouchiat | Estimating the persistence length of a worm-like chain molecule from force-extension measurements[END_REF][START_REF] De Gennes | Scaling concepts in polymer physics Ithaca[END_REF]. In fact, random coils corresponding to stiffer polymers extend more when subjected to a given pulling force; therefore, association and dissociation events can be observed more easily. Said differently, the force below which Δz becomes difficult to detect varies as kBT / Lp so leashes made of polypeptide or ssDNA do not allow for monitoring interactions below a few pN because Lp ≈ 1 nm [START_REF] Kim | A mechanically stabilized receptor-ligand flex-bond important in the vasculature[END_REF][START_REF] Kilchherr | Single-molecule dissection of stacking forces in DNA[END_REF] whereas relying on dsDNA enables one to operate very close to the zero-force solution-like regime, around tens of fN, because Lp ≈ 50 nm [START_REF] Kostrz | A modular DNA to study protein-protein interactions at single-molecule resolution[END_REF] (Tab. 1). Incidentally, since LP = B / kBT with B the polymer bending rigidity [START_REF] Landau | Statistical physics[END_REF], the influence of temperature on the preceding orders of magnitude is expected to be minimal in the typical working range of 10 to 40 °C [START_REF] Camunas-Soler | Elastic properties of nucleic acids by single-molecule force spectroscopy[END_REF]. Ionic conditions, on the other hand, significantly modulate the elastic properties of nucleic acids as they possess a negatively charged backbone [START_REF] Camunas-Soler | Elastic properties of nucleic acids by single-molecule force spectroscopy[END_REF]. For instance, electrostatic repulsion in dsDNA hyperbolically decrease as the concentration in monovalent cation increases from 10 -3 to 1 M; however at near-physiological salinity Lp already plateaus around its lower, 50 nm, value [START_REF] Baumann | Ionic effects on the elasticity of single DNA molecules[END_REF].

As indicated above, one of the benefits of employing scaffolds is to gain access to the forward direction in bimolecular reactions, i.e. to the association processes. In the absence of any external force and for a purely entropic regime the typical distance separating the extremities of the leash varies as [Lc × Lp] 1/2 [START_REF] De Gennes | Scaling concepts in polymer physics Ithaca[END_REF]; consequently, the two length parameters strongly influence the characteristic time measured for tweezers closing and calibrations must be realized to retrieve the solution-like association rate constant [START_REF] Rognoni | Dynamic force sensing of filamin revealed in singlemolecule experiments[END_REF]. Furthermore, for an Lc / Lp ratio lower than a few units, an enthalpic contribution due to the stiffness of the polymer starts to prevent the two partners from facing each other, a phenomena encountered when using a dsDNA leash smaller than ≈ 600 base-pairs (bp) [START_REF] Schickinger | Tethered multifluorophore motion reveals equilibrium transition kinetics of single DNA double helices[END_REF][START_REF] Levene | The thermodynamics of DNA loop formation, from J to Z[END_REF].

Finding an appropriate strategy for scaffold assembly

Fabricating a nucleic acid scaffold with a central leash is a complex task and it has first been tackled in the context of DNA nanotechnologies [START_REF] Castro | DNA origami devices for molecular-scale precision measurements[END_REF][START_REF] Hong | DNA origami: Scaffolds for creating higher order structures[END_REF][START_REF] Vinogradova | Principles of DNA architectonics: design of DNA-based nanoobjects[END_REF][START_REF] Madsen | Chemistries for DNA nanotechnology[END_REF][START_REF] Mathur | Analyzing DNA nanotechnology: A call to arms for the analytical chemistry community[END_REF][START_REF] Blanchard | Emerging uses of DNA mechanical devices[END_REF]. More specifically, biophysicists have relied on the origami technique in which a ssDNA molecule, several thousand bases long, is used as a template for the hybridization of tens to hundreds of small oligonucleotides acting as staples. Nano-to micro-scale structures of nearly any arbitrary shape can thus be obtained, including the three-way topology that is required to connect the leash to both tip-shank segments. In the original implementation of this strategy, denoted DNA nanoswitch [START_REF] Yang | Multiplexed single-molecule force spectroscopy using a centrifuge[END_REF][START_REF] Halvorsen | Nanoengineering a single-molecule mechanical switch using DNA self-assembly[END_REF], the leash and shanks simply result from the transformation of the ssDNA template into a long dsDNA-like polymer, with two short ssDNA tips branching out (Tab. 1). Of notice, no enzymatic reaction is employed to fill nicks, or even staple vacancies; thus, the physical properties and variances therein remain uncertain.

In another seminal work, a more compact tethered-beam platform was synthesized [START_REF] Kilchherr | Single-molecule dissection of stacking forces in DNA[END_REF][START_REF] Pfitzner | Rigid DNA beams for highresolution single-molecule mechanics[END_REF]. The shanks are bundles of dsDNA helices devised so that their rigidity improves the measurement signal-to-noise ratio [START_REF] Pfitzner | Rigid DNA beams for highresolution single-molecule mechanics[END_REF], the leash is a 68-thymidine long ssDNA, and the tips are short dsDNA helices that present several adjacent base plates for interaction (Tab. 1, Fig. 2b).

Incidentally, the oligonucleotide-filling strategy of DNA nanoswitches has later been applied to the tethered-beam platform to rigidify its leash and, thereby, tune the apparent concentration in partners in order to permit the experiment to run in zero-force solution-like conditions [START_REF] Schickinger | Tethered multifluorophore motion reveals equilibrium transition kinetics of single DNA double helices[END_REF] (Tab.

1).

The two-dimensional tile is, along with the helix-bundle, the other emblematic motif of the origami technology. Likewise it has served in single-molecule investigations, for example as part of a multiplexed sensing platform [START_REF] Koirala | Single-molecule mechanochemical sensing using DNA origami nanostructures[END_REF] (Tab. 1). Interestingly, the authors report that forces higher than 30 pN tend to disassemble the whole structure, bringing to light a major point of concern that has only been treated in a handful of articles: the mechanical stability of DNA nanostructures, such as tiles [START_REF] Koirala | Single-molecule mechanochemical sensing using DNA origami nanostructures[END_REF][START_REF] Engel | Force-induced unravelling of DNA origami[END_REF], nanotubes [START_REF] Shrestha | Mechanical properties of DNA origami nanoassemblies are determined by Holliday junction mechanophores[END_REF], and helix bundles [START_REF] Bae | Programmed folding of DNA origami structures through single-molecule force control[END_REF][START_REF] Engel | Force-induced unravelling of DNA origami[END_REF][START_REF] Iwaki | A programmable DNA origami nanospring that reveals force-induced adjacent binding of myosin VI heads[END_REF][START_REF] Kauert | Direct mechanical measurements reveal the material properties of three-dimensional DNA origami[END_REF]. Below 10 pN, the deformation of bundles is purely elastic [START_REF] Iwaki | A programmable DNA origami nanospring that reveals force-induced adjacent binding of myosin VI heads[END_REF][START_REF] Kauert | Direct mechanical measurements reveal the material properties of three-dimensional DNA origami[END_REF] but at 25 pN nanotubes start to display large scale isomerization [START_REF] Shrestha | Mechanical properties of DNA origami nanoassemblies are determined by Holliday junction mechanophores[END_REF]. The onset of the most problematic phenomena, irreversible disassembly, has been observed between 30 pN [START_REF] Bae | Programmed folding of DNA origami structures through single-molecule force control[END_REF][START_REF] Shrestha | Mechanical properties of DNA origami nanoassemblies are determined by Holliday junction mechanophores[END_REF][START_REF] Koirala | Single-molecule mechanochemical sensing using DNA origami nanostructures[END_REF] and 50 pN [START_REF] Engel | Force-induced unravelling of DNA origami[END_REF]. The nanostructure is then disrupted in either a progressive [START_REF] Shrestha | Mechanical properties of DNA origami nanoassemblies are determined by Holliday junction mechanophores[END_REF][START_REF] Engel | Force-induced unravelling of DNA origami[END_REF] or a cooperative [START_REF] Bae | Programmed folding of DNA origami structures through single-molecule force control[END_REF][START_REF] Shrestha | Mechanical properties of DNA origami nanoassemblies are determined by Holliday junction mechanophores[END_REF][START_REF] Engel | Force-induced unravelling of DNA origami[END_REF] manner. With such low thresholds, possible interference with the dissociation reaction under study must be considered -see for instance the range of rupture forces compiled for the streptavidin-biotin interaction in Johnson and Thomas [START_REF] Johnson | How do we know when single-molecule force spectroscopy really tests single bonds?[END_REF]. Importantly, compliance will depend on the overall architecture (e.g. large scale assemblies are more stable than each individual motif they are made of [START_REF] Bae | Programmed folding of DNA origami structures through single-molecule force control[END_REF][START_REF] Shrestha | Mechanical properties of DNA origami nanoassemblies are determined by Holliday junction mechanophores[END_REF]), on the optional use of crosslinking (e.g. photochemical [START_REF] Gerling | Sequence-programmable covalent bonding of designed DNA assemblies[END_REF] and enzymatic [START_REF] Ramakrishnan | Enhancing stability of DNA origami nanostructures: staple strand redesign versus enzymatic ligation[END_REF] strategies have been tested), on the force application protocol (e.g. dissociation happens at lower forces when the load is slowly increased [START_REF] Strunz | Dynamic force spectroscopy of single DNA molecules[END_REF][START_REF] Pope | Force-induced melting of a short double helix[END_REF][START_REF] Johnson | How do we know when single-molecule force spectroscopy really tests single bonds?[END_REF]), and on the pulling geometry (e.g. duplexes are more resistant to shearing than to peeling [START_REF] Ma | DNA nanotechnology as an emerging tool to study mechanotransduction in living systems[END_REF][START_REF] Manosas | Single molecule high-throughput footprinting of small and large DNA[END_REF][START_REF] Woodside | Nanomechanical measurements of the sequence-dependent folding landscapes of single nucleic acid hairpins[END_REF][START_REF] Guo | Structural-elastic determination of the force-dependent transition rate of biomolecules[END_REF][START_REF] Hatch | Demonstration that the shear force required to separate short double-stranded DNA does not increase significantly with sequence length for sequences longer than 25 base pairs[END_REF][START_REF] Strunz | Dynamic force spectroscopy of single DNA molecules[END_REF][START_REF] Pope | Force-induced melting of a short double helix[END_REF][START_REF] Guo | Understanding the catch-bond kinetics of biomolecules on a onedimensional energy landscape[END_REF]).

Considering the risk of unfolding faced by origamis, some researchers have decided to assemble their scaffolds relying on the classical, molecular biology-inspired strategy that has ensured the success of single-molecule nucleic acid manipulation for more than two decadessee Yang et al. for a review [START_REF] Yang | A universal assay for making DNA, RNA, and RNA-DNA hybrid configurations for single-molecule manipulation in two or three steps without ligation[END_REF]. Once combined with the ability of generating three-way topologies thanks to the numerous chemical tools now available to conjugate nucleic acids [START_REF] Vinogradova | Principles of DNA architectonics: design of DNA-based nanoobjects[END_REF][START_REF] Madsen | Chemistries for DNA nanotechnology[END_REF], polymerase chain reaction, digestion by restriction enzymes, and ligation yield branched all-dsDNA scaffolds that should be as resistant to traction as linear molecules [START_REF] Wang | Dissection of DNA double-strand-break repair using novel single-molecule forceps[END_REF][START_REF] Li | The dynamics of forming a triplex in an artificial telomere inferred by DNA mechanics[END_REF] (Tab. 1, Fig. 2c). Noteworthily, the two groups that have for the moment explored this so-called J-DNA tweezers approach have used click chemistry to realize the junctures between the leash and the tip-shank segments.

Finally, analysis of DNA-based nanostructures remains challenging in terms of both characterization and purification. Hence, this may impede the diffusion of such objects in the biophysics community, as well as their routine utilization by non-experts [START_REF] Mathur | Analyzing DNA nanotechnology: A call to arms for the analytical chemistry community[END_REF]. Compared to origami for which techniques are still under development, J-DNA tweezers clearly benefit from the procedures established by molecular biologists to process recombinant DNA (e.g. gel electrophoresis, cleanup kits). For that reason, it is more straightforward to obtain the latter scaffolds as pure species.

Examples

Once assembled between the two handles of the force apparatus molecular scaffolds may be operated according to two main modalities [START_REF] Johnson | How do we know when single-molecule force spectroscopy really tests single bonds?[END_REF][START_REF] Garcia-Manyes | Steering chemical reactions with force[END_REF]: in dynamic force spectroscopy (DFS) the applied force is increased and decreased in time at a constant rate, resulting in a ramp pattern, whereas in constant-force spectroscopy (CFS) the force value does not change at all or simply follows a step pattern (Tab. 1). Both protocols allow one to retrieve the unfolding/folding or dissociation/association rate constants of the investigated biomolecular system, as well as the dependency of these parameters on the applied load [START_REF] Garcia-Manyes | Steering chemical reactions with force[END_REF]. Considering first order reactions, or pseudo-first order ones, values ranging from ≈ 10 -3 to ≈ 10 4 s -1 are typically assessed, with some studies reporting measurements up to ≈ 10 6 s -1 [START_REF] Rico | Heterogeneous and rate-dependent streptavidin-biotin unbinding revealed by high-speed force spectroscopy and atomistic simulations[END_REF][START_REF] Zoldak | Ultrafast folding kinetics and cooperativity of villin headpiece in single-molecule force spectroscopy[END_REF]. More technically, the lower bound limit is related to throughput and drift issues whereas the higher bound limit is imposed by the acquisition bandwidth of the setup, which itself depends on both the detection system and on the viscous drag acting on handles [START_REF] Neuman | Single-molecule force spectroscopy: optical tweezers, magnetic tweezers and atomic force microscopy[END_REF].

Studying base-stacking with the tethered-beam platform

The origami scaffold was attached to two glass beads held in an optical trap in order to measure the energetics associated with base stacking [START_REF] Kilchherr | Single-molecule dissection of stacking forces in DNA[END_REF] (Fig. 2b). Short protuberating arrays of dsDNA helices, between 2 and 8, were used as tips and their blunt ends acted as interacting partners. Force-extension curves obtained in DFS demonstrated the efficiency of the leash to enable the reversible monitoring of association/dissociation events and to provide a clear mechanical fingerprint encoded by its length (Fig. 2b'). Working in CFS the authors could additionally analyze dwell times before binding (resp. rupture) and deduce from the corresponding statistics the lifetimes of the dissociated (resp. associated) states, which were found in the 10 -3 to 10 2 s range (Fig. 2b''). It appeared that the stacking rate was dependent on force and nearly independent of the probed bases, which can be explained by the fact that the main barrier to overcome is the work opposed by the contraction of a large-scale tether.

Conversely, the unstacking rate was not influenced much by the pulling force, which was attributed to the short range of the interaction, but was strongly correlated with the number of dsDNA duplexes involved as well as with the nature of the base pairs they displayed at their extremities. Overall, a thermodynamic and kinetic abacus for stacking interactions could be derived.

Studying NHEJ repair with J-DNA tweezers

The three-branch dsDNA scaffold was manipulated by magnetic tweezers to decipher the mechanism of non-homologous end joining [START_REF] Wang | Dissection of DNA double-strand-break repair using novel single-molecule forceps[END_REF] (Fig. 2c). More precisely, two blunt dsDNA tips were prepared as partners, the construct was incubated with some of the essential components of the repair machinery, and the pulling intensity was varied in a stepwise manner -the high force periods being used to probe if repair had taken place during the low force ones (Fig. 2c').

Ligation could be evidenced as a clear extension shortening and the number of cycles after which this signature was detected obeyed an exponential statistic with a characteristic time τrepair = 175 s at 34 °C. Furthermore, the whole process could be dissected using, for instance, selective protein removal. This way a minimal set of three components was shown to be requested for the establishment of stable synapsis between the two dsDNA ends, the assembly having a τsynapsis = 2.2 s lifetime (Fig. 2c''). The stabilization of this intermediate by the other proteins participating in the ligation assay could even be quantified.

Perspectives

The two most valuable features of single-molecule manipulation are its access to multipartner multi-step mechanisms [START_REF] Greenleaf | Direct observation of hierarchical folding in single riboswitch aptamers[END_REF][START_REF] Rognoni | Dynamic force sensing of filamin revealed in singlemolecule experiments[END_REF][START_REF] Wang | Dissection of DNA double-strand-break repair using novel single-molecule forceps[END_REF][START_REF] Kostrz | A modular DNA to study protein-protein interactions at single-molecule resolution[END_REF][START_REF] Dulin | Untangling reaction pathways through modern approaches to high-throughput single-molecule force-spectroscopy experiments[END_REF][START_REF] Fan | Reconstruction of bacterial transcription-coupled repair at single-molecule resolution[END_REF] as well as to the energy landscape of interaction [START_REF] Greenleaf | Direct observation of hierarchical folding in single riboswitch aptamers[END_REF][START_REF] Hohng | Fluorescence-force spectroscopy maps two-dimensional reaction landscape of the Holliday junction[END_REF][START_REF] Kostrz | A modular DNA to study protein-protein interactions at single-molecule resolution[END_REF][START_REF] Guo | Understanding the catch-bond kinetics of biomolecules on a onedimensional energy landscape[END_REF][START_REF] Garcia-Manyes | Steering chemical reactions with force[END_REF][START_REF] Funke | Uncovering the forces between nucleosomes using DNA origami[END_REF]. However, to come of age this powerful approach must now demonstrate a broader applicability.

Force apparatus-less measurements

Despite developments in magnetic [START_REF] Vlaminck | Recent advances in magnetic tweezers[END_REF] and optical [START_REF] Badman | Towards biological applications of nanophotonic tweezers[END_REF] trapping techniques, as well as the invention of the centrifuge force microscope [START_REF] Yang | Multiplexed single-molecule force spectroscopy using a centrifuge[END_REF], highly reproducible and parallel singlemolecule manipulation remains a major goal for the field [START_REF] Dulin | Untangling reaction pathways through modern approaches to high-throughput single-molecule force-spectroscopy experiments[END_REF]. Therefore, the idea has recently emerged of making microscopic handles dispensable by building autonomous nanoscale entities able to both probe and report on interactions.

More specifically, coupling fluorescence microscopy to classical nanomanipulation has first confirmed that the efficiency of fluorescent resonant energy transfer (FRET) between two dyes located on the nucleic acids structure under scrutiny could reliably account for forceinduced conformational changes -see for instance references [START_REF] Kemmerich | Simultaneous single-molecule force and fluorescence sampling of DNA nanostructure conformations using magnetic tweezers[END_REF][START_REF] Mitra | Extreme mechanical diversity of human telomeric DNA revealed by fluorescence-force spectroscopy[END_REF][START_REF] Long | Mechanical unfolding of human telomere G-quadruplex DNA probed by integrated fluorescence and magnetic tweezers spectroscopy[END_REF][START_REF] Hohng | Fluorescence-force spectroscopy maps two-dimensional reaction landscape of the Holliday junction[END_REF][START_REF] Bae | Programmed folding of DNA origami structures through single-molecule force control[END_REF]. Since wide-field imaging is intrinsically parallel, devising nano-actuators appeared as the next step on the way to autonomy, a goal that is presently on the edge of being achieved thanks to the DNA origami technique [START_REF] Schickinger | Tethered multifluorophore motion reveals equilibrium transition kinetics of single DNA double helices[END_REF][START_REF] Blanchard | Emerging uses of DNA mechanical devices[END_REF][START_REF] Funke | Uncovering the forces between nucleosomes using DNA origami[END_REF][START_REF] Nickels | Molecular force spectroscopy with a DNA origami-based nanoscopic force clamp[END_REF][START_REF] Hudoba | Dynamic DNA origami device for measuring compressive depletion forces[END_REF][START_REF] Le | Probing nucleosome stability with a DNA origami nanocaliper[END_REF][START_REF] Funke | Exploring nucleosome unwrapping using DNA origami[END_REF]. Among the published articles none fully demonstrate real-time probing of bimolecular interactions under a tunable range of applied constrains; however, several tours de force have to be underscored. In the nanoscopic force clamp device short ssDNA acts as entropic springs to pull on a Holliday junction and single-molecule FRET enables monitoring of a monomolecular isomerization [START_REF] Nickels | Molecular force spectroscopy with a DNA origami-based nanoscopic force clamp[END_REF] (Tab. 1, Fig. 3). The tethered-beam platform has been fluorescently modified to autonomously provide information on the dynamics of oligonucleotide hybridization, although only data points at zero-force can be obtained [START_REF] Schickinger | Tethered multifluorophore motion reveals equilibrium transition kinetics of single DNA double helices[END_REF]. Duplex formation also plays a central role in the measurement of depletion forces thanks to the so-called NanoDyn origami [START_REF] Hudoba | Dynamic DNA origami device for measuring compressive depletion forces[END_REF]. Finally, nucleosomes have been attached to nanocalipers, in which the constraint is generated by the hinge connecting two tiles, and their interaction has been investigated by transmission electron microscopy (TEM) and solution fluorescence spectroscopy (no singlemolecule FRET time-trace being available at the moment) [START_REF] Funke | Uncovering the forces between nucleosomes using DNA origami[END_REF].

Applications in protein science and in drug discovery

From both fundamental and applied viewpoints it is of prime interest to extend the above studies on nucleic acids-nucleic acids interactions to the protein-protein and drug-protein systems -the appetite of pharmaceutical researchers for kinetic and mechanistic data being, for instance, on a rising trajectory [START_REF] Bernetti | Protein-ligand (un)binding kinetics as a new paradigm for drug discovery at the crossroad between experiments and modelling[END_REF][START_REF] Schuetz | Kinetics for Drug Discovery: an industry-driven effort to target drug residence time[END_REF]. Until recently, only the ReaLiSM approach was known for manipulation of pairs of proteins: shanks were made of long dsDNA fragments and the leash was an unstructured polypeptide chain inserted by genetic engineering in between both partners [START_REF] Kim | A mechanically stabilized receptor-ligand flex-bond important in the vasculature[END_REF][START_REF] Gao | Single reconstituted neuronal SNARE complexes zipper in three distinct stages[END_REF][START_REF] Rognoni | Dynamic force sensing of filamin revealed in singlemolecule experiments[END_REF][START_REF] Kim | Force-induced on-rate switching and modulation by mutations in gain-of-function von Willebrand diseases[END_REF][START_REF] Wang | Label-free single-molecule quantification of rapamycin-induced FKBP-FRB dimerization for direct control of cellular mechanotransduction[END_REF] (Tab. 1). However, the expression and purification of such fusion constructs can be difficult because of their size or of folding issues. Moreover, few options exist to adjust the physical parameters of this kind of leash to the kinetics of the reaction of interest.

As a consequence, another axis of development for DNA scaffolds is to use them as modular platforms on which any protein could be attached to a tip and probed for interaction.

Numerous technical solutions are available for the engraftment [START_REF] Madsen | Chemistries for DNA nanotechnology[END_REF][START_REF] Zhou | Toward precise manipulation of DNAprotein hybrid nanoarchitectures[END_REF] and proof-of-concept experiments with both DNA nanoswitches [START_REF] Halvorsen | Nanoengineering a single-molecule mechanical switch using DNA self-assembly[END_REF] and J-DNA tweezers [START_REF] Kostrz | A modular DNA to study protein-protein interactions at single-molecule resolution[END_REF] have been reported (Tab. 1). The first conjugation strategy that has been tested is two-step: protein-oligonucleotide chimeras are synthesized relying on classical coupling chemistry (e.g. thiol-maleimide, esteramine, or azide-alkyne); then, they are addressed to predefined locations on the DNA nanostructure thanks to sequence recognition (the hybridization being possibly followed by a ligation) [START_REF] Halvorsen | Nanoengineering a single-molecule mechanical switch using DNA self-assembly[END_REF][START_REF] Kostrz | A modular DNA to study protein-protein interactions at single-molecule resolution[END_REF]. In a second strategy proteins of interest are fused with protein tags which specifically and orthogonally form covalent bonds with small molecules that have been beforehand conjugated to oligonucleotides and inserted in the scaffold [START_REF] Kostrz | A modular DNA to study protein-protein interactions at single-molecule resolution[END_REF].

Thanks to J-DNA tweezers it has been possible to gain mechanistic insights into how rapamycin, a well-known immunosuppressant, binds to the FKBP12 cis-trans prolyl isomerase and on how this complex further associates with the FRB domain of the mTOR kinase [START_REF] Kostrz | A modular DNA to study protein-protein interactions at single-molecule resolution[END_REF]. The protein engraftment tools described in the corresponding report are widely accessible and will without doubt motivate more studies on protein-protein interactions and on the drugs that can modulate them [START_REF] Petta | Modulation of protein-protein interactions for the development of novel therapeutics[END_REF][START_REF] Long | Breaking the fourth wall: Modulating quaternary associations for protein regulation and drug discovery[END_REF]. However, one of the most exciting opportunities to potentialize DNA scaffolds would consist in developing generic conjugation approaches for pharmacophores.

Scientists working with DNA-encoded chemical libraries should have a role to play here since they have already explored various chemistries to attached small molecules to oligonucleotides, aiming at high yields during synthesis and minimal interference with binding during screening [START_REF] Kielar | Pharmacophore nanoarrays on DNA origami substrates as a single-molecule assay for fragment-based drug discovery[END_REF][START_REF] Neri | DNA-encoded chemical libraries: A selection system based on endowing organic compounds with amplifiable[END_REF]. This way, allowing one to directly investigate drug-protein interactions will certainly favor the entry of single-molecule manipulation in the field of molecular pharmacology. and(c'). In (a-a') the two dsDNA fragments on both sides of the active locus remain connected at any time and multiples events can be observed on the same single-molecule: (a) folding/unfolding of a DNA hairpin [START_REF] Manosas | Single molecule high-throughput footprinting of small and large DNA[END_REF]; (a') supercoil relaxation by a type II topoisomerase [START_REF] Strick | Single-molecule analysis of DNA uncoiling by a type II topoisomerase[END_REF]. In (b-b') the two dsDNA fragments fully dissociate and separate irreversibly after completion of the first event: (b) dissociation of a DNA duplex [START_REF] Hatch | Demonstration that the shear force required to separate short double-stranded DNA does not increase significantly with sequence length for sequences longer than 25 base pairs[END_REF]; (b') digestion by a restriction enzyme [START_REF] Kostiuk | The dynamics of the monomeric restriction endonuclease BcnI during its interaction with DNA[END_REF]. In (c-c') the two dsDNA fragments fully dissociate but they do not separate irreversibly thanks to the leash that maintains them in proximity, it thus allows one to observe a subsequent association event on the same single-molecule, and consequently numerous other interaction cycles: (c) association/dissociation of a DNA triplex [START_REF] Li | The dynamics of forming a triplex in an artificial telomere inferred by DNA mechanics[END_REF]; (c') digestion by a restriction enzyme and repair by the human non-homologous end joining (NHEJ) mechanism [START_REF] Wang | Dissection of DNA double-strand-break repair using novel single-molecule forceps[END_REF]. a The name is the one provided by the authors that first described the scaffold; we used it for all the alike constructs that were subsequently reported.

b Fusion = Engineering of fusion proteins; Click = Click chemistry, most often the reaction between an azide group and a strained alkyne; Protein tags = Proteins able to form a covalent bond with a small molecule substrate, e.g. SNAP, CLIP, and halo tags but also SPY and SNOOP catchers. e Step = The force is cycled between 0 pN, so that molecular partners can associate, and the constant reported value where dissociation is observed; Ramp = The force is increased linearly in time from 0 to the maximal reported value so as to induce dissociation, then it is decreased to allow for association; Constant = Association and dissociation are observed without changing the force; Constant* = Association and dissociation are observed without changing the positions of the handles, thus the associated state and the dissociated one are submitted to constant forces that differ by ≈ 1 pN.
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Shrestha 2016 [START_REF] Shrestha | Mechanical properties of DNA origami nanoassemblies are determined by Holliday junction mechanophores[END_REF] A comprehensive investigation on the force-induced isomerization and disassembly of DNA nanotubes, providing detailed mechanisms for both processes.

Figure 1 .

 1 Figure 1. Synoptic presentation of the various experimental configurations found in the literature on single-molecule manipulation of nucleic acids. For the sake of clarity all selected examples correspond to measurements conducted with magnetic tweezers. Studies on non-covalent nucleic acids-nucleic acids interactions correspond to (a), (b) and (c) whereas ones on enzymatic reactions correspond to (a'), (b') and (c'). In (a-a') the two dsDNA fragments on both sides of the

Figure 2 .

 2 Figure 2. Structure and use of two nucleic acid scaffolds conceived for single-molecule manipulation of interacting partners with a force apparatus. (a) Schematic representation of the tweezers-like anatomy of such DNA nanostructures. In (b-b'') the tethered-beam platform is mounted on a dual-beam optical tweezers setup for the study of base stacking [58]: (b) Diagram of the experimental system; (b') Force-extension data obtained for the application of a ramp

Figure 3 .

 3 Figure 3. Structure and use of an autonomous scaffold conceived for single-molecule manipulation of nucleic acid structures without force apparatus [88]: (a) Diagram of the nanoscopic force clamp as implemented for the study of Holliday junction isomerization. The applied constraint depends on the length of the ssDNA strands tightly connecting the object under study to both extremities of the rigid dsDNA bundle; thus, its value is constant and encoded during the conception of each origami variant. The conformational state is assigned thanks to the red and blue dyes, which are engaged in FRET. (a') Constant force data recorded for two different tip lengths, i.e. two different applied forces. The histograms of the FRET efficiency evidencing the existence of two different isomers are on the right. Datasets of this figure were adapted from Nickels et al. (2016) Science 354, 305-307 (reprinted with permission from AAAS).
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  I27 = The 27 th immunoglobulin-like domain of cardiac titin; A1 = The A1 domain of the von Willebrand factor, which associates with GPIbα, the α subunit of glycoprotein Ib; FLNa21 = The immunoglobulin domain 21 of human filaminin, a mechanosensor that interacts with the C-terminal peptides of GPIbα, integrin β7, and migfilin; VAMP2 = The vesicle-associated membrane protein 2, a protein that mediates vesicle fusion with the plasma membrane after interaction with the syntaxin•SNAP-25 complex; Anti-dig = Antidigoxigenin; PDGF = Platelet-derived growth factor; TBP = TATA binding protein, a protein that binds the sequence called TATAbox; NHEJ = Non-homologous end joining, a complex repair process involving more than four different proteins; FKBP12 = An immunophilin that binds the FRB domain of the mTOR kinase in presence of the immunosuppressive drug rapamycin. d AFM = Atomic force microscope; OT = Optical tweezers; CFM = Centrifuge force microscope; FM = Fluorescence microscope; TEM = Transmission electron microscope; MT = Magnetic tweezers.

Table 1 .

 1 Synoptic presentation of the nature and use of the different scaffolds discussed in this review -a chronological order has approximately been followed.

			Scaffold				Measurement protocol	
	Name a	Shanks	Tips	Leash	Assembly mode b	Studied complex c	Setup d	Force application pattern (range in pN) e	Reference
	-	Polyprotein	-	Protein part	Fusion	Disulfide bond in the I27 protein	AFM	Step (100 -400) Ramp (500)	[51,52]
	ReaLiSM	dsDNA	-	Polypeptide	Fusion	A1•GPIbα	OT	Ramp (30) Constant (9.5 -10.6)	[53,62]
	ReaLiSM	dsDNA	-	Polypeptide	Fusion	FLNa21•peptide		Ramp (40) Constant* (4 -11)	[55]
	ReaLiSM	dsDNA	-	Polypeptide	Fusion	VAMP2•syntaxin•SNAP-25		Ramp (25)	[54]
	DNA nanoswitches	Nicked dsDNA	ssDNA	Nicked dsDNA	Origami	DNA duplex Digoxigenin•Anti-dig	OT CFM	Ramp (65) Step (49)	[14,56]
	7-tile DNA origami	dsDNA tiles	dsDNA tiles	ssDNA	Origami	DNA duplexes PDGF•PDGF-aptamer	OT	Ramp (40) Step (8)	[74]
	Tethered-beam platform	10-helix bundle	dsDNA	ssDNA	Origami	Base-stacks in dsDNA	OT	Ramp (25) Constant* (2 -9)	[58,73]
	Nanoscopic force clamp	-	ssDNA	Helix bundles	Origami	Holliday junction TATA-box•TBP	FM	Constant (0 -11.4)	[88]
	Tethered-beam platform	16 and 6-helix bundles	-	Nicked dsDNA	Origami	DNA duplex	FM	Constant (0)	[60]
	Flexible nanoarray	PEG	-	PEG	Phosphoramidite method / click	Amyloid β (14-23) peptide trimers	AFM	Ramp (300)	[99,100]
	J-DNA tweezers	dsDNA	dsDNA	dsDNA	Click / PCR / Ligation	Double strand breaks and repaired by NHEJ generated by restriction	MT	Step (1.4)	[57]
	J-DNA tweezers	dsDNA	-	dsDNA	Click / PCR	DNA triplexes	MT	Ramp (30)	[64]
	J-DNA tweezers	dsDNA	dsDNA	dsDNA	Click / PCR / Ligation / Protein tags	FKBP12•rapamycin•FRB	MT	Step (1 -10) Constant (0.04)	[59]
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Wang 2018 [57]

The first implementation of the J-DNA tweezers concept, demonstrating the elucidation of a complex molecular phenomenon involving multiple proteins interacting with dsDNA breaks.

Yang 2019 [19]

An original research paper containing an extended bibliography on single-molecule experiments involving nucleic acids and on the various biochemical techniques used to fabricate the corresponding molecular constructs.

•• of outstanding interest

Engel 2018 [START_REF] Engel | Force-induced unravelling of DNA origami[END_REF] An extensive numerical and experimental investigation on the unfolding of DNA nanostructures upon force application, which also comprehensively introduces the literature on the mechanics of this class of objects.

Halvorsen 2011 [START_REF] Halvorsen | Nanoengineering a single-molecule mechanical switch using DNA self-assembly[END_REF] The original description of DNA nanoswitches, which includes a very informative introduction on the challenges faced by scaffolds dedicated to the study of single bimolecular interactions.

Kostrz 2019 [START_REF] Kostrz | A modular DNA to study protein-protein interactions at single-molecule resolution[END_REF] An application of J-DNA tweezers to the characterization of the FKBP12•rapamycin•FRB interaction, demonstrating protein engraftment on a nucleic acids scaffold thanks to either fusion with protein tags able to recognize small molecules, or unnatural amino acid incorporation followed by oligonucleotide clicking and ligation.

Kilchherr 2016 [START_REF] Kilchherr | Single-molecule dissection of stacking forces in DNA[END_REF] An extremely elegant and accomplished utilization of a DNA origami in single-molecule force spectroscopy, involving the fabrication of shanks made of helix bundles so as to decrease noise in measurements and thus be able to provide a comprehensive view of base stacking thermodynamics and kinetics.

Kim 2010 [START_REF] Kim | A mechanically stabilized receptor-ligand flex-bond important in the vasculature[END_REF] The original paper formalizing the ReaLiSM concept, which emphasizes on the many advantages of employing such molecular construct to investigate protein-protein interaction.

Nickels 2016 [START_REF] Nickels | Molecular force spectroscopy with a DNA origami-based nanoscopic force clamp[END_REF] The first demonstration that force-clamp experiments can be realized without force apparatus, only relying on tips made of ssDNA that are attached to a rigid origami body and that act as entropic springs. No bimolecular reactions for which both partners are attached at the tips are studied but performing such experiments with proteins is in authors' future plans.