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I/ Introduction

Ionotropic receptors are membrane proteins that mediate the communication between cells following the binding of a ligand. They comprise three structurally different families of receptors, including pentameric cysteine-loop (Cys-loop) receptors, tetrameric ionotropic glutamate receptors, and trimeric ATP-gated purinergic P2X receptors and acid-sensing ion channels (ASIC). Ionotropic receptors operate via the cycling between distinct conformations related to different functional states. These transitions between states occur by way of complex mechanisms which require rearrangement of structural elements. In the LGIC field, a large, and ever increasing, number of atomic structures in different conformations have been obtained, leading to structural models and insights into molecular mechanisms of these transitions [START_REF] Lemoine | Ligand-gated ion channels: new insights into neurological disorders and ligand recognition[END_REF][START_REF] Plested | Structural mechanisms of activation and desensitization in neurotransmittergated ion channels[END_REF]. However, these structural models depict a static portrait of ionotropic receptors, often removed from their membrane environment, in detergents or at nonphysiological temperature, and bearing mutations or truncations, which raises the question of their physiological relevance. Secondly, it is sometimes difficult to classify the structures obtained to their corresponding functional states (see [START_REF] Howard | Elephants in the Dark: Insights and Incongruities in Pentameric Ligand-gated Ion Channel Models[END_REF] for a comprehensive review concerning the situation in pentameric LGIC). There is thus a need for complementary methods which are capable of deciphering molecular mechanisms at the atomic level within a physiological membrane environment, while simultaneously recording the functional state of the ionotropic receptor of interest.

One method which has been used to this end is the photo-isomerizable tweezers (PIT), a method that uses photo-switchable crosslinkers attached between pairs of residues in a protein. The PIT strategy belongs to the arsenal of optochemical genetics [START_REF] Fehrentz | Optochemical genetics[END_REF][START_REF] Gorostiza | Optical switches and triggers for the manipulation of ion channels and pores[END_REF], a chemical engineering approach which consists of endowing light sensitivity to a specific protein target, generally ion channels or receptors, by drafting a photo-sensitive ligand into the protein. The aim is to control and interrogate specific biological signaling in normal or pathological states [START_REF] Paoletti | Optical control of neuronal ion channels and receptors[END_REF]. Besides controlling a biological function, PIT, also referred to as "photochromic crosslinkers" or "optotweezers", employs the specificity and temporal precision of light to probe mechanistic elements of ion channel function at the molecular level. These molecules comprise several key motifs, the first of which is a central azobenzene moiety, responsible for light sensitivity (Figure 1A, upper). Irradiation in the visible or ultraviolet regions gives access to the trans or cis geometrical isomer, respectively, a movement which produces a distinct change in the end-to-end distance of the molecule. At each extremity of the azobenzene unit, specific functional groups allow the covalent attachment of PIT to the ion channel target, via reaction with a pair of genetically introduced tethering residues. Once installed, photo-isomerization of the molecule between cis and trans forms induces preexisting mechanistic movements within the protein, such as those involved in channel gating (Figure 1B, lower). Coupled to electrophysiological recordings, it provides the opportunity to control ion channel activity with light while monitoring their functional state.

The underlying molecular mechanisms can then be related to the structural constraints involved. The PIT strategy thus allows to bypass the use of a ligand, in the case of LGIC, in order to dissect areas involved in activation, but this approach could, in principle, be applicable to any kind of ion channel family.

Herein, we review the use of these molecules thus far in the elucidation of mechanistic details of ion channel function. As examples of PIT applied to ion channels in the literature remain limited, we also provide a selection of recent advances in optochemical genetics of particular interest, with the aim of expanding the possibility to design custom photoisomerizable tweezers, tailored to a wider variety of ion channels and mechanistic targets.

II/ Photoisomerizable tweezers applied to mechanistic studies on ion channels

To date, the PIT strategy has been applied to two families of trimeric, cation selective ion channels; ATP-activated purinergic P2X receptors, and ASIC [START_REF] Browne | Optical control of trimeric P2X receptors and acid-sensing ion channels[END_REF][START_REF] Habermacher | Photo-switchable tweezers illuminate pore-opening motions of an ATP-gated P2X ion channel[END_REF][START_REF] Harkat | On the permeation of large organic cations through the pore of ATP-gated P2X receptors[END_REF]. This has been achieved by way of two PIT molecules, MAM-3 and BMA (also known as MAM-1), which are based on a common molecular scheme, named MAM (Figure 1B): maleimide tethering groups at the extremities, a central azobenzene moiety, and the presence, or not, of glycine linker units, providing a range of PIT of incrementally increasing end-to-end distances (MAM-1, MAM-2,

MAM-3).

Despite unrelated amino acid sequences, P2X receptors and ASIC possess a similar trimeric structure, with each monomer unit comprising intracellular N-and C-termini and two transmembrane domains (TM1 and TM2), linked by a protruding ectodomain (Figure 1C). This structural similarity has resulted in a similar implementation of the PIT strategy, targeting the transmembrane domains as a tethering region, via genetically-introduced cysteine residues within the pore-lining TM2 domains. Two directional modes of the PIT strategy have been developed. The first of these, which has been applied to both P2X2 and ASIC1a, employs genetically-modified receptors bearing one cysteine mutation per subunit, allowing an inter-subunit, horizontal tethering of one photoswitchable crosslinker. In other words, a single tweezer is attached between two of the three subunits (Figure 1D(i)). Cis to trans isomerization corresponds to an outwardly expanding, lateral motion, producing a channel opening in visible light (Figure 1E(i) and (ii)). In the second mode, two cysteine residues per subunit can be introduced, enabling three crosslinker molecules to be covalently attached in an inter-subunit, vertical tethering mode which, thus far, is limited to use in P2X2 receptors (Figure 1D(ii)). In this case, isomerization from trans to cis produces a vertical motion, bringing together the inner and outer ends of TM2 helices in adjacent subunits, leading to channel opening in UV light (Figure 1E(iii)). However, it should be mentioned that alternative crosslinking may arise within the double cysteine mutant (i.e. inter-or intra subunit crosslinking), or that the crosslinker could tether to a single subunit. Appropriate controls (see below) including the use of concatenated subunits should discriminate between these alternative crosslinking reactions to identify the relevant directional mode. Once identified, these modes of manipulation have not only allowed control of channel activity with light, but also the elucidation of mechanistic information, in three studies discussed below.

In 2014, Browne et al first published the PIT strategy in rP2X2, rP2X3 and hASIC1 using horizontally-tethered BMA between single cysteine mutations at equivalent positions in the upper TM2 domain (P329C in rP2X2, P320C in rP2X3 and G340C in hASIC1a) [START_REF] Browne | Optical control of trimeric P2X receptors and acid-sensing ion channels[END_REF]. Robust photocontrol of channel activity was observed in all cases, as bound azobenzene toggled rapidly from cis to trans in response to light irradiation. As these mutations are localized at the outer end of TM2 helices, this work suggested a pushing-like motion of these helices during activation. It also revealed mechanistic similarities between two trimeric ion channel families possessing limited sequence identity. This work further showed that PIT can be applied to heteromeric receptors, such as P2X3(P320C)/P2X2, in which cis-trans isomerization of BMA crosslinked between only two P2X3 subunits in the trimer (the third subunit being wildtype P2X2) is sufficient for channel opening. This work thus provided the foundation of the PIT strategy and a complementary, functionally-based approach to the mechanistic similarities observed by comparison of P2X4 and ASIC1a structures in resting and open states [START_REF] Baconguis | X-ray structure of acid-sensing ion channel 1-snake toxin complex reveals open state of a Na(+)-selective channel[END_REF].

In 2016, Habermacher et al published a study probing the gating mechanism of P2X2, using the PIT strategy in both horizontal (with I328C single mutant) and vertical modes (with I328C/S345C double mutant) [START_REF] Habermacher | Photo-switchable tweezers illuminate pore-opening motions of an ATP-gated P2X ion channel[END_REF]. Notably, the MAM strategy provided evidence for an intersubunit, vertical shortening motion between TM helices, and a critical glycine "hinge" residue implicated in this movement. The use of MAM-3 with concatemer constructs allowed to determine that this vertical rearrangement must take place between two subunit interfaces to drive gating, consistent with previous functional studies [START_REF] Stelmashenko | Activation of trimeric P2X2 receptors by fewer than three ATP molecules[END_REF]. Control experiments using MAS (Maleimide-Azobenzene-Succinimide), a related photoisomerizable molecule, able to tether at only one extremity, demonstrated that these light-driven movements were indeed the result of a cross-linked MAM-3 modulation, and not the result of a modulation produced by single tethering, as observed in the previously developed optogating strategy [START_REF] Lemoine | Optical control of an ion channel gate[END_REF]. Finally, the use of MAM-3 allowed to obtain a set of interatomic gating distances within the TM domain which, in combination with molecular dynamics, were used to refine the open state crystallographic structure.

The most recent study to employ PIT was carried out by Harkat et al, who used an extended range of MAM molecules to probe the mechanistic details underlying the long-debated permeation of large organic cations, namely N-methyl-D-glucamine (NMDG + ), through the P2X pore [START_REF] Harkat | On the permeation of large organic cations through the pore of ATP-gated P2X receptors[END_REF]. A panel of 6 single mutants and 7 double mutants within the P2X2 transmembrane domain were each probed with MAM-1, MAM-2, and MAM-3, revealing two molecular motions involved in the opening of an NMDG + -permeable pore, similar to those identified in the gating process: vertical shortening between the extremities of adjacent TM helices, and a lateral expansion between two adjacent TM helices. Additionally, a strong correlation was observed across the screening panel: all NMDG + -permeable combinations were also permeable to Na + ; inversely, no NMDG + permeation was observed in combinations lacking Na + permeation. These data combined suggested that permeation of small metal cations, and larger organic cations such as NMDG + occurs through a single P2X pore and mechanism. Molecular dynamics simulations of the MAM-bound P2X pore also provided insights into the permeation rate of NMDG + , determined to be one order of magnitude lower than that of Na + as a result of conformational and orientational constraints.

In principle, the PIT strategy may allow to address structural motions involved in transitions between different functional states, including desensitization. It should also be applicable to ion channels other than trimeric P2X and ASIC. However, to date there is no experimental evidence supporting the applicability of PIT to tetrameric, pentameric or hexameric ion channels. The reason is unclear, but might be related to the stoichiometry and number of inter-subunit interactions. As PIT isomerization likely disrupts interfacial interactions, ion channel arrangements involving more than three subunits could provide enough energy to counterbalance the cis-trans isomerization energy, thus preventing light gating. A key consideration when using these tools on ion channels is whether the biophysical properties of the pore are retained, and to what extent do the mechanistic details observed paint a physiological picture. (This has been explained thoroughly, on a theoretical and practical level [START_REF] Atkinson | Controlling Engineered P2X Receptors with Light[END_REF][START_REF] Dunning | Manipulation of ion channel gating with photoswitchable tweezers[END_REF]).

III/ How to design/apply the photo-tweezers strategy to other channels and increase their possibilities?

PIT are synthetic molecules with three different modules (the photoisomerizable function, the linkers and the two tethering points, Figure 2) that can be precisely tailored according to the channel and the mechanism studied. When designing an experiment to interrogate molecular mechanism of a receptor of interest, it is important to take into consideration the distance and amplitude of the motion considered, the location where the molecule will be introduced (in water-soluble or more lipophilic environment), the wavelengths of light that are tolerated by the system studied, the size of the photoswitch, and the tethering functions in concordance with the amino acids that are located in the channel, along with the possibility of genetic engineering. In order to facilitate the design of the best suited PIT we have made a "toolkit", with emphasis from striking recent examples of molecules that have been successfully applied as photoisomerizable tethered ligands (PTL) or within other chemical biology tools applied to ion channels or proteins, which we think are adaptable to the PIT strategy (Figure 2). PTL is distinct from PIT as it only controls biological function but does not provide information on molecular motions.

• The photo-isomerizable function

The most used photo-isomerizable function for application on biological targets so far is the azobenzene moiety [START_REF] Beharry | Azobenzene photoswitches for biomolecules[END_REF] (Figure 2A(i)). Azobenzene has attractive photophysical properties, including high quantum yields, high photostability (it can be used over many isomerization cycles with no photobleaching), high molar extinction coefficient and a fast photoisomerization process [START_REF] Bandara | Photoisomerization in different classes of azobenzene[END_REF]. Despite these advantages, azobenzene molecules undergo photo-stationary states (PSS), a physical process that limits the relative amount of cis and trans isomers upon irradiation. Because absorption spectra of cis and trans isomers display significant regions of overlap, photo-isomerization is never complete, and this concern must be considered thoroughly while interpreting the results. Considering the use of azobenzene in the PIT strategy, proof of principle was first demonstrated by photo-controlling the structure of short or helicoidal peptides [START_REF] Kumita | Photo-control of helix content in a short peptide[END_REF][START_REF] Samanta | Bis-azobenzene crosslinkers for photocontrol of peptide structure[END_REF][START_REF] Flint | Using an azobenzene cross-linker to either increase or decrease peptide helix content upon trans-to-cis photoisomerization[END_REF]. Although examples of azobenzene-based PIT applied to larger proteins [START_REF] Hoersch | Reprogramming an ATP-driven protein machine into a light-gated nanocage[END_REF] or ion channels [START_REF] Browne | Optical control of trimeric P2X receptors and acid-sensing ion channels[END_REF][START_REF] Habermacher | Photo-switchable tweezers illuminate pore-opening motions of an ATP-gated P2X ion channel[END_REF][START_REF] Harkat | On the permeation of large organic cations through the pore of ATP-gated P2X receptors[END_REF] are still quite limited for the moment (see before), one question remains as to whether protein conformational restraints change PSS of bound azobenzene. While it is experimentally difficult to assess, it seems that constrained azobenzene adopts unusual behavior that may be related to changes in PSS [START_REF] Habermacher | Photo-switchable tweezers illuminate pore-opening motions of an ATP-gated P2X ion channel[END_REF].

Another issue is whether the photoswitch could be strong enough to induce non-native conformations. This seems unlikely because reproducible, stable light-gated responses suggest that motions produced by the photoswitch do not denature the protein structure, as might be expected with arbitrary, forced motions. The biophysical properties of the lightactivated channel can further be analyzed to confirm the non-denatured form of the protein.

Azobenzene-based molecules have also been used in other, differing strategies for photocontrolling proteins: as photosensible soluble ligands and as PTL (two techniques reviewed elsewhere [START_REF] Paoletti | Optical control of neuronal ion channels and receptors[END_REF][START_REF] Bregestovski | Light-induced regulation of ligand-gated channel activity[END_REF]), allowing the photocontrol of ionotropic receptors in various types of cells.

The azobenzene-containing molecules are provided by simple synthesis. A number of chemical improvements can be made, by decorating the phenyl functions with substituents, either in ortho, meta or para positions (1) (for a comprehensive review on the effect of substitutions on phenyl groups of azobenzene see [START_REF] Mart | Azobenzene photocontrol of peptides and proteins[END_REF]). This allows to precisely tailor their solubility (with substituents such as sulfonic acids (2) [START_REF] Burns | Synthesis of 3,3'-bis(sulfonato)-4,4'bis(chloroacetamido)azobenzene and cysteine cross-linking for photo-control of protein conformation and activity[END_REF]), their photophysical properties (wavelength of excitation, photostability of isomers with several substituents) or their shape.

Concerning this latter, azobenzenes can be bridged [START_REF] Gorostiza | Optical switches and triggers for the manipulation of ion channels and pores[END_REF], their end-to-end distances becoming narrower and more thermodynamically stable in their cis form [START_REF] Cabre | Synthetic Photoswitchable Neurotransmitters Based on Bridged Azobenzenes[END_REF][START_REF] Thapaliya | Locked-Azobenzene: Testing the Scope of a Unique Photoswitchable Scaffold for Cell Physiology[END_REF]. Some improvements have been also made in order to tune the photochemical properties of azobenzene. A recent, thorough analysis of the effect of tetra-ortho-halogenated substitution (3) on the photophysical properties of azobenzenes reveals that the combination of two chlorines and two fluorines in ortho positions associated with an electron-poor group in para positions bring the wavelength of absorption to the near IR [START_REF] Konrad | Computational Design and Synthesis of a Deeply Red-Shifted and Bistable Azobenzene[END_REF]. More recently, a red-shifted azobenzene moiety bearing a benzylguanindine substituent in the para position (4) has been used to photocontrol mGluRs [START_REF] Gutzeit | A fine-tuned azobenzene for enhanced photopharmacology in vivo[END_REF]. Another striking example is the use of ortho-fluorinated azobenzenes coupled with para electron-withdrawing groups that displace the irradiation wavelength towards 660 nm. This latter molecule has been coupled as a proof of principle to cyclic peptidic assembly and will surely be of great interest incorporated into larger and more complex proteins [START_REF] Leistner | Fluorinated Azobenzenes Switchable with Red Light[END_REF]. (For a complete and comprehensive review on red-shifted azobenzene for in vivo aims, see [START_REF] Dong | Red-Shifting Azobenzene Photoswitches for in Vivo Use[END_REF]). Although less frequently, other photo-isomerizable moieties have been studied, expanding the size, shape and photophysical properties that are accessible (Figure 2A(ii)). The fulgimide moiety (6) (see [START_REF] Lachmann | Fulgimides as Light-Activated Tools in Biological Investigations[END_REF] for a recent review on the use of fulgimides in biomolecules), switching between open and closed forms with appropriate wavelengths of light, has been elegantly used recently to photocontrol GABAA receptors, the two isomers being responsible for the differential activity of the molecule [START_REF] Rustler | Optical Control of GABAA Receptors with a Fulgimide-Based Potentiator[END_REF]. Last, amino acids containing the diarylethene scaffold [START_REF] Browne | Optical control of trimeric P2X receptors and acid-sensing ion channels[END_REF], also able to switch between an open and a closed cyclic form, have been applied to peptides to induce their reversible photo-induced cyclisation [START_REF] Babii | Controlling biological activity with light: diarylethene-containing cyclic peptidomimetics[END_REF]. (For a more extended picture see [START_REF] Babii | Diarylethene-Based Photoswitchable Inhibitors of Serine Proteases[END_REF] on the use of diarylethene for photocontrolling enzymes).

• The choice of appropriate linkers

Whatever the photo-isomerizable function used, the size of the PIT must be a design consideration, as it could limit the access and correct incorporation into the protein (note that agonist application during PIT labeling may increase site accessibility in the case of LGIC).

The size of the PIT can be tuned by linkers, which can be formed by several different chemical groups. Amino acids, such as glycine, linked by amide bonds can extend the endto-end size (see Figure 2B,8,9). In the same way, a more constrained geometry can be accessed with proline units [START_REF] Baconguis | X-ray structure of acid-sensing ion channel 1-snake toxin complex reveals open state of a Na(+)-selective channel[END_REF]. Additional rings (biphenyl azobenzenes [START_REF] Lemoine | Optical control of an ion channel gate[END_REF]; piperidine [START_REF] Atkinson | Controlling Engineered P2X Receptors with Light[END_REF], or bicyclic pyrrolidine ( 14)) can give access to larger sizes with more rigid structures [START_REF] Peverini | Conception et application de nouveaux outils photochimiques pour l'étude des récepteurs canaux P2X[END_REF][START_REF] Beharry | Photo-control of peptide conformation on a timescale of seconds with a conformationally constrained, blue-absorbing, photoswitchable linker[END_REF][START_REF] Dong | Red, far-red, and near infrared photoswitches based on azonium ions[END_REF]. Polyethylene glycol (PEGs) units can confer an increased size and water-solubility (which may be of use to prove hydrophilic regions such as ligand-binding sites) [START_REF] Donthamsetti | Genetically Targeted Optical Control of an Endogenous G Protein-Coupled Receptor[END_REF].

Regarding the choice of linkers, it is important to keep in mind that the more flexible the linkers are, the less precise will be the probability of distribution of sizes of the two isomeric forms of the PIT. On the other hand, the more constrained the linkers are, the more difficult it will be to find the two tethering points where the tweezers can be incorporated.

• The tethering points

Different chemical groups can be used to covalently attach the tweezers to the channel.

These should be capable of tethering to an anchor point such as a reactive amino acid. The most frequently used reactive amino acid is cysteine, which can be natively present at the desired anchor point or can be substituted by site-directed mutagenesis. Taking advantage of the thiol reactivity of the side-chain of the introduced cysteines, several reactive functions can be used (Figure 2C(i)). This includes the maleimide function that reacts with cysteines via Michael addition [START_REF] Kumita | Photo-control of helix content in a short peptide[END_REF], or other functions that perform nucleophilic substitutions with the thiol function, such as haloalkanes [START_REF] Beharry | Azobenzene photoswitches for biomolecules[END_REF], para-haloacetamide [START_REF] Bandara | Photoisomerization in different classes of azobenzene[END_REF], and methanethiosulfonates (MTS, 18, which also adds water-solubility). It is equally possible to use vinyl derivatives that perform thiol-ene reactions [START_REF] Flint | Using an azobenzene cross-linker to either increase or decrease peptide helix content upon trans-to-cis photoisomerization[END_REF]. The possibility to label native amino acids (namely hydroxyl and amines from amino acid side-chains) has also been elegantly probed by the use of strong electrophilic groups as tethering moieties. This method avoids the genetic manipulation of the protein of interest, but is less selective concerning the point of incorporation if not correctly targeted by affinity [START_REF] Izquierdo-Serra | Optical control of endogenous receptors and cellular excitability using targeted covalent photoswitches[END_REF]. An alternative to cysteine labelling has been illustrated by the use of genetically encoded protein tags that react selectively with chemical moieties that can be attached at the end of the photo-isomerizable construct (Figure 2C(ii)). Photoswitchable orthogonal remotely-tethered ligands (PORTLs) have thus been developed. The PORTLs tethering group can be a benzylguanine (reacting with genetically encoded SNAP-Tag [START_REF] Gutzeit | A fine-tuned azobenzene for enhanced photopharmacology in vivo[END_REF][START_REF] Acosta-Ruiz | Branched Photoswitchable Tethered Ligands Enable Ultra-efficient Optical Control and Detection of G Protein-Coupled Receptors In Vivo[END_REF], (20)), a benzylcytosine (CLIP-tag, ( 21)) or a chloroalkane linker (HaloTag, [START_REF] Mart | Azobenzene photocontrol of peptides and proteins[END_REF]). This method has been thoroughly studied and applied to the photo-control of metabotropic glutamate receptors [START_REF] Hoppmann | Genetically encoding photoswitchable click amino acids for general optical control of conformation and function of proteins[END_REF][START_REF] Levitz | Dual optical control and mechanistic insights into photoswitchable group II and III metabotropic glutamate receptors[END_REF]. However, if the aim were to apply PORTLs to the PIT strategy, it would require a careful optimization of the linker, which is usually long enough to span the distance between the site of manipulation and the newly installed attachment domain. A third and recent interesting way to incorporate photoisomerizable molecules into proteins is to take advantage of genetic code reprogramming (via stop codon suppression) (Figure 2C(iii)). Pairs of tRNA/aaRS have been co-evolved in order to introduce Photoswitchable Click Amino Acids (PSCaa ( 23) and ( 24)) into proteins of interest [START_REF] Hoppmann | Genetically encoding photoswitchable click amino acids for general optical control of conformation and function of proteins[END_REF][START_REF] Hoppmann | Photoswitchable click amino acids: light control of conformation and bioactivity[END_REF]. Considering that the molecule is directly introduced into the protein of interest by the intracellular machinery, this technique could confer specificity of labeling and access to the intracellular part of an ion channel, which is otherwise difficult to target with soluble molecules. The second tethering point is brought by the fact that the PSCaa can also contain a thiol reactive moiety [START_REF] Hoppmann | Intramolecular bridges formed by photoswitchable click amino acids[END_REF][START_REF] Hoppmann | In Situ Formation of an Azo Bridge on Proteins Controllable by Visible Light[END_REF].

IV/ Molecular dynamics as a complementary technique

A crosstalk between molecular dynamics (MD) and experimental results obtained with PIT can provide several interesting points. First, the molecular mechanism dissected by PIT can be confirmed by dynamic models of the protein of interest. Experimental results can also lead to structural constraints that can help elaborate or reconsider these models. In this particular case, the use of PIT as a "molecular ruler" allowed us to refine existing P2X models, leading to a reduction in the size of controversial intersubunit crevices, the presence of which would otherwise result in a blocking of the open pore by membrane lipids [START_REF] Habermacher | Photo-switchable tweezers illuminate pore-opening motions of an ATP-gated P2X ion channel[END_REF]. MD could also be a way to calculate the end-to-end distance of the PIT isomers (Figure 1B). Indeed, distribution of sizes of the two forms of the PIT is of particular importance in providing insight into the amplitude of the motion studied. Last, considering this distribution of sizes of both isomeric forms, molecular modeling can be used prior to experiments in order to deduce adequate tethering positions [START_REF] Borghese | Modulation of alpha1beta3gamma2 GABAA receptors expressed in X. laevis oocytes using a propofol photoswitch tethered to the transmembrane helix[END_REF].

V/ Conclusion

The use of PIT as a complement to atomic structures and molecular dynamics techniques has proved to be a powerful method for understanding molecular mechanisms of activation and modulation of ion channels. However, this strategy has only been successfully applied to trimeric ion channels, including P2X2 and ASIC1a. With the toolkit provided in this review, we hope that the PIT strategy can be extended to other ion channels, including LGIC. For these latter, our belief is that the PIT strategy could also be a powerful tool to probe molecular motions of binding loops involved in ligand recognition, with prerequisite of appropriate, water-soluble PIT are available. Another interesting outcome could also be to combine the PIT strategy with the use of concatenated subunits in order to probe the number of subunits that need to be motion-controlled to achieve full pore activation. Simultaneously probing molecular motions and function of ion channels would certainly provide valuable insights into the mechanisms of channel gating cycles. 3) and ( 4) [START_REF] Burns | Synthesis of 3,3'-bis(sulfonato)-4,4'bis(chloroacetamido)azobenzene and cysteine cross-linking for photo-control of protein conformation and activity[END_REF][START_REF] Gutzeit | A fine-tuned azobenzene for enhanced photopharmacology in vivo[END_REF][START_REF] Leistner | Fluorinated Azobenzenes Switchable with Red Light[END_REF]. Bridged azobenzene scaffold [START_REF] Gorostiza | Optical switches and triggers for the manipulation of ion channels and pores[END_REF]. ii. Other photo-isomerizable functions: The fulgimide scaffold (6) and diarylethene-based amino acids [START_REF] Browne | Optical control of trimeric P2X receptors and acid-sensing ion channels[END_REF] [START_REF] Babii | Controlling biological activity with light: diarylethene-containing cyclic peptidomimetics[END_REF]. B. Linkers adaptable to the PIT strategy. Amino-acids units: glycine (8) and ( 9), proline [START_REF] Baconguis | X-ray structure of acid-sensing ion channel 1-snake toxin complex reveals open state of a Na(+)-selective channel[END_REF] [START_REF] Peverini | Conception et application de nouveaux outils photochimiques pour l'étude des récepteurs canaux P2X[END_REF]; polyethylene glycol units (PEGs) [START_REF] Stelmashenko | Activation of trimeric P2X2 receptors by fewer than three ATP molecules[END_REF] [START_REF] Donthamsetti | Genetically Targeted Optical Control of an Endogenous G Protein-Coupled Receptor[END_REF]; biphenyl [START_REF] Lemoine | Optical control of an ion channel gate[END_REF] [START_REF] Peverini | Conception et application de nouveaux outils photochimiques pour l'étude des récepteurs canaux P2X[END_REF]; piperidine [START_REF] Atkinson | Controlling Engineered P2X Receptors with Light[END_REF] [START_REF] Beharry | Photo-control of peptide conformation on a timescale of seconds with a conformationally constrained, blue-absorbing, photoswitchable linker[END_REF]; bicyclic pyrrolidine [START_REF] Dunning | Manipulation of ion channel gating with photoswitchable tweezers[END_REF] [START_REF] Dong | Red, far-red, and near infrared photoswitches based on azonium ions[END_REF]. C.

Tethering functions. i. Thiol-reactive: haloalkanes [START_REF] Beharry | Azobenzene photoswitches for biomolecules[END_REF]; haloacetamides [START_REF] Bandara | Photoisomerization in different classes of azobenzene[END_REF]; maleimide [START_REF] Kumita | Photo-control of helix content in a short peptide[END_REF]; methanethiosulfonate (MTS) [START_REF] Samanta | Bis-azobenzene crosslinkers for photocontrol of peptide structure[END_REF]. ii. Reactive functions towards genetically-encoded protein tags. SNAP-tag [START_REF] Hoersch | Reprogramming an ATP-driven protein machine into a light-gated nanocage[END_REF]; CLIP-tag [START_REF] Bregestovski | Light-induced regulation of ligand-gated channel activity[END_REF]; HaloTag [START_REF] Mart | Azobenzene photocontrol of peptides and proteins[END_REF]. iii. Genetically encoded amino acids adaptable to the PIT strategy. PSCaa with a vinyl moiety that is able to make thiol-ene reaction with a cysteine [START_REF] Burns | Synthesis of 3,3'-bis(sulfonato)-4,4'bis(chloroacetamido)azobenzene and cysteine cross-linking for photo-control of protein conformation and activity[END_REF]; PSCaa able to perform SNAR with thiol from cysteines (24) [START_REF] Hoppmann | Genetically encoding photoswitchable click amino acids for general optical control of conformation and function of proteins[END_REF]. This is the first report of the optical control of a trimeric ion channel using versatile photoswitches that target the transmembrane pore. Note that the strategy employed here was not based on PIT.

Figure 1 .

 1 Figure 1. Principle of PIT applied to trimeric ion channels. A. Upper, cis-trans isomerization of azobenzene-containing crosslinkers (see panel B for R and R1 substituents)induced by different wavelengths of light or thermal relaxation (kBT, kB Boltzmann constant, and T temperature). Lower, cartoon depicting a crosslinker covalently bound to an ion channel and for which photoisomerization induces preexisting gating motions. Because of its known distribution of sizes, the crosslinker can be considered as a dynamic "molecular ruler".B. Chemical structures of three different photochromic crosslinkers, MAM-1 (also known as BMA), MAM-2, and MAM-3 (MAM stands for Maleimide Azobenzene Maleimide). The endto-end distance (taken from the two sulfur atoms of engineered cysteines following addition to maleimides and determined by MD) in the cis and trans isomers is indicated and colorcoded according to irradiation wavelengths[START_REF] Habermacher | Photo-switchable tweezers illuminate pore-opening motions of an ATP-gated P2X ion channel[END_REF][START_REF] Harkat | On the permeation of large organic cations through the pore of ATP-gated P2X receptors[END_REF]. C. Three-dimensional structures of rat P2X2[START_REF] Jiang | Tightening of the ATP-binding sites induces the opening of P2X receptor channels[END_REF] and human ASIC1a[START_REF] Sun | Structural insights into human acid-sensing ion channel 1a inhibition by snake toxin mambalgin1[END_REF] (pdb: 7CFS) displayed in ribbon representation (shown in blue with one subunit highlighted in green). Shown amino acid residues are successful positions in which mutation to cysteines conferred light-gated currents following crosslinker incubation [7-9] (TM1 and 2, transmembrane ⍺-helices 1 and 2, respectively). D. Cartoon depicting three TM2 ⍺-helices of P2X2 during light-induced motions for crosslinked I328C (i. upper, top view) and I328C/S345C (ii. lower, side view) mutants. Note that for the single mutant, only one crosslinker molecule can be tethered per channel (horizontal crosslinking), while in the double mutant three molecules can be attached per channel (vertical crosslinking). For the purpose of clarity, only one molecule is shown vertically and subunits are color-coded as in panel C. E. Whole cell patch-clamp recordings of currents evoked by different wavelengths of light (365, 455 and 525 nm) in P2X2 I328C and I328C/S345C crosslinked with MAM-1 (10 µM) or MAM-3 (50 µM), as indicated. i. and ii. Inward currents in response to blue (MAM-1) or green (MAM-3) light show that the trans configuration acts as pore opener in the single I328C mutant. Note that just before recordings, cells were irradiated with a pulse of 365 nm light. Iii. By contrast, inward currents in response to violet light shows that the cis configuration of MAM-3 acts as pore opener in the double I328C/S345C mutant. The presence of the second cysteine mutation (S345C) favors a vertical crosslinking configuration, likely due to the hydrophobicity of MAM-3, which is able to insert into the lipid bilayer, facilitating vertical crosslinking of I328C and S345C. Currents evoked by ATP (3 µM) are shown as control. Taken or adapted from [7-9].
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 2 Figure 2. Practical toolkit to design photo-isomerizable tweezers. A. Photo-isomerizable groups. i. The azobenzene scaffold (1) with ortho (blue), meta (yellow) and para (green) positions highlighted. Recent examples of photo-isomerisable tools based on azobenzene
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This study provides an interesting example of the application of molecular modelling to find appropriate tethering points for a propofol-linked photoswitchable molecule in GABAA receptors.