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The permeability of large cations through the P2X pore has remained arguably the most controversial and complicated topic in P2X-related research, with the emergence of conflicting studies on the existence, mechanism and physiological relevance of a so-called "dilated" state. Due to the important role of several "dilating" P2X subtypes in numerous diseases, a clear and detailed understanding of this phenomenon represents a research priority. Recent advances, however, have challenged the existence of a progressive, ATP-induced pore dilation, by demonstrating that this phenomenon is an artifact of the method employed. Here, we discuss briefly the history of this controversial and enigmatic dilated state, from its initial discovery to its recent reconsideration. We will discuss the literature in which mechanistic pathways to a large cation-permeable state are proposed, as well as important advances in the methodology employed to study this elusive state. Considering recent literature, we will also open the discussion as to whether an intrinsically dilating P2X pore exists, as well as the physiological relevance of such a large cation-permeable pore and its potential use as therapeutic pathway.
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INTRODUCTION

Life, in all its forms, exists as an amalgamation of highly complex, intercommunicating networks. From unicellular organisms to higher eukaryotes, these networks are intricate, interlaced and require tight regulation to guarantee proper organism function and adequate response to external influences. Such biological networks exist on all manner of scales, whether this be molecular, cellular, or indeed networks within whole tissues and those which tie entire systems within a given organism together. These networks, of an astounding complexity, are finely tuned and as such, their functioning may be acutely influenced by the precise combination of a multitude of influential factors. Mastering an intimate understanding of these systems is therefore highly challenging, and the subject of biological research across the world.

In order for these networks to be maintained in a harmonious balance, intra-and inter-network communication via biological signals is of great importance. Such biological signals, an abundance of which are being sent and received at any one moment, are wide and varied in nature, involving a plethora of biological entities. One such class of biological entities involved in signal reception and transmission are ion channels; pore-forming membrane proteins, allowing the passive transport of ions along their electrochemical gradient in response to physiological stimuli. The passage of these ions between exta-and intracellular space constitues in itself a biological signal, whether this be by inducing a transition in the membrane polarity or by way of activation of secondary messengers and pathways within or external to the cell.

Ion channels

As the signals to which biological networks must respond, both environmental and within the organism, are highly diverse, so must be the receptors waiting to receive them. Ion channels can be classed according to the stimulus to which they respond, this response being the "gating" of the channel: a series of stimulus-triggered conformational changes resulting in the opening of an ion-permeable pore. As such, a number of families can be resolved: voltagegated channels, sensitive to changes in membrane polarisation; mechanosensitive channels, gated by changes in pressure; light-sensitive channels, such as channelrhodopsin, which are gated by photons; temperature-sensitive channels, and finally those which are gated in response to the binding of specific molecules or ligands.

It is this last class of channels which we will be interested in over the course of this manuscript;

those activated by the binding of a particular ligand, the so-called ligand-gated ion channels (LGICs).

Ligand-Gated Ion Channels (LGICs)

Historical context

The very first origins of LGICs can be traced back to the 1850s, when Claude Bernard investigated the effects of curare, an alkaloid plant extract used by indigineous South American tribes as arrowhead poison, on the sciatic nerves of frogs. His experiments gave the first indication that some kind of junctional structure exists between nerve and muscular fibres, transmission across which may be blocked by application of a substance [START_REF] Bennett | History of the Synapse[END_REF]. In the early 1900s, Paul Ehrlich developed the side chain theory, in the context of immunological studies, proposing that living cells possess side chains capable of binding to toxins. This theory of receptors was equally supported by the work of John Newport Langley, who proposed the presence of receptive substances. Around the same period, a student of Langley, Thomas

Renton Elliot, who was working with adrenalin, presented the idea that this was a "chemical stimulant liberated on each occasion when the [nervous] impulse arrives at the periphery" [START_REF] Maehle | Receptive Substances": John Newport Langley (1852-1925) and his Path to a Receptor Theory of Drug Action[END_REF], what we now know today as neurotransmitters.

The Nobel prize winning work of Hodgkin and Huxley in the 1950s, who established the voltage-clamp technique to directly measure currents flowing across the membrane of a giant squid axon [START_REF] Hodgkin | Measurement of current-voltage relations in the membrane of the giant axon of Loligo[END_REF], was the first of many landmark events in the global field of ion channels, which allowed their study in much finer precision. The development of the patch clamp technique, equally recognised by a Nobel prize, by Neher and Sakmann [START_REF] Neher | Single-channel currents recorded from membrane of denervated frog muscle fibres[END_REF], allowed the first recordings of single channel conductances, whilst the first example of a biochemically purified LGIC was achieved in the laboratory of Changeux, who used α-bungarotoxin, a toxin found in snake venom, to purify the nicotinic acetylcholine receptor [START_REF] Changeux | Use of a snake venom toxin to characterize the cholinergic receptor protein[END_REF]. Following Rod MacKinnon's crystallographic resolution of the KcsA potassium channel, again a Nobel-prize winning work [START_REF] Doyle | The Structure of the Potassium Channel: Molecular Basis of K+ Conduction and Selectivity[END_REF], advancing structural techniques have given rise to an large and growing number of ion channel structures, with those of each member of the LGIC superfamily having now been determined (Lemoine et al., 2012). In under 200 years, therefore, our knowledge of how chemical agents can interact in biological systems in specific and selective ways has advanced to such a point that we are now able to probe these ligand -receptor interactions on the atomic level, in terms of both structure and function. We will now consider the variety of ligand-gated ion channels which exist.

LGIC superfamily

Within the LGIC superfamily, three subfamilies exist, of distinct architecture and nature (Figure 1). They can be classed according to their oligomeric organisation: trimeric P2X receptors, tetrameric glutamate receptors and pentameric "cys-loop" receptors (Donnelly- Roberts & Jarvis, 2007;[START_REF] Ferrari | The P2X7 Receptor: A Key Player in IL-1 Processing and Release[END_REF]. Schematic representations of the LGIC superfamily, comprising three subfamilies, classed according to their oligomeric organisation: trimeric P2X receptors, tetrameric glutamate receptors and pentameric "cys-loop" receptors. P2XR = P2X receptors, NMDAR = N-methyl-D-aspartate receptor, AMPAR = α-amino-3-hydroxy-5methyl-4-isoxazoleprionic acid receptor, KainateR = kainate receptor, nAChR = nictotinic acetylcholine receptor, 5-HT3R = 5-hydroxytryptamine (serotonin) receptor, GABAAR = γ-aminobutyric acid receptor, GlyR = glycine receptor, ZAC =zinc activatec channels, GluCl = invertebrate glutamate-gated chloride channels, GLIC = gleobacter ligand gated ion channel, ELIC = Erwinia chrysanthemi ligand gated ion channel.

Trimeric P2X receptors

P2X receptors are non-selective cationic receptors, of which there exists 7 subtype variants in mammals. A common monomeric structure is present, intracellular terminal domains linked by two transmembrane spanning helical domains, and a large extracellular domain, location of the agonist binding site. Homo-and heterotrimers are possible depending on the specific subtype in question. They are activated by the binding of extracellular ATP, and possess roles in the modulation of neurotransmission, as well as within the immune system (North, 2002).

Tetrameric glutamate receptors

The tetrameric family of ionotropic glutamate receptors comprises the NMDA, AMPA and kainate subtypes, designated according to their favoured agonist. Cation-selective tetramers are assembled from a range of structurally differing subunits, in a homomeric or heteromeric fashion depending on the receptor type. The common topology of these subunits is the following: an extracellular N-terminus, three transmembrane helical domains, with a re-entrant p-loop between the first and second helices, dipping back into the membrane, and finally an intracellularly located C-terminus [START_REF] Alexander | THE CONCISE GUIDE TO PHARMACOLOGY 2017/18: Ligand-gated ion channels[END_REF][START_REF] Armstrong | Structure of a glutamate-receptor ligand-binding core in complex with kainate[END_REF]. Located in neuronal and non-neuronal cells, these receptors mediate fast excitatory synaptic transmission in the central nervous system [START_REF] Traynelis | Glutamate receptor ion channels: structure, regulation, and function[END_REF].

Pentameric cys-loop receptors

The third member of the LGIC superfamily are the pentameric receptors. This subfamily is vast, and can be further divided into different groups. Firstly, the excitatory, cation-selective nicotinic acetylcholine receptors (nAChRs), 5-HT3 or serotonin receptors and zinc-activated channels.

Secondly, inhibitory, anion-selective γ-aminobutyric acid-sensitive receptors (GABAAR), glycine receptors (GlyR) and invertebrate glutamate-gated chlorine channels (GluCl). These channels are abundant in both the central and periphery nervous system and have a wide ranging sensitivity to different pharmacological agents.

Various combinations of subunit assemblies exist, but a common toplogy is visible between subunit variants: four transmembrane helices, followed by a large extracellular domain, flanked by extracellular N-and C-termini. Within this extracellular domain is the presence of the "cysloop", a loop structure of thirteen residues framed by two conserved cysteines forming an intrasubunit disulphide bridge (Lemoine et al., 2012). A number of other, related pentameric recepors have been identified in prokaryotes (GLIC, ELIC).

Other than their importance in normal physiological functions, various dysfunctions of LGICs are at the origin of a vast range of pathologies, known as channelopathies [START_REF] Kim | Channelopathies[END_REF]. For this reason, the study of LGICs is of importance not only from a viewpoint of fundamental research, but also in terms of therapeutic potential. Our study is focussed on just one of these subfamilies, the trimeric P2X receptors, and the work described herein is focussed more precisely on one particular member of this family: P2X7.

Study of ion channels: patch clamp electrophysiology

At this point, we will undertake a brief detour to consider the techniques employed to investigate ion channel function. In the study of ion channels, patch clamp electrophysiology is one of the principal techniques employed, due to its ability to record current passing through channels, across the membrane in a finely controlled, sensitive and high resolutive manner.

First developed in the seventies by [START_REF] Neher | Single-channel currents recorded from membrane of denervated frog muscle fibres[END_REF], which would later win them the 1991 Nobel prize, the technique of patch clamp electrophysiology works on the premise that limiting the area within which current is measured to a small, electrically isolated membrane patch, reduces any background noise to a point at which the resolution of currents flowing through single channels becomes possible. This is achieved by using glass pipettes of µm diameter, filled with the desired composition of intracellular solution,

and containing an electrode. Further advances in this technique added even more sensitivity and resolutive power, notably the introduction of the "gigaseal", whereby the resistance of the seal between the pipette and membrane patch reaches values in the giga Ohm range [START_REF] Hamill | Improved patch-clamp techniques for high-resolution current recording from cells and cell-free membrane patches[END_REF][START_REF] Sigworth | Single Na + channel currents observed in cultured rat muscle cells[END_REF]. This made possible the high degree of versatility in this technique, whereby four principal configurations can be accessed:

(i) Cell attached mode: in the cell attached mode, the pipette is giga-sealed to a patch of membrane, and the currents recorded therefore pertain to ion channels which are contained within this patch, often giving rise to single channel recordings. The remainder of the cell stays intact, allowing these ion channels to be studied under physiological cytosolic conditions, where interactions with intracellular components and signalling pathways are maintained (Figure 2a).

(ii) Whole cell mode: the whole cell configuration is widely used, as it provides robust read-outs of the activity of ion channels across the entire surface of the cell membrane studied. It can be accessed by entering cell attached mode, and subsequently piercing the cell membrane by a brief application of negative pressure (e.g. by suction), rendering the electrode contained within the pipette in direct contact with the cytosol. The intrapipette solution thus dialyses the interior of the cell, and in this way, precise control of the intracellular composition can be achieved. Recordings in the whole cell mode are the culmination of the currents produced by all of the channels of interest expressed at the cell surface membrane.

As such, a global, average view is obtained, with no resolution of individual populations of channels, should they exist (Figure 2b).

(iii) Outside-out mode: the outside-out configuration is another mode which allows the recording of conductances pertaining to single channels. Starting from the whole cell configuration, outside-out mode is achieved by gently withdrawing the pipette from the cell surface. Due to the presence of the giga-seal, the cell membrane is thus also drawn away from the remainder of the cell, until the point at which it "breaks" and becomes disconnected, reforming a seal around the surface of the pipette. In this way, the extracellularly facing side of the channel is located outside the pipette, and the intracellularly facing side is located in the intrapipette region.

This mode allows the study of single channel conductances, whilst probing the response of channels to stimuli applied extracellularly (Figure 2c).

(iv) Inside-out mode: as in outside-out mode, this configuration allows the recording of single channels, this time with the extracellular domains of the channel contained within the pipette, and the intracellular side of the channel facing outwards. This configuration can be accessed by starting in cell-attached mode and gently withdrawing the pipette until the breaking point of the membrane, effectively excising a patch of membrane for study. This configuration allows the application of various stimuli to the intracellularly facing domains of the channel (Figure 2d). Patch clamp electrophysiology, therefore, represents a highly versatile, sensitive technique whereby ion channel function can be probed in controlled environments. This allows the investigation of channel responses to a range of stimuli, applied from both sides of the membrane, and the measurement of various parameters to characterise these responses: current amplitudes, unitary conductances, kinetic parameters and relative permeabilities with respect to the ions transiting through the channel. This is the primary technique which is employed in our laboratory, and within this thesis work, to study the activity of P2X receptors.

P2X receptors

Purinergic signalling

Despite its fairly recent discovery compared to that of the cholinergic or adrenergic systems, the purinergic signalling system is suggested to be one of the oldest in terms of evolutionary origins [START_REF] Burnstock | Evolutionary origins of the purinergic signalling system[END_REF]. ATP-mediated signalling in some form is found in almost all tissues and cell types, rendering it an omnipresent signalling molecule.

Discovery

The role of ATP as a signalling molecule, and not just the ubiquitous cellular source of energy, was first alluded to in the late 1920s, when Drury and Szent-Györgyi described the effects of extracellular purines on the mammalian heart [START_REF] Drury | The physiological activity of adenine compounds with especial reference to their action upon the mammalian heart[END_REF]. Years later, Pamela Holton identified the release of ATP following the antidromic stimulation of rabbit sensory nerves [START_REF] Holton | The liberation of adenosine triphosphate on antidromic stimulation of sensory nerves[END_REF], but it was not until the 1970s when Geoffrey Burnstock discovered ATP as a neurotransmitter in non-adrenergic, non-cholingergic nerve transmission in the gut and coined the term purinergic signalling (Burnstock, 1972;[START_REF] Burnstock | Evidence that adenosine triphosphate or a related nucleotide is the transmitter substance released by nonadrenergic inhibitory nerves in the gut[END_REF].

Despite almost twenty years of opposition to this theory, the purinergic signalling system as we know it today has been characterised and its corresponding receptors classed into subfamilies: P2 receptors, activated by ATP and ADP, and P1 receptors, activated by adenosine [START_REF] Burnstock | A basis for distinguishing two types of purinergic receptor[END_REF]. The division of P2 receptors into two subfamilies, ionotropic P2X and metabotropic P2Y receptors swiftly followed [START_REF] Abbracchio | Purinoceptors: are there families of P2X and P2Y purinoceptors?[END_REF][START_REF] Burnstock | Is there a basis for distinguishing two types of P2purinoceptor?[END_REF]. Recently, the P0 family of receptors has also been identified and characterised, activated by adenine [START_REF] Thimm | The nucleobase adenine as a signalling molecule in the kidney[END_REF][START_REF] Thimm | Characterization of new G protein-coupled adenine receptors in mouse and hamster[END_REF].

Sources of extracellular ATP

ATP, as the primary energy source of the cell, is present in physiological conditions, at concentrations ranging from 3 -10 mM within the cytosol. Meanwhile, the extracellular concentration of ATP ([eATP]) is much reduced, at just 10 nM [START_REF] Trautmann | Extracellular ATP in the immune system: more than just a "danger signal[END_REF]. The electrochemical gradient promoting the passage of ATP from intracellular regions into extracellular space is, therefore, particularly strong, but by nature of its size and charge (as ATP is found in physiological conditions as its deprotonated 4-form), ATP is unable to simply pass across hydrophobic cell membranes. A number of pathways, therefore, exist to effect the passage of ATP into extracellular space. In pathological conditions, cell death and subsequent lysis is one of the primary sources of ATP release, whether this be by necrotic cell death or apoptosis, where a role for pannexin-1 (PANX-1) has been also determined [START_REF] Qu | Pannexin-1 Is Required for ATP Release during Apoptosis but Not for Inflammasome Activation[END_REF].

In this sense, release of eATP through injured or damaged cells is in the context of a danger signal, whereby ATP acts as a damage-associate molecular pattern (DAMP) [START_REF] Tanaka | Extracellular ATP acts as a damageassociated molecular pattern (DAMP) signal in plants[END_REF]. Non-lytic, release pathways also exist, for example, PANX1 and other hemichannels such as connexins have also been determined as conductive pathways through which ATP can exit the cell [START_REF] Barbe | Cell-Cell Communication Beyond Connexins: The Pannexin Channels[END_REF][START_REF] Eltzschig | ATP release from activated neutrophils occurs via connexin 43 and modulates adenosine-dependent endothelial cell function[END_REF], and interestingly, it has also been suggested that P2X7 itself constitutes a pathway for ATP-induced ATP release (Pellegatti et al., 2005). Finally, exocytotic release by secretory vesicules has been found in a number of different cell types [START_REF] Lazarowski | Molecular mechanisms of purine and pyrimidine nucleotide release[END_REF][START_REF] Montana | Vesicular transmitter release from astrocytes[END_REF]. Once present in extracellular space, a number of enzymes are involved in the metabolism of ATP into its related purinergic signalling compounds: ecto-nucleoside triphosphate diphosphohydrolases (e-NTDPases), named CD39s, catalyse the degradation of ATP to ADP as well as ADP to AMP, and ecto-5'-nucleotidases, CD73s, catalyse the formation of adenosine from AMP [START_REF] Colgan | Physiological roles for ecto-5'nucleotidase (CD73)[END_REF][START_REF] Zimmermann | Ectonucleotidases in the nervous system[END_REF]. Equally, alkaline phosphatases may also catalyse the formation of adenosine from any of its related nucleotides [START_REF] Fields | Purinergic signalling in neuron-glia interactions[END_REF]. The formation of adenine, meanwhile, is catalysed by purine nucleoside phosphorylase enzyme [START_REF] Kaebisch | The role of purinergic receptors in stem cell differentiation[END_REF].

The interactions between purine signalling molecules and their receptor targets are summarised in Figure 4. 

P2X receptors: historical context and generalities

Within this purinergic signalling system, the family of ionotropic P2X receptors (P2XRs) occupy a number of wide-ranging, key roles. The molecular identification of the first P2X receptors took place relatively recently, in the 1990s, when P2X1 (Valera et al., 1994) and P2X2 (Brake et al., 1994) were first cloned. In quick succession, the entire seven-member P2X family had been identified [START_REF] Buell | An antagonist-insensitive P2X receptor expressed in epithelia and brain[END_REF][START_REF] Chen | A P2X purinoceptor expressed by a subset of sensory neurons[END_REF][START_REF] Collo | Cloning OF P2X5 and P2X6 receptors and the distribution and properties of an extended family of ATP-gated ion channels[END_REF][START_REF] Lê | Primary structure and expression of a naturally truncated human P2X ATP receptor subunit from brain and immune system[END_REF]Lewis et al., 1995;Rassendren et al., 1997;[START_REF] Soto | P2X4: an ATP-activated ionotropic receptor cloned from rat brain[END_REF]Surprenant et al., 1996). P2X receptors have thus far been identified exclusively in eukaryotic organisms, including invertebrates and primitive unicellular organisms such as amoeba, but have an unusual phylogeny given that they are missing from Drosophila and C. elegans, species where other common mammalian ionotropic receptors are found [START_REF] Fountain | Primitive ATP-activated P2X receptors: discovery, function and pharmacology[END_REF].

P2X receptors possess a relatively simple, common architecture, comprising intracellular Nand C-terminal domains, of differing length according to the specific subtype, two transmembrane helical domains, TM1 and TM2, linked by a large ectodomain, which is held in structure by disulphide bridges formed between pairs of ten conserved cysteine residues (Figure 5a). The ATP binding site is found within this extracellular domain. These P2X monomers assemble into homotrimers, or heteromers in the case of some subunit variants (see section 2.4.1). Comprising seven members, with ATP sensitivities ranging from the µM to mM range, as well distinct kinetic properties, the family of P2X receptors constitutes a versatile and finely tuned collective, able to respond in differing manners to a common stimulus, that of extracellular ATP.

Here, key aspects of P2X receptor structure and function will be briefly considered before we explore one subtype in particular in greater detail; P2X7. Seven P2X genes exist, coding for seven subunit variants. These different subtypes vary in their similarity to another, ranging from 40 -55% pairwise amino acid sequence similarity, with the most similar to other subtypes being the P2X4 receptor, and the least similar to other family members being the P2X7 receptor (highlighted in green, Figure 6) (North, 2002). (a) Dendogram to show relatedness of 29 selected P2X receptor subunits. h = human, r = rat, c= chicken, m = mouse, gp = guinea pig, zf = zebrafish, f = fugu. Adapted from (North, 2002).

Each P2X subtype variant is able to assemble into homotrimeric receptor units, P2X1R -P2X7R. This is with the exception of P2X6, which is considered a "silent" subunit, becoming functional only when in heterotrimeric assemblies with other subtypes, such as P2X2/6 [START_REF] Torres | Hetero-oligomeric assembly of P2X receptor subunits. Specificities exist with regard to possible partners[END_REF] and P2X4/6 (K.-T. Lê et al., 1998).

P2XRs are non-selective cationic channels, and upon activation become permeable to Na + and Ca 2+ , both of which flow along their electrochemical gradients into the cell, as well as to K + , which transits from intra-to extracellular space (see Figure 5b) (Samways et al., 2014).

The result of these movements is membrane depolarisation, in addition to the activation of a plethora of Ca 2+ -activated intracellular pathways, owing to the fact that P2XRs are highly permeable to Ca 2+ (Egan and Khakh, 2004). The P2X5 subtype also exhibits an additional permeability to chloride ions (PCl-/PNa+ = approximately 0.5 in hP2X5) [START_REF] Bo | Pharmacological and biophysical properties of the human P2X5 receptor[END_REF][START_REF] Ruppelt | Genomic structure, developmental distribution and functional properties of the chicken P2X(5) receptor[END_REF].

Whilst these receptors possess certain similarities, there are a number of features which can be used to distinguish family members from one another. Desensitisation, the phenomenon of channel closure despite the presence of agonist, for example, is a characteristic of varying nature between P2X subtypes (Figure 7). P2X1 and P2X3 exhibit fast desensitisation kinetics, with channel closure occurring on the ms time scale, whilst P2X2 and P2X4 are slowly desensitising channels. As for the P2X7 subtype, it is unique amongst its family members in that it does not experience desensitisation, but rather, a sensitisation or facilitation of currents which increase in magnitude upon prolonged ATP application (North, 2002). We will come back to this unique feature several times over the course of this manuscript. Desensitisation as a result of short (top, 2s) or prolonged (bottom, 60s) ATP application, in homomeric rat P2XRs, stimulated with 30 µM ATP (P2X1 -P2X5) or 1 mM (P2X7) compared for homomeric rat P2X receptors. Adapted from (North, 2002).

Aside from these desensitisation profiles and relative permeability characteristics, the pharmacological profile of P2XRs also varies between receptor subtypes in terms of agonists, antagonists and allosteric modulators. A non-comprehensive summary relating to homotrimeric P2X pharmacology is shown in Table 1. A non-comprehensive summary of P2X pharmacology, as described in (Coddou et al., 2011a;[START_REF] Jarvis | ATP-gated P2X cation-channels[END_REF]. ATP, adenosine 5'-triphosphate; 2-meSATP, 2-methythioadenosine 5'-triphosphate; α,β-meATP, α,βmethyleneadenosine 5ʹ-triphosphate, BzATP, 2,3-O-(4-benzoylbenzoyl)-ATP; PPADS, pyridoxal-5'-phosphate-6azophenyl-2'',4''-disulphonic acid; TNP-ATP, 2',3'-O- (2,4,6-trinitrophenyl) 

Localisation

P2XRs are expressed in wide range of cell types, according to the specific subtype in question.

For example, P2X7Rs are highly expressed in cells of the immune system, whereas P2X2Rs are widely found within the central nervous system (CNS). Summary of the primary cellular localisations and accompanying roles of homomeric P2XRs (with the exception of P2X6 which is an obligatory heteromer). Adapted from [START_REF] Burnstock | Purinergic signalling and disorders of the central nervous system[END_REF][START_REF] Burnstock | Purine and purinergic receptors[END_REF].

Modulators (potentiation (+) or inhibition (-))

Zn 2+ (-) (+) (+) (+) (+) (-) Cu 2+ N.D (+) N.D (-) N.D (-) Cd 2+ (-) (+) (-) (+) N.D (-) H + (-) (+) (-) (-) (-) (-) Ivermectin N.D none none (+) N.D (+) Ethanol N.D (-) (+) (-) N.D N.D Phosphoinos -itides (+) Desensitis- ation reduced (+) (+) (+) (+)

Heteromeric P2XRs

In addition to the homomeric assemblies, it has been shown, by co-immunoprecipitation, crosslinking and electrophysiological characterisation experiments, that a multitude of heteromeric assembly possibilities exist. These are shown in Table 3, shaded green for those possibilities observed in vitro, and in orange for those heteromers for which strong evidence has been found to indicate their presence in native tissues. [START_REF] Torres | Hetero-oligomeric assembly of P2X receptor subunits. Specificities exist with regard to possible partners[END_REF]. According to (Lê et al., 1998;Lewis et al., 1995;Nicke et al., 1998;[START_REF] Nicke | Homotrimeric complexes are the dominant assembly state of native P2X7 subunits[END_REF]Saul et al., 2013) The definitive presence of P2X heteromers in native tissues is poorly characterised, but those for whom the strongest evidence exists are present in a range of cell types; P2X1/5 was identified in mouse cortical astrocytes [START_REF] Lalo | Identification of human P2X1 receptor-interacting proteins reveals a role of the cytoskeleton in receptor regulation[END_REF], P2X2/3 in sensory neurons such as nodose ganglia neurons and autonomic ganglia neurons [START_REF] Cockayne | P2X2 knockout mice and P2X2/P2X3 double knockout mice reveal a role for the P2X2 receptor subunit in mediating multiple sensory effects of ATP[END_REF]Lewis et al., 1995), P2X4/6 heteromers have been proposed as present in the mammalian CNS (Lê et al., 1998).

Physiological roles

Accompanying the wide-ranging cellular distribution of P2XRs are numerous physiological roles (Table 2). In this section, a select few of these roles will be considered as pertinent examples.

Neuromodulation: P2X2, P2X4, P2X6, P2X7

A prime example of neuromodulation by P2X receptors is within the hypothalamus, within magnocellular neurons (MCNs), where the likely P2X variants involved are P2X2, P2X4 and P2X7 [START_REF] Vavra | Facilitation of glutamate and GABA release by P2X receptor activation in supraoptic neurons from freshly isolated rat brain slices[END_REF]. The role of P2XRs in this network is to modulate synaptic scaling, in this case to reinforce synaptic strength by promoting the insertion of AMPA receptors into the postsynaptic terminals, the ultimate result of which being an increase in miniature excitatory postsynaptic currents (mEPCs) [START_REF] Gordon | Norepinephrine triggers release of glial ATP to increase postsynaptic efficacy[END_REF][START_REF] Gordon | Astrocyte-mediated distributed plasticity at hypothalamic glutamate synapses[END_REF]. Presynaptic release of glutamate and noradrenaline (NA), which are recognised by mGluR and α-1 adrenoreceptors respectively, located in neighbouring astrocytes, induce an increase in intracellular Ca 2+ , by way of the intermediate IP3 (inositol 1,4,5-trisphosphate). Subsequent release of ATP occurs, activating extrasynaptic P2XRs, through which an influx of Ca 2+ causes activation of phosphatidylinositol 3-kinase (PI3K), which ultimately promotes the insertion of AMPA receptors into the postsynaptic dendritic spine, thus increasing synaptic strength. This modulation network is summarised in Figure 8.

Equally, Pougnet et al identified a further P2X-modulation of synaptic strength, this time in hippocampal neurons, whereby NA-modulated ATP release from glial cells this time had the opposing effect, to induce internalisation of AMPA receptors in dendrites via a Ca 2+ -dependent, phosphatase and CAMKII-dependent pathway (Pougnet et al., 2014). This likely involves P2X2, P2X4 and/or P2X6Rs, as these subtypes have been identified in CA1 pyramidal cells of the hippocampus [START_REF] Soto | P2X4: an ATP-activated ionotropic receptor cloned from rat brain[END_REF]. Release of noradrenaline (NA) and glutamate from pre-synaptic sources causes an IP3-mediated release in Ca 2+ of astrocytes, following recognition at mGluR (glutamate) and α1-adrenergic (NA) receptors. This triggers glial release of ATP, which acts upon P2XRs in posysynaptic dendritic spines, causing an influx of calcium, activation of PI3K and subsequent promotion of postsynaptic AMPA insertion. Recreated from (Khakh and North, 2012).

Smooth muscle contraction: P2X1

A role has also been determined for P2XRs, specifically P2X1, in the contraction of arterial smooth muscle cells [START_REF] Burnstock | Purinergic Signaling and Blood Vessels in Health and Disease[END_REF][START_REF] Ralevic | P2X receptors in the cardiovascular system[END_REF]. In this context, ATP and NA are co-released from sympathetic nerve variscosities in proximity to smooth muscle cells.

ATP activates P2X1 receptors, which are located in clusters adjacent to these variscosities, causing a rapid influx of calcium, whilst NA acts via the α-1 adrenoreceptor, a G-protein coupled receptor which sets into action second messenger pathways. This also leads to an intracellular Ca 2+ increase but on an extended time scale, thus producing two phases of contraction; a rapid and slower phase, mediated by ATP and NA respectively. Membrane depolarisation following P2X activation additionally induces the activation of voltage-gated calcium channels, further increasing intracellular calcium content. The ultimate consequence of increased intracellular smooth muscle Ca 2+ content, is the mobilisation of calmodulin (CaM), which modulates the activation of myosin light-chain kinase (MLCK). MLCK phosphorylates light chains in myosin heads, thereby increasing the ATPase activity of myosin, and providing the energy for the myosin-actin ratchet mechanism at the origin of muscle contraction. 

Vasodilation: P2X4

In addition to the role of P2X1 in vasoconstriction, P2X receptors also play a part in the vasodilation process, through the action of P2X4. Vasodilation occurs when shear stress, exerted on the endothelial cells by blood flow, and hypoxia, a lack of sufficient oxygen, provoke the release of ATP, UDP and UTP [START_REF] Paszkowiak | Arterial wall shear stress: observations from the bench to the bedside[END_REF][START_REF] Ralevic | Purinergic transmission in blood vessels[END_REF].

The release of ATP can equally come from erythrocytes which also experience shear stress during blood flow [START_REF] Bergfeld | Release of ATP from human erythrocytes in response to a brief period of hypoxia and hypercapnia[END_REF]. This activates P2Y (P2Y1, P2Y2, P2Y6 and P2Y4) and P2X4 receptors present on the endothelial cells, inducing an increase in intracellular Ca 2+ , which triggers the co-release of nitric oxide (NO), endothelium-derived hyperpolarizing factor (EDHF), and prostacyclin (PGI2), all of which have vasodilatory effects [START_REF] Burnstock | Purinergic Signaling and Blood Vessels in Health and Disease[END_REF]. This vasodilation allows an increased blood flow, and therefore oxygen delivery, to the surrounding tissue, thus representing a mechanism to match oxygen supply with demand. The purinergic mechanisms behind vasodilation and vasoconstriction are summarised in Figure 9: Schematic representation of the purinergic receptor involvement in vasodilation (left, vasorelaxation) and vasoconstriction (right). Vasodilation: Shear stress and hypoxia results in the release of ATP, enzymatically converted to ADP, and release of UTP and UDP. These act as agonists at various P2 receptors, inducing an increase in intracellular Ca 2+ , triggering co-release of NO, EDHF and PGI2, all of which have vasodilating effects. ATP can also be metabolised into adenosine, able to act on A2A/B receptors, also implicated in vasorelaxation, and present in endothelial cells and smooth muscle cells. Vasoconstriction: ATP and NA released form variscosities activate P2X1Rs and α-1 adrenoreceptors respecitvely in smooth muscle cells. Neuropeptide Y (NPY) and the NPY receptor may also be involved. At injury sites, platelets may also be a source of released ATP. Collectively, this results in an increase in intracellular Ca 2+ in the smooth muscle cells, ultimately triggering vasoconstriction. Adipokines released from the perivascularadipose tissue (PVAT) surrounding blood vessels may modulate neurotransmission in these sympathetic perivascular regions. From [START_REF] Ralevic | Purinergic transmission in blood vessels[END_REF].

Originally thought only to involve P2Y receptors, there are several strong evidences for the presence of P2X4Rs in endothelial tissue which contribute to vasodilatory mechanisms. In human umbilical vein endothelial cells (HUVECs), knockdown of P2X4R expression using antisense oligonucleotides significantly reduced the ATP-provoked intracellular Ca 2+ increase, whilst P2RX4 -/-mice exhibited a markedly reduced vasodilatory response: blood flow-provoked intracellular Ca 2+ increase was impaired, and mice exhibited higher blood pressure, and smaller amounts of NO products in their urine than wild type mice [START_REF] Yamamoto | Impaired flow-dependent control of vascular tone and remodeling in P2X4-deficient mice[END_REF][START_REF] Yamamoto | P2X4 receptors mediate ATP-induced calcium influx in human vascular endothelial cells[END_REF]. P2RX4 gene transfer by adenovirus could, however, rescue the flow-induced Ca 2+ and NO increase, strongly indicating the implication of P2X4 in the vasodilatory response.

Interestingly, in heterologous systems, laminar shear stress, such as that experienced as a result of blood flow, has also been shown to diminish desensitisation, presumably stabilising the open state of P2X4 [START_REF] Kessler | Laminar shear stress modulates the activity of heterologously expressed P2X4 receptors[END_REF]. P2X4Rs appear, therefore, likely to contribute to ATP-induced vasodilation, and the implication of TRPV1 has also been suggested, in addition to purinergic receptors [START_REF] Mendoza | TRPV4-mediated endothelial Ca2+ influx and vasodilation in response to shear stress[END_REF].

Sensory functions: P2X4

Recently, a role for P2X4 in keratinocyte-derived mechanosensory transduction has been elucidated by the use of a mouse model combining optogenetically-controlled keratinocytes and P2X4 knockout in sensory neurons [START_REF] Moehring | Keratinocytes mediate innocuous and noxious touch via ATP-P2X4 signaling[END_REF]. P2X4 has been shown as the most highly expressed P2X subtype on sensory neurons, with a broad expression pattern on both light touch and nociceptive neurons [START_REF] Kobayashi | Differential expression patterns of mRNAs for P2X receptor subunits in neurochemically characterized dorsal root ganglion neurons in the rat[END_REF]. The study of Moehring et al elucidated that keratinocytes, skin cells present on the outermost epidermal layer, which are in close proximity to sensory nerve terminals, release ATP following mechanostimulation [START_REF] Moehring | Keratinocytes mediate innocuous and noxious touch via ATP-P2X4 signaling[END_REF]. This released ATP acts upon P2X4 receptors present in sensory neurons, transmitting the signal of both innocuous and noxious touch to the spinal cord (Figure 10). The implication of P2X4 as the receptor for this mechano-induced ATP release was proven by the use of both pharmacological inhibition, and genetic ablation of P2X4R in a mouse model, which both resulted in a decrease in the response to both noxious and innocuous stimulation [START_REF] Moehring | Keratinocytes mediate innocuous and noxious touch via ATP-P2X4 signaling[END_REF]. Equally, the use of ivermectin, a positive allosteric modulator of P2X4, decreased the thresholds of mechanical response, and increased the response to stimuli over this threshold. Mechanical stimulation (through touch or noxious stimuli) induces keratinocytes to release ATP, which is activates P2X4Rs on sensory neurons found within the epidermis, resulting in action potential firing in the neurons and downstream effects leading to touch perception. This is the case for several different nerve fibers: C, Aβ and Aδ. From [START_REF] Moehring | Keratinocytes mediate innocuous and noxious touch via ATP-P2X4 signaling[END_REF] 2.5.4.1.

Sensory functions in pathological states: P2X4 in neuropathic pain

Whilst P2X4 is implicated in sensory functions in physiological conditions, it is also involved in pathological sensory states, namely, in neuropathic pain. Neuropathic pain is defined as a state of chronic pain, resulting from damage to central or peripheral nerves, either from an acute injury or as a result of systemic disease, which causes a hyperexcitability of sensory neurons (Lemoine et al., 2012;Zhuo et al., 2011). P2X4 intervenes in this process through the brain-derived neutrophic factor (BDNF) pathway: in response to nerve injury, P2X4R is upregulated in activated microglia of the spinal cord [START_REF] Ulmann | Up-Regulation of P2X4 Receptors in Spinal Microglia after Peripheral Nerve Injury Mediates BDNF Release and Neuropathic Pain[END_REF]. These microglial P2X4Rs are activated by ATP release upon injury, and induce the release of BDNF, which, in turn binds to the tyrosine kinase receptor, TrkB, triggering the TrkB receptor signalling transduction cascade in post-synaptic neurones. This results in the downregulation of KCC2, a potassium/chloride symporter, the ultimate consequence of which is a build-up in the intracellular chloride concentration, which, upon activation of GABAA and glycine receptors, produces an efflux of chloride ions, hyperpolarisation of the post-synaptic membrane, and neuronal hyperexcitability, which is at the origin of neuropathic pain [START_REF] Lalisse | Sensory neuronal P2RX4 receptors controls BDNF signaling in inflammatory pain[END_REF][START_REF] Tsuda | P2X4 receptors and neuropathic pain[END_REF]Zhuo et al., 2011).

A wealth of further pathophysiological roles exist for P2XRs, and in section three, we will encounter a few more examples within the specific context of P2X7Rs.

Structural features

Precluding confirmed the presence of this large extracellular domain, delineating the boundaries of the hydrophobic TM domains (Newbolt et al., 1998), and P2X2R constructs concatenated between the N-and C-termini demonstrated that these domains were indeed most likely located on the same side of the membrane: intracellularly (Newbolt et al., 1998;[START_REF] Torres | Topological analysis of the ATP-gated ionotropic [correction of ionotrophic] P2X2 receptor subunit[END_REF]. Cysteine scanning experiments in combination with sulfhydryl-reactive methanethiosulfonate (MTS) reagents determined pore-lining residues present in the TM2 domain, as well as the location of the channel "gate"-the most narrow section of the pore -as being between L338 and D349 (rP2X2 nomenclature) (Rassendren et al., 1997).

In terms of the multimeric organisation of P2XRs, several techniques permitted the elucidation of a trimeric assembly. Despite early observations that the ectodomain of P2X2 was able to form stable heteromeric assemblies in solution [START_REF] Kim | Molecular assembly of the extracellular domain of P2X2, an ATP-gated ion channel[END_REF], pioneering biochemical cross-linking studies later provided strong evidence for the presence of P2X1 and P2X3 trimers (Nicke et al., 1998), whilst an alternative technique employing T336C mutant concatemers in conjunction with MTS blocking reagents also concluded that three subunits participated in P2X2 pore formation (Stoop et al., 1999). Later studies using microscopic techniques also alluded to a trimeric architecture; atomic force microscopy (AFM) studies produced images which appeared to resolve three distinct subunits (Barrera et al., 2005;Nakazawa et al., 2005), whilst FRET in conjunction with electron microscopy similarly indicated a trimeric structure and the associated dimensions [START_REF] Young | Molecular Shape, Architecture, and Size of P2X4 Receptors Determined Using Fluorescence Resonance Energy Transfer and Electron Microscopy[END_REF]. Mio et al equally employed single particle analysis of electron microscopy data to visualise the trimeric organisation of P2X2, at ˃10 Å resolution (Mio et al., 2009(Mio et al., , 2005)). In terms of the ATP binding site, decisive proof of an intersubunit location had been provided by the use of cysteine mutants (K68C and F291C in P2X1), which formed trimers upon crosslinking by disulphide bridge formation, unless in the presence of ATP, which, lodged in its binding site, prevents the formation of such bridges [START_REF] Marquez-Klaka | Identification of an intersubunit cross-link between substituted cysteine residues located in the putative ATP binding site of the P2X1 receptor[END_REF].

Many of the structural details relating to P2XRs had, therefore, been resolved thanks to a combination of complementary techniques. All that was missing was high resolution structural determination to definitively support these conclusions. The resolution of the first P2XR in 2009, a truncated construct of zebrafish P2X4 (zfP2X4) was, therefore, a landmark feat within the field, and not only confirmed the global architecture of P2XRs, but also provided a platform upon which to base further study, and from which to re-interpret previously collected data within a more precise, structural context. Following this first apo closed state structure, the ATPbound structure was resolved shortly after, and across the subsequent decade, seven structures of P2XRs have become available, of various subtypes and species. Here, we will consider just the principal, common features revealed by these structures, as they will be discussed in greater detail elsewhere: within section 3.4 and within chapter one.

Global architecture

In 2009 and 2012, the Gouaux group resolved the crystallographic structures of zfP2X4 in both the apo, closed and ATP-bound open states (Figure 11). with other experimental approaches including normal mode analysis (Du et al., 2012), voltage clamp fluorometry [START_REF] Lörinczi | Involvement of the cysteine-rich head domain in activation and desensitization of the P2X1 receptor[END_REF] and metal bridge formation (Jiang et al., 2012), have allowed a four-step mechanism to be proposed with regard to the structural changes induced upon ATP binding (Chataigneau et al., 2013). The ATP binding site, localised in the extracellular domain (Figure 11b, upper and middle panels), forms an intersubunit "jaw", which, upon ATP binding, undergoes a tightening movement, bringing the head domain in closer proximity to the dorsal fin. Closure of this jaw induces the upwards movement of the dorsal fin, in turn producing an outwards flexing motion of the β-sheets located in the lower body. These 

Extracellular domain

The extracellular domain, aside from featuring a number of glycosylation points and disulphide bridges, contains the site of ATP fixation. Prior to the resolution of ATP-bound zfP2X4, numerous studies had probed the implications of various residues in ATP-binding, using a combination of mutagenesis and electrophysiology, targeting those extracellular residues which are highly conserved amongst P2X subtypes [START_REF] Evans | Structural interpretation of P2X receptor mutagenesis studies on drug action[END_REF]Jiang et al., 2012;[START_REF] Marquez-Klaka | Identification of an intersubunit cross-link between substituted cysteine residues located in the putative ATP binding site of the P2X1 receptor[END_REF]. The ATP-bound zfP2X4 crystal structure confirmed much of this data and afforded valuable precisions into the exact spatial arrangement of the binding site, which, located between two subunits, involves domains originating from neighbouring monomers.

Within this pocket, ATP adopts an unusual U-shaped conformation, allowing it to bind to a number of positively charged residues. Notably, the residue K70 interacts with oxygens on the α, β and γ phosphate groups, playing a crucial role in the binding process. From (Hattori and Gouaux, 2012).

Transmembrane helices and the gate

The transmembrane domain, as expected, comprises two helical domains, TM1 and TM2, the latter of these lining the conductive pore. In the closed state structure, the extra-and intracellular limits of the gates were defined as L340 and A347, with the centre of the gate, dictating the most constricted point of the pore, as A344. A number of previous studies, probing the accessibility of mutant cysteine residues to modification by MTS reagents or co-ordination to Ag + and Cd 2+ , had alluded to this structural organisation albeit not in unified consensus (Kracun et al., 2010;Li et al., 2008;Rassendren et al., 1997).
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In the open state, an additional feature became apparent: the presence of a "kink" in TM2, located around a flexible glycine residue at position G350, proposed to act as a hinge. The role of this glycine hinge in gating was later confirmed in rP2X2R (Habermacher et al., 2016).

It is interesting to bring attention, here, to a limitation of these structures, in the form of large crevices located within the transmembrane domain. The presence of such intersubunit crevices was soon identified as a potential crystallisation artefact, and refined models proposed by a number of studies (Habermacher et al., 2016;Heymann et al., 2013). This will be discussed in further detail in the following chapters.

Ion conduction pathway

Following the resolution of the apo, closed state structure, two possible ion permeation pathways were identified. Three fenestrations located directly above the TM domains, measuring approximately 8 Å, were identified, through which lateral ion flow was proposed to occur, followed by conduction through the TM pore. Alternatively, an upper and central vestibule were identified, which, although in the closed structure appeared too narrow for ions to flow through, was proposed to undergo widening upon ATP-binding, which would allow ions to transit the channel the long of the three-fold symmetry axis. The resolution of the ATP-bound structure clarified these propositions, and confirmed that the upper vestibule was indeed too narrow to allow ion conduction. This, supported by studies using cysteine scanning and MTS reagent modification of residues located in the potential pathways (Samways et al., 2011), in addition to computational methods (Kawate et al., 2011), confirmed that the pathway of ions into the channel is via the lateral fenestrations. From (Hattori and Gouaux, 2012).

The transmembrane pore This structure also provides a further piece of the puzzle with regard to the ion permeation pathway. The channel orifice directly beneath the three-fold axis being too narrow to allow ion flux into the cytosol, the identification of three cytoplasmic fenestrations, triangular shaped exit points just above of the cytoplasmic cap, provides a feasible pathway through which ions may end their transit.
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We gained even greater insight into the intracellular domains with the very recent cryo-EM resolution of rat P2X7R (rP2X7), which will be discussed in detail within section 3.

Allosteric conformational states

Ion channels are dynamic entities, able to experience a number of conformations. P2X

receptors undergo a cycle of activation, fluctuating between several different allosteric conformational states, as outlined in Figure 16. in the opening of a pore permeable to small inorganic cations such as Na + , Ca 2+ and K + . This process occurs on the millisecond timescale, and is common amongst all P2XRs. Ding and Sachs' studies on P2X2Rs provided a number of valuable insights into the gating process, namely, that the three ATP binding sites act in a positive co-operative manner, with the association rate of incoming ATP molecules increased by the presence of each already-bound ATP (Ding and Sachs, 1999). This positive co-operativity is not only observed in an intrareceptor manner, but also between separate trimers: the mean open lifetime of channels increases when multiple channels are present (Ding and Sachs, 1999). Further precisions pertaining to the number of ATP molecules required to provoke the gating transition were uncovered by the use of concatemeric P2XRs carrying the mutation K69A (K69 being a key interaction point within the ATP binding site) either once, twice, or thrice, determining that two molecules of ATP were sufficient to induce pore opening (Stelmashenko et al., 2012).

The aforementioned single channel studies have also demonstrated the existence of several were also observed (Ding and Sachs, 1999). An additional conformational state in the form of a "flipped" state, an intermediate, closed liganded state (Moffatt and Hume, 2007).

Desensitised state

A selection of P2XRs undergo desensitisation, that is, the closure of the channel despite the continued presence of bound ATP, thought to be of pertinence for neuromodulation and as a protection mechanism from neurotoxicity. This desensitisation differs according to the specific P2X subunit (illustrated in Figure 7), and studies using chimeric receptors (swapping domains in strongly desensitising P2X1R or P2X3R for those of weakly desensitising P2X2R), have

shown the importance of the transmembrane domains in modulating the desensitisation profile [START_REF] Werner | Domains of P2X receptors involved in desensitization[END_REF].

The hP2X3 structure resolved in the desensitised state by Mansoor et al shed further light on this phenomenon, confirming the implication of the transmembrane domains in the transition.

Namely, this concerns the formation of a 310-helix in the open state, which upon transition to the desensitised state recoils upwards to reform an α-helix, with concomitant deconstruction of the cytoplasmic cap (Mansoor et al., 2016).

"Dilated" state

For many years, the possibility of a second open state, whereby the P2X pore becomes progressively permeable to large organic cations, such as N-methyl-D-glucamine (NMDG + ), and organic dyes, such as YO-PRO-1 and ethidium, was much discussed in the literature. This behaviour has been suggested for P2X2, P2X4 and P2X7 receptors, as well as heteromeric assemblies P2X2/3 and P2X2/5 [START_REF] Peverini | New Insights Into Permeation of Large Cations Through ATP-Gated P2X Receptors[END_REF]. More recently, the existence of such a dilated P2X pore has been brought under intense scrutiny, with several studies providing strong evidence against such a phenomenon. This will not be discussed in detail at this point, as we shall explore the pore dilation theory further in section 3.4, as well as in chapter three.

P2X7

Within this section, we will take an in-depth look at one particular P2X family member: P2X7.

P2X7 is the least similar to the other family members in terms of amino acid sequence, largely due to its elongated C-terminus (North, 2002). This, in combination with several functional particularities, sets P2X7 aside from the other P2X variants.

Historical aspect

The history of P2X7 dates back to the 1970s, when Cockcroft and Gomperts first reported on the ATP-induced permeabilization of rat mast cells (Cockcroft and Gomperts, 1979). Following these initial observations, where the implication of a channel was suggested, but whose identity remained unknown, a number of studies were undertaken to characterise this unusual property: the use of fluorescent dyes of differing molecular weights allowed an upper size limit for permeating species to be approximated (Steinberg et al., 1987), and a variety of cell lines were probed with ATP stimulation to establish those possessing permeabilization behaviour.

These cell lines initially included mouse fibroblasts, macrophages, Chinese hamster ovary cells (CHO), HeLa, melanoma cell lines and neuoblastoma cell lines (Steinberg and Silverstein, 1989). Upon the discovery of puringergic signalling, and the designation of specific classes of puringergic receptors (P1, P2, and within this latter group, P2X and P2Y), the macropore-forming ATP receptor was placed in a class of its own, the P2Z receptor [START_REF] Burnstock | Discovery of purinergic signalling, the initial resistance and current explosion of interest[END_REF], Burnstock, 1972;[START_REF] Burnstock | Is there a basis for distinguishing two types of P2purinoceptor?[END_REF]Gordon, 1986). It was not until the first cloning of this receptor from rat brain tissue in 1996 that a close proximity to the amino acid sequence of P2XRs was observed, and thus the P2Z receptor was re-classified as the seventh member of the P2X family, P2X7 (Surprenant et al., 1996).

Localisation

P2X7 is expressed in many cell types, particularly those of hematopoietic linages such as mast cells, monocytes, macrophages, lymphocytes, as well as erythrocytes and epidermal

Langerhans cells [START_REF] Collo | Tissue distribution of the P2X7 receptor[END_REF][START_REF] Illes | Neuronal P2X7 Receptors Revisited: Do They Really Exist?[END_REF][START_REF] Skaper | The P2X7 purinergic receptor: from physiology to neurological disorders[END_REF][START_REF] Sluyter | Extracellular ATP Increases Cation Fluxes in Human Erythrocytes by Activation of the P2X7 Receptor[END_REF]).

P2X7 has additionally been found in bone-derived cells, such as osteoblasts and osteoclasts [START_REF] Gartland | P2X receptors in bone[END_REF][START_REF] Gartland | Expression of a P2X7 receptor by a subpopulation of human osteoblasts[END_REF]. In the CNS, P2X7Rs are highly present in immunocompetent cells, such as microglia and astrocytes. Their localisation within neurons, however, is a controversial topic, which remains unresolved in the literature, in part due to the lack of specific pharmacological tools and P2X7 antibodies with which to probe neuronal expression [START_REF] Anderson | Emerging challenges of assigning P2X7 receptor function and immunoreactivity in neurons[END_REF][START_REF] Kaczmarek-Hajek | Re-evaluation of neuronal P2X7 expression using novel mouse models and a P2X7-specific nanobody[END_REF]. The recent development of P2X7-directed nanobodies has helped to shed light on this matter [START_REF] Kaczmarek-Hajek | Re-evaluation of neuronal P2X7 expression using novel mouse models and a P2X7-specific nanobody[END_REF].

In terms of localisation within the cell, P2X7R trafficking has been demonstrated to be dependent upon cell type (Robinson and Murrell-Lagnado, 2013), and the C-terminus of the receptor has been shown to be implicated in the control of trafficking from the endoplasmic reticulum to the cell membrane, as has glycosylation at several asparagine residues within the extracellular domain, specifically, N187 [START_REF] Denlinger | Mutation of a Dibasic Amino Acid Motif Within the C Terminus of the P2X7 Nucleotide Receptor Results in Trafficking Defects and Impaired Function[END_REF][START_REF] Lenertz | Mutation of Putative N-linked Glycosylation Sites on the Human Nucleotide Receptor P2X7 Reveals a Key Residue Important for Receptor Function[END_REF]. Equally, the disulphide bond-forming cysteine residues in the ectodomain have been determined of vital importance for proper receptor trafficking.

Once at the plasma membrane, P2X7Rs have been found to associate with lipid raft fractions, microdomains within the membrane which are enriched in certain lipids, such as cholesterol, sphingolipids and saturated phospholipids, and which contribute to membrane asymmetry [START_REF] Pike | Lipid rafts: heterogeneity on the high seas[END_REF]. Lipid raft association has been determined in heterologous expression systems (HEK293 cells), as well as in native tissues such as rat submandibular glands, peritoneal macrophages and mouse lung alveolar cells [START_REF] Barth | Characterization of the molecular interaction between caveolin-1 and the P2X receptors 4 and 7 in E10 mouse lung alveolar epithelial cells[END_REF][START_REF] Barth | Caveolin-1 influences P2X7 receptor expression and localization in mouse lung alveolar epithelial cells[END_REF]García-Marcos et al., 2006b, 2006a;[START_REF] Gonnord | Palmitoylation of the P2X7 receptor, an ATP-gated channel, controls its expression and association with lipid rafts[END_REF]. Lipid rafts and P2X7Rs will be discussed in greater detail within chapter three.

Structure

The very first P2X7 structures were resolved by X-ray crystallography, in the group of Kawate (Karasawa and Kawate, 2016). These structures, which featured a N-and C-terminally truncated panda P2X7 construct (pdP2X7) in the apo, resting state, as well as in complex with five non-competitive antagonists, confirmed the similarity of the global P2X7R architecture to the previously resolved P2X structures: trimeric, with each protomer conforming to the leaping dolphin model previously observed in zfP2X4 and hP2X3. Several differences were observed, however, regarding the presence of a novel drug binding pocket, which is discussed in section 3.5.2. Similarly, in 2017, the crystallographic structure of a truncated chicken P2X7 construct (ckP2X7) was resolved in complex with competitive antagonist, TNP-ATP, again, giving insights into mechanisms of inhibition in P2X7Rs.

It was not until October 2019, in the final months of my PhD, that the cryo-EM structure of full length rP2X7 was resolved by the Mansoor group, giving the first complete view of P2X7R structure (McCarthy et al., 2019). For the first time, the three dimensional spatial arrangement of the elongated C-terminus could be visualised. In the study of P2X7 receptors, the resolution of such a full length structure is a landmark moment in the field, which for many years was preoccupied with questions regarding the organisation of this unusual intracellular domain.

This structure therefore opens a wealth of new possibilities for the dissection of P2X7 receptor behaviour, as well as the opportunity to compliment previous functional data with new structural interpretations. In this section, we will consider the key structural features of P2X7, in the context of the new, cryo-EM structure.

Overall architecture

The overall architecture of rP2X7R is largely similar to the previously determined P2X crystallographic structures: a highly intertwined trimeric organisation comprised of two transmembrane helices, a large ectodomain, and a domain-swapped cytoplasmic cap. The unique elongated C-terminus hangs below this cap, in the form of an anchor-like ballast (Figure 17). 

The extracellular domain: ATP binding site

The first feature which reveals significant differences between rP2X7R and the other resolved P2X structures, is that of the ATP binding site within the ectodomain. The binding of ATP within this pocket is much the same as in the previously resolved structure, whilst the residues involved differ slightly, the U-shaped conformation is retained. However, a striking difference is present in terms of the solvent accessibility of the binding site. The apo, closed state structure features a narrow channel in proximity of the binding site, formed by the head and left flipper domains of the same protomer. This channel controls the solvent-accessibility of the binding pocket, and measures approximately 11 Å in the rP2X7R structure, compared with 17

Å for hP2X3R (Figure 18). The binding site is therefore much more shielded to solvent in the rP2X7 structure.

The authors propose that this difference in solvent accessibility may be at the origin of the markedly lower ATP sensitivity of P2X7 as compared to other P2X subtypes, rendering the time required for ATP to sample the correct conformation for entry and binding significantly greater. 

The TM domains

Consistent with other P2XRs, the pore is lined by the TM2 helix, with the gate located between S339 (extracellular side) and S342 (cytosolic side), consistent with previous electrophysiological data (Pippel et al., 2017). In the ATP-bound structure, S342 defines the a b narrowest point in the pore, measuring approximately 2.5 Å in radius (Figure 19). This is analogous with hP2X3, whose structure reveals the narrowest point of the channel to be at the equivalent residue (Mansoor et al., 2016). The greatest diameter reached by the channel is determined at approximately 5 Å, just under the minimal effective diameter of 8.5 Å which was calculated for the human orthologue, by way of single channel recordings with permeating cations of increasing size (Riedel et al., 2007a).

The intracellular domains: cytoplasmic cap, Ccys anchor and the ballast region

The first glimpses of the P2X7 intracellular domains afforded by this structure reveal a number Removal of the Ccys anchor, or indeed mutation of its palmitoylatable resides to alanine, which cannot undergo this post-translational modification, produces receptor constructs which almost completely desensitise during a prolonged ATP application, demonstrating that palmitoylation of this region is a critical determinant of the non-desensitising behaviour of P2X7. This is supported by previous work carried out with receptor constructs featuring deletions of this 18 amino acid region, which were shown to experience current desensitisation (Robinson et al., 2014). A study employing panda P2X7 receptor constructs (pdP2X7) of varying C-terminal lengths reconstituted into liposomes also shows the dependence of receptor activity on this cysteine rich region (Karasawa et al., 2017). Another pertinent feature of this region is the resolution of a lipid molecule wedged between the transmembrane helices, just above the Ccys anchor. This feature is particularly interesting given the PS-flip which occurs following P2X7R activation (see section 3.4).

The final major discovery of this structure is the presence of the ballast, a uniquely folded domain hanging below the cytoplasmic cap, for which no homologous structure exists (Figure 21a). This ballast region comprises the final 200 residues of the C-terminus, and exhibits a globular structure, consisting of a number of β-sheet, α-helical, and loop regions. The first interesting feature of this ballast region involves a number of cysteine residues, which had previously been determined as important for proper receptor trafficking, and linked to palmitoylation [START_REF] Gonnord | Palmitoylation of the P2X7 receptor, an ATP-gated channel, controls its expression and association with lipid rafts[END_REF]. However, in the resolved structure, seven of these eight cysteines can be seen to be buried within the fold of the ballast, and involved in the complexation of a dinuclear zinc motif (Figure 21c). A second binding motif was resolved within the ballast, in the form of a GDP binding pocket, where, despite having not been added exogenously during purification, GDP and its nonhydrolysable analogue GDP-γ-S were found to bind at particularly high affinity (40 nM). The physiological role of the ballast, its Zn 2+ binding site as well as its GDP binding site, remain unknow, as upon its removal no changes to basic channel properties were observed by electrophysiology (McCarthy et al., 2019). These motifs will undoubtedly constitute the focus of future P2X7 research.

A final pertinent point resolved within the cytoplasmic cap pertains to the ion egress pathway.

As observed in the crystallographic structure of hP2X3, ions are unlikely to exit the channel along the three-fold symmetry axis, due to dimensional restrictions. The rP2X7 structure features an additional limiting structural motif, the cytoplasmic "plug", created by the association of three ballast-located helices (Figure 21b). This plug would prevent the flow of ions into the cytosol, thereby confirming the cytoplasmic fenestrations, as observed in the hP2X3 structure, as the more likely pathway for ion egress.

Function

In terms of function, P2X7, follows the common P2X model in that it is activated by extracellular ATP to open a non-selective cation permeable pore, typically allowing the permeation of Na + and Ca 2+ into the cell, and K + efflux, with no permeability to anions [START_REF] Kubick | The Effect of Anions on the Human P2X7 Receptor[END_REF]. The particularities of P2X7 are not only structural, as we have seen in the previous section, but also functional.

One of the principal functional features of P2X7 is the formation of the so-called cytolytic P2X7 macropore, whereby molecules of <900 Da have been observed to permeabilise the cell membrane following P2X7 activation. This is typically studied by monitoring the passage of large molecular weight cations, such as NMDG + , YO-PRO-1 or ethidium dyes into the cell upon P2X7 activation. Several explanations have been proposed regarding this macropore-related permeabilization, which are summarised in Figure 22. The first of these is that large molecular weight species transit through the P2X7 pore, as it becomes intrinsically dilated upon agonist stimulation. The second theory postulates that the P2X7 pore constitutes the permeation pathway for simple inorganic cations, whilst large molecules pass through a secondary, recruited annexe channel. These scenarios are not mutually exclusive, and may also co-exist.

Much debate exists in the literature on this subject, and we will return in greater detail to permeabilization and pore dilation in chapter three. (a) Scenario whereby small inorganic cations, linked to basic channel gating activity, pass through the P2X7 pore, whilst large molecules permeate the cell membrane via a recruited annexe channel. (b) Scenario whereby intrinsic pore dilation occurs and all permeating cations, small and of large molecular weight, pass through the P2X7 pore.

(c) Scenario whereby the macropore identity is a combination of the scenarios outlined in (a) and (b).

The formation of this macropore is concomitant with dramatic, yet reversible, changes in cellular morphology in the form of membrane blebbing, and a host of other pseudoapoptotic markers, including actin filament disruption, mitochondrial depolarisation and swelling, and phosphatidylserine (PS) flip to the outer membrane bilayer [START_REF] Mackenzie | Pseudoapoptosis induced by brief activation of ATP-gated P2X7 receptors[END_REF]. In macrophages, the shed blebs have been found to contain caspase-1 and pro-inflammatory cytokine interleukin-1 β [START_REF] Qu | Nonclassical IL-1β Secretion Stimulated by P2X7 Receptors Is Dependent on Inflammasome Activation and Correlated with Exosome Release in Murine Macrophages[END_REF]. This is, again, a unique characteristic to P2X7 activation.

Another unusual characteristic of P2X7 is its lack of desensitisation, in sharp contrast to other P2X family members. The structural reasons behind this we have seen in the previous section.

In the place of desensitisation upon prolonged agonist stimulation, P2X7 exhibits a strikingly inverse behaviour, that of facilitation. Facilitation is a phenomenon unique to P2X7, whereby currents exhibit a marked increase upon repetitive or prolonged ATP-stimulation, shown in Figure 23. This phenomenon, with varying characteristics, has been shown in rat, mouse and human orthologues, in both recombinant and naïve systems and is known to be cholesterolsensitive [START_REF] Janks | A central role for P2X7 receptors in human microglia[END_REF]Robinson et al., 2014). These unusual P2X7 behaviours will be discussed in greater depth within chapter three.

Single channel level activity

Several single channel studies have been carried out on hP2X7Rs which have elucidated a number of functional details at the molecular level. A first study by Riedel et al probing hP2X7

in Xenopus oocytes observed two single channel conductance states; short openings of 9.5 pS and longer openings of 14.8 pS, with increasing probabilities of opening as ATP concentration reaches saturating levels (Riedel et al., 2007a). Further work revealed that the unitary conductances observed are variable, and depend upon the permeating cation, exhibiting in general a decrease in conductance as the size of the permeating species increases (Figure 24, [START_REF] Riedel | Influence of extracellular monovalent cations on pore and gating properties of P2X 7 receptor-operated single-channel currents[END_REF]). Extrapolation of the linear regression fit in Figure 24b provided an approximation of the minimal effective diameter of the channel (i.e. where conductance is 0) of 8.5 Å. It was also shown that extracellular monovalent cations exert an influence over single channel properties. For example, replacement of external Na + was shown to increase the mean open time of channels, resulting in an overall increased probability of opening (P0). This was explained by the presence of an allosteric modulatory Na + binding site, although the location of this binding site has not been fully investigated. Equally, the single channel kinetics of hP2X7R have been shown to be modulated by extracellular anions present in the bathing solution, with mean closed times decreasing in the order I -> Cl -> glutamate [START_REF] Kubick | The Effect of Anions on the Human P2X7 Receptor[END_REF].

Notably, none of these studies have observed an increase in unitary conductance over prolonged stimulation.

Pharmacology

In terms of pharmacology, P2X7R has several pharmacological features in common with the other P2X family members, as well as some particularities unique to this subtype.

Agonists

P2X7R is, as all members of the P2X family, activated by extracellular ATP. However, one of the defining features of P2X7 is that it requires particularly high concentrations of ATP for activation, in the mM range (Coddou et al., 2011b;[START_REF] Donnelly-Roberts | Mammalian P2X7 receptor pharmacology: comparison of recombinant mouse, rat and human P2X7 receptors[END_REF]North, 2002).

As such, the alternative ATP-derived agonist 2,3-O-(4-benzoylbenzoyl)-ATP (BzATP) is frequently used, as it allows activation of P2X7R in the low micromolar range. Although BzATP is often referred to as being "selective" for P2X7Rs, this is not actually the case, as BzATP is an agonist or partial agonist at a number of other P2X subtypes, and notably is most potent at P2X1R [START_REF] Syed | Pharmacology of P2X receptors[END_REF]. It is, however, P2X7R that exhibits the greatest difference between potency of ATP and its BzATP analogue. Other ATP analogues are also active at P2X7R: the thiol derivatives 2-meSATP and ATPγS are partial agonists, whilst αβ-MeATP and βγ-MeATP are weak agonists (Coddou et al., 2011b;[START_REF] Donnelly-Roberts | Mammalian P2X7 receptor pharmacology: comparison of recombinant mouse, rat and human P2X7 receptors[END_REF][START_REF] Syed | Pharmacology of P2X receptors[END_REF]. The EC50 values are highly dependent on the species in question, the facilitation state of the receptor, and the presence of modulators, such as divalent cations, but EC50 values for ATP are approximately 2 -4 mM, and for BzATP 10 µM (Coddou et al., 2011b).

Selected P2X7 ATP-analogue agonists are portrayed in Figure 25. Another interesting particularity of P2X7 is that it can also be activated by NAD + , a nucleotidic co-factor, via ADP-ribosylation. An ADP-ribose moiety is enzymatically transferred from NAD + to R125, an arginine residue neighbouring the ATP-binding pocket. Long-lasting P2X7 activation results, although it remains unclear whether it is a direct agonistic action, or indeed whether it exerts a sensitising effect, rendering ATP a more efficient agonist (Di Virgilio et al., 2018a).

3.5.1.1.

Nonnucleotide agonists

P2X7R is also interesting in that it can be activated by several non-nucleotide agonists.

Although the precise molecular mechanisms of receptor activation by non-nucleotide agonists are not resolved, it is thought that these agents may in fact function by strongly sensitising the receptor to activation at ambient concentrations of ATP (Di Virgilio et al., 2017;[START_REF] Kanellopoulos | Pleiotropic Roles of P2X7 in the Central Nervous System[END_REF]. This is the case for the bactericidal peptide cathelicidin LL-37, which triggered Ca 2+ influx and promoted ethidium dye uptake in P2X7-transfected HEK293 cells [START_REF] Tomasinsig | The human cathelicidin LL-37 modulates the activities of the P2X7 receptor in a structure-dependent manner[END_REF], and also for lipopolysaccharide (LPS), which acts from the cytosolic side. Another notable example is amyloid-β, which induces P2X7-dependent Ca 2+ influx, ethidium dye uptake and cytotoxic markers in microglia cells [START_REF] Sanz | Activation of microglia by amyloid {beta} requires P2X7 receptor expression[END_REF]. However, in the absence of precise mechanistic details, it cannot be discounted that these agents act by provoking ATP release, which subsequently acts on the P2X7R.

ATPγS BzATP

2-MeSATP

βγ-MeATP

Antagonists

In terms of antagonism, antagonists common to other P2X subtypes, such as suramin, PPADS and TNP-ATP are also active at P2X7R, albeit with lowered potency [START_REF] Jarvis | ATP-gated P2X cation-channels[END_REF].

Brilliant Blue G inhibits P2X7Rs with a high degree of selectivity, and as such can be used as a distinguishing antagonist between P2X subtypes (Jiang et al., 2000). Calmidazolium has also been shown to act at P2X7R, in a reversible manner (Virginio et al., 1997) A covalent antagonist for P2X7 also exists, in the form of oxidised ATP (North and Jarvis, 2013).

Additionally, a number of synthetic antagonists have been produced, which exhibit high selectivity for P2X7, and as such have been employed in models of disease to probe their potential as therapeutic agents [START_REF] Bartlett | The P2X7 receptor channel: recent developments and the use of P2X7 antagonists in models of disease[END_REF]. (a) TNP-ATP in complex as a competitive antagonist with ckP2X7. The head domain and dorsal fin of adjacent subunits, which comprise the blocked binding jaw, are indicated. PDB: 5XW6 (b) Crystallographic structure of pdP2X7 in complex with non-competitive antagonist AZ10606120 (orange, sphere representation), bound in the P2X7-unique allosteric binding pocket. PDB: 5U1W.

For several synthetic antagonists, including AZ10606120, the resolution of non-competitive antagonist-bound pdP2X7 crystallographic structures allowed the identification of a novel antagonist binding site within the upper body domain, unique to P2X7R (Figure 26b). It was demonstrated that this cavity shrinks upon ATP-activation, and as such, presence of an antagonist blocked this movement, subsequently preventing channel opening (Karasawa and Kawate, 2016). Equally, crystallographic structures have also shed light on the molecular precisions regarding competitive antagonism at P2X7R, specifically, TNP-ATP, the structure of which was resolved in complex with chicken P2X7R (ckP2X7) (Figure 26b). This structure revealed that whilst TNP-ATP binds to the ATP binding pocket, it does so with an altered a b conformation. This, and the added presence of the TNP moiety, means that the jaw binding mechanism required for channel opening following ATP binding is blocked and cannot take place, resulting in the formation of a liganded but closed channel state [START_REF] Kasuya | Structural insights into the competitive inhibition of the ATP-gated P2X receptor channel[END_REF].

A different binding conformation has been observed for TNP-ATP in complex with hP2X3, and it has been proposed that these differential conformations are at the origin of the vastly differing TNP-ATP potencies at these two variants (1000-fold greater potency hP2X3 compared to pdP2X7) [START_REF] Pasqualetto | The Molecular Determinants of Small-Molecule Ligand Binding at P2X Receptors[END_REF].

It has been remarked that in several cases, antagonist efficacy is dependent on temperature, the bathing solution into which they are perfused, and the presence or not of supplementary proteins such as bovine serum albumin [START_REF] Hibell | Complexities of measuring antagonist potency at P2X(7) receptor orthologs[END_REF].

Modulators

A number of modulators of P2X7 activity exist, which are summarised in Table 4. Of particular note are the divalent cations, which are often reduced in bathing solution for P2X7 electrophysiological studies, and cholesterol, which we will return to several times within this manuscript. It is also interesting to note the negative modulatory effect of extracellular Zn 2+ and Cu 2+ , which, for other P2X family members, are positive allosteric modulators (Virginio et al., 1997).

Table 4. Modulators of P2X7 activity.

A non-comprehensive list, according to chemical type. N.D = not described. Compiled from [START_REF] Acuña-Castillo | Differential role of extracellular histidines in copper, zinc, magnesium and proton modulation of the P2X7 purinergic receptor[END_REF]Coddou et al., 2011b;Karasawa et al., 2017;[START_REF] Nakanishi | The effects of general anesthetics on P2X7 and P2Y receptors in a rat microglial cell line[END_REF]Norenberg et al. 2011;Robinson et al., 2014;Surprenant et al., 1996;Virginio et al., 1997) 

Species differences

Although species differences with regard to P2X7 function do exist, such as the lower levels of dye uptake observed in hP2X7R as opposed to in rP2X7R (Rassendren et al., 1997) and various kinetic differences [START_REF] Hibell | Apparent species differences in the kinetic properties of P2X7 receptors[END_REF], P2X7 function and the effects of P2X7 activation at a cellular level are largely retained between species. Some of the principal differences between P2X7 orthologues is rather in their sensitivity to pharmacological agents, which can vary widely (Donnelly- [START_REF] Donnelly-Roberts | Mammalian P2X7 receptor pharmacology: comparison of recombinant mouse, rat and human P2X7 receptors[END_REF]Rassendren et al., 1997;Surprenant et al., 1996).

Protein partners

P2X7 has been shown to have an extensive number of protein partners, interacting in both direct and non-direct manners, from both intra-and extracellular sides of the membrane (Kim et al., 2001;[START_REF] Kopp | P2X7 Interactions and Signaling -Making Head or Tail of It[END_REF]. In terms of direct interactions, over 50 partnerships have been reported, although the confirmation of such interactions in numerous independent studies and their physiological consequences remains poorly described [START_REF] Kopp | P2X7 Interactions and Signaling -Making Head or Tail of It[END_REF]. The most interesting interactions in the context of this study are (i) those described between P2X7R and lipids and their metabolic enzymes and (ii) those described between P2X7R and other channels.

We have already seen that P2X7 has strong links with lipid components of the cell membrane, being partially located in lipid raft fractions, and its facilitation behaviour modulated by cholesterol (García-Marcos et al., 2006a;[START_REF] Gonnord | Palmitoylation of the P2X7 receptor, an ATP-gated channel, controls its expression and association with lipid rafts[END_REF]Robinson et al., 2014). The study of Karasawa et al. using reconstituted pdP2X7 constructs into proteoliposomes of varying composition has also demonstrated the strong dependence of P2X7R activity on lipidic composition, and in particular, a negative modulation of channel activity by cholesterol, thought to interact through the TM domains (Karasawa et al., 2017). In addition, links between P2X7 and several enzymes involved in lipid metabolism have been described: sphingomyelinase [START_REF] Bianco | Acid sphingomyelinase activity triggers microparticle release from glial cells[END_REF], phospholipase D [START_REF] Humphreys | Induction of the P2z/P2X7 nucleotide receptor and associated phospholipase D activity by lipopolysaccharide and IFN-gamma in the human THP-1 monocytic cell line[END_REF] and phospholipase A [START_REF] Andrei | Phospholipases C and A2 control lysosome-mediated IL-1β secretion: Implications for inflammatory processes[END_REF][START_REF] Costa-Junior | C terminus of the P2X7 receptor: treasure hunting[END_REF][START_REF] Garcia-Marcos | P2X7 and phospholipid signalling: The search of the "missing link" in epithelial cells[END_REF] to name a few.

In addition to these lipid-based interactions, several examples exist of P2X7 interacting with other membrane-located channels, namely, Pannexin-1 and TMEM16F (also known as Anoctamin 6) [START_REF] Iglesias | P2X7 receptor-Pannexin1 complex: pharmacology and signaling[END_REF][START_REF] Ousingsawat | Anoctamin 6 mediates effects essential for innate immunity downstream of P2X7 receptors in macrophages[END_REF]Pelegrin and Surprenant, 2006).

These interactions will be evoked further within this manuscript.

It is also interesting to note that a number of studies, using co-immunoprecipitation experiments and Förster resonance energy transfer techniques (FRET), have determined a close physical and functional interaction between P2X4 and P2X7 [START_REF] Guo | Evidence for functional P2X4/P2X7 heteromeric receptors[END_REF][START_REF] Pérez-Flores | The P2X7/P2X4 interaction shapes the purinergic response in murine macrophages[END_REF], although whether this is in the form of P2X4/7 remains debated [START_REF] Nicke | Homotrimeric complexes are the dominant assembly state of native P2X7 subunits[END_REF].

P2X7R variants

Splice variants

Alternative splicing is an important transcriptional mechanism, which, in modifying the structure of transcripts and thus the structure of the protein produced, vastly expands the repertoire of possible proteins from a relatively limited number of genes. A significant number of splice variants have been identified for P2X7, in both human (hP2X7) and rodent (mouse, mP2X7) orthologs.

Table 5. Summary of splice variants identified in human and rodent P2X7 genes. Summary of the splice variants identified in P2X7 transcripts from (a) human and (b) rodent sources. ND = not described, Ext missing = part of the extracellular domain deleted. (Adinolfi et al., 2010;Cheewatrakoolpong et al., 2005;[START_REF] Feng | A Truncated P2X7 Receptor Variant (P2X7-j) Endogenously Expressed in Cervical Cancer Cells Antagonizes the Full-length P2X7 Receptor through Hetero-oligomerization[END_REF][START_REF] Kido | Regulation of activity of P2X7 receptor by its splice variants in cultured mouse astrocytes[END_REF][START_REF] Masin | Expression, assembly and function of novel C-terminal truncated variants of the mouse P2X7 receptor: re-evaluation of P2X7 knockouts[END_REF]Nicke et al., 2009;[START_REF] Sluyter | Significance of P2X7 receptor variants to human health and disease. Recent Pat[END_REF]Xu et al., 2012) 

• ND P2X7D • ND • ND P2X7E • ∆C • ND P2X7F • Ext missing • ND P2X7G • ∆C • ∆TM1 • Non functional P2X7H • ∆TM1 • Non functional P2X7I • - • Null allele P2X7J • ∆C337 • Non functional • Forms heteromers with P2X7A
Of these splice variants, P2X7B is particularly notable, as it had been determined as abundantly present in many tissues, in several cases in excess of the P2X7A variant (Cheewatrakoolpong et al., 2005). When expressed on its own in HEK293 cells, this variant causes an increase in intracellular ATP content, and stimulated cell growth, exhibiting basic channel activity but not macropore formation (Adinolfi et al., 2010). When co-expressed with P2X7A, heterotrimers were formed, exhibiting potentiated P2X7A-like characteristics. In rodents, the P2X7(k) variant is particularly expressed in the liver and in the spleen, and exhibits a heightened activity with respect to the P2X7(a) variant (Nicke et al., 2009).

Single Nucleotide Polymorphisms (SNPs)

In addition to the variation provided by alternative splicing, hP2X7 is highly polymorphic, with over 150 non-synonymous SNPs identified within the extracellular domain and the C-terminus (Di Virgilio et al., 2017). Selected SNPs have been functionally analysed, and the most common of those found in hP2X7R are presented in Figure 27. H155Y and A348T mutations are particularly interesting to draw attention to, as these mutations correlate to the equivalent residues which are present in the rat ortholog (rP2X7), which exhibits a generally enhanced activity when compared to hP2X7. These two gain-offunction mutations, which affect the surface expression and single channel properties of the receptor, can therefore partially explain the difference in behaviour between these orthologs.

In addition to functional aspects, many of these SNPs have been identified as being frequently present in pathological states, for example, affective disorders (H155Y, A348T, E496A, Q460R), post-mastectomy pain (H155Y, R270H), and osteoporosis (E496A, R307Q, I568N)

to name a very select few (Roger et al., 2010;[START_REF] Soronen | P2RX7 gene is associated consistently with mood disorders and predicts clinical outcome in three clinical cohorts[END_REF][START_REF] Sun | The second transmembrane domain of P2X7 contributes to dilated pore formation[END_REF][START_REF] Wiley | The human P2X7 receptor and its role in innate immunity[END_REF].

Of note in rodent orthologs, is the mutant P451L, a mutation reducing the macropore formation of P2X7Rs, which is found naturally in C57BL/6 strain of mice, and is known to reduce pain associated with mechanical allodynia (Adriouch et al., 2002;Sorge et al., 2012). Interestingly, the P2X7(k) splice variant was insensitive to this macropore-reducing mutation (Xu et al., 2012). The P2X7(a) variant, on the other hand, exhibited reduced macropore-associate dye uptake when carrying the P451L mutation (Xu et al., 2012).

A high degree of variation in structure and function of P2X7Rs is therefore present, in a celltype and pathological state-dependent manner. The experiments described within this manuscript have been carried out using rP2X7(a), H155Y.

Physiological and pathophysiological roles

In this section we will briefly discuss the pleiotropic, and seemingly contradictory, roles of P2X7R in various systems, physiological and pathological.

P2X7 knock-out mouse models

Many of these roles have been deduced by the use of P2X7 knock-out mice, of which three different lines have been produced. The first of these was generated by GlaxoSmithKline, whereby the P2RX7 gene is disrupted by insertion of a lacZ transgene into exon 1 [START_REF] Sikora | Cutting Edge: Purinergic Signaling Regulates Radical-Mediated Bacterial Killing Mechanisms in Macrophages Through a P2X7-Independent Mechanism[END_REF][START_REF] Sim | Reanalysis of P2X7 Receptor Expression in Rodent Brain[END_REF]. This mouse line helped establish the role of P2X7R in inflammatory and neuropathic pain, amongst others [START_REF] Chessell | Disruption of the P2X7 purinoceptor gene abolishes chronic inflammatory and neuropathic pain[END_REF]. However, this knockout line was found to express the P2X7(k) splice variant, which, by virtue of its alternate exon-1, escaped knock-out (Nicke et al., 2009).

A second knockout mouse line has been produced by Pfizer, whereby a portion of exon 13, encoding C506 to P532 (within the C-terminus) was replaced by a neomycin cassette [START_REF] Solle | Altered cytokine production in mice lacking P2X(7) receptors[END_REF]. As seen previously with the Glaxo line, however, the presence of numerous splice variants renders this knockout inefficient with regard to those variants who exhibit a truncated C-terminus (Kaczmarek-Hájek et al., 2012;[START_REF] Masin | Expression, assembly and function of novel C-terminal truncated variants of the mouse P2X7 receptor: re-evaluation of P2X7 knockouts[END_REF]. Indeed, several studies demonstrated the presence of a "P2X7-like" protein in this mouse line, by way of Western Blot and immunocytochemical assays [START_REF] Marín-García | Synaptic terminals from mice midbrain exhibit functional P2X7 receptor[END_REF][START_REF] Sánchez-Nogueiro | Characterization of a functional P2X(7)-like receptor in cerebellar granule neurons from P2X(7) knockout mice[END_REF].

Nevertheless, this knockout line has permitted to establish a role for P2X7 in cytokine production [START_REF] Solle | Altered cytokine production in mice lacking P2X(7) receptors[END_REF], bone formation [START_REF] Ke | Deletion of the P2X7 nucleotide receptor reveals its regulatory roles in bone formation and resorption[END_REF], and the inflammatory response [START_REF] Labasi | Absence of the P2X7 receptor alters leukocyte function and attenuates an inflammatory response[END_REF].

Finally, an additional P2X7 knockout mouse line was established by Lexicon Genetics, by interference of exons 2 and 3 with a lacZ gene [START_REF] Basso | Behavioral profile of P2X7 receptor knockout mice in animal models of depression and anxiety: Relevance for neuropsychiatric disorders[END_REF]. This mouse line has allowed the elucidation of a role for P2X7 in affective disorders such as depression [START_REF] Basso | Behavioral profile of P2X7 receptor knockout mice in animal models of depression and anxiety: Relevance for neuropsychiatric disorders[END_REF].

Whilst these knockout lines are highly valuable for delineating the role of P2X7 in pathological and physiological states, consideration must be given as to which isoforms of P2X7 are affected (or not) by knockout.

Physiological roles

3.8.2.1.

Inflammation

The most well documented physiological role of P2X7R is as a key part of the inflammasome, specifically, the NLRP3 inflammasome, where it plays a central role in processing of IL-1β.

This process begins with two differing signals, firstly, the presence of pathogen associated molecular patterns (PAMPs), such as bacteria-derived lipopolysaccharides (LPS), activates toll-like receptor 4 (TLR4), which, via transcription factor NF-κB, drives transcription of NLRP3

and pro-IL-1β, the pre-cursor to pro-inflammatory cytokine interleukin 1-β. Meanwhile, the second signal takes place at P2X7Rs. Upon cell damage, eATP is present at high concentrations, sufficient to activate P2X7, therefore representing a damage associated molecular pattern (DAMP). Activation of P2X7R triggers the influx of Na + , Ca 2+ and the efflux of K + from the cell; it is this sharp decrease in potassium which triggers NLRP3 inflammasome activation. It has also been suggested that TWIK2 channels may contribute to this K + efflux [START_REF] Di | The TWIK2 Potassium Efflux Channel in Macrophages Mediates NLRP3 Inflammasome-Induced Inflammation[END_REF][START_REF] Kanellopoulos | Pleiotropic Roles of P2X7 in the Central Nervous System[END_REF]. The consequences of NLRP3 activation, is subsequent activation of caspase-1, the enzyme which cleaves pro-IL-1β to mature IL-1β, which is then released via secretory and exocytotic pathways. Recently, it has also been shown that caspase-1 cleaves Gasdermin D, a cytosolic protein, the N-terminus of which is then able to oligomerise, forming a pore in the cell membrane, ultimately leading to pyroptotic cell death [START_REF] Ding | Pore-forming activity and structural autoinhibition of the gasdermin family[END_REF]. Several further roles of P2X7R in the inflammasome have also been suggested to occur via direct interaction: it has been reported that P2X7 may interact directly with NLRP3, following the observations of co-immunoprecipitation and co-localisation in mouse microglia and mouse peritoneal macrophages [START_REF] Franceschini | The P2X7 receptor directly interacts with the NLRP3 inflammasome scaffold protein[END_REF]. In addition, P2X7R has been observed to be directly linked to NF-κB activation, the first of the inflammatory response signals discussed above, likely through a direct, C-terminal interaction with myeloid differentiation primary response 88 (MyD88) [START_REF] Liu | P2X7 receptor positively regulates MyD88-dependent NF-κB activation[END_REF].

There are several interesting points to note with regard to molecular characteristics of P2X7R function which become pertinent in an inflammatory context. Firstly, the ability of the P2X7 macropore to allow efflux of ATP has been demonstrated, raising the possibility that this represents an auto-amplification mechanism, which would reinforce and propagate the inflammatory effects of P2X7R to neighbouring cells (Pellegatti et al., 2005). Taken from (Di Virgilio et al., 2017).

In mouse models, the sensitivity of P2X7R to NAD + may also represent an interesting molecular characteristic with implications for inflammation. In T cells, NAD + was shown to activate P2X7Rs by ADP ribosylation, at a position within the ATP-binding pocket, R125 (Adriouch et al., 2008;[START_REF] Seman | NAD-induced T cell death: ADP-ribosylation of cell surface proteins by ART2 activates the cytolytic P2X7 purinoceptor[END_REF]. Increased NAD + levels have been shown at inflammatory sites, and in mouse T lymphocytes, NAD + activates P2X7R at micromolar concentrations, thus rendering P2X7R more sensitive to activation [START_REF] Adriouch | NAD+ released during inflammation participates in T cell homeostasis by inducing ART2mediated death of naive T cells in vivo[END_REF].

Interestingly, the P2X7(k) variant, which was shown to be the most sensitive to ADPribosylation, is preferentially expressed in T lymphocytes [START_REF] Rissiek | ADP-ribosylation of P2X7: a matter of life and death for regulatory T cells and natural killer T cells[END_REF]. Equally, in mouse bone marrow-derived macrophages, LPS has been shown to sensitise P2X7R to ATP to the extent that pore formation is observed with concentrations of ATP in the nM range [START_REF] Yang | Caspase-11 Requires the Pannexin-1 Channel and the Purinergic P2X7 Pore to Mediate Pyroptosis and Endotoxic Shock[END_REF]. This modulation is presumably via the putative LPS binding motif present in the C-terminus of P2X7R [START_REF] Kopp | P2X7 Interactions and Signaling -Making Head or Tail of It[END_REF]. This PAMP therefore may also influence the P2X7dependent component of the inflammation response, in addition to that of TLR4.

Inflammation is therefore a prime example of how molecular determinants of P2X7 behaviour influence its role within a physiological cellular network.

3.8.2.2.

Cell life: proliferation Contrary to its reputation as a cytolytic agent of cell death, P2X7R exhibits polar opposite behaviours, and in several contexts has a trophic effect, contributing to "cell life", proliferation mechanisms.

This was first observed in human lymphoid cells, whereby basal stimulation of P2X7 was determined to enhance cell proliferation and allow growth in serum-free medium [START_REF] Baricordi | Increased Proliferation Rate of Lymphoid Cells Transfected with the P2X7 ATP Receptor[END_REF][START_REF] Baricordi | An ATP-activated channel is involved in mitogenic stimulation of human T lymphocytes[END_REF], and has also been observed to induce proliferation in microglia [START_REF] Monif | The P2X7 Receptor Drives Microglial Activation and Proliferation: A Trophic Role for P2X7R Pore[END_REF]. In HEK293 cells stably transfected with hP2X7R, tonic ATP-stimulation of P2X7Rs was shown to increase the mitochondrial potential, ∆ψ, to increase the mitochondrial Ca 2+ concentration and to stimulate ATP synthesis. This increase in cellular energy stores acts to confer a growth advantage to cells, which were shown to grow in serum-free medium.

Conversely, if maximally stimulated with ATP, P2X7R caused a Ca 2+ mitochondrial overload, dysfunction of the mitochondrial network and subsequent apoptosis. There exists, therefore, a subtle balance controlling the direction of P2X7R activity either towards "life" or "death"

responses in the context of cellular energy metabolism, which is outlined in Figure 29. Further studies showed that this promotion of cell growth involves Nuclear Factor Of Activated T Cells 1 (NFATc1), and that P2X7B isoform, which does not exhibit the macropore-related cell death mechansims, also exhibits this cell growth activity. This led to the interesting hypothesis that the cell-specific expression levels of P2X7A and P2X7B splice variants, which can also assemble to form heteromers, determine a dominant "cell life" or "cell death" activity of P2X7R (Adinolfi et al., 2010). (Di Virgilio et al., 2017).

Cell death: apoptosis and necrosis

One of the primary characteristics of P2X7Rs is as the "cell death" receptor, and its role in the onset of apoptosis and necrosis has been known for a long period of time [START_REF] Virgilio | Cytolytic P2X purinoceptors[END_REF]. The apoptotic pathway is the result of the inflammatory response (detailed in section 3.8.2.1), but the necrosis pathway remains poorly defined. In mouse thymocytes and embryonic neuron progenitor cells (NPCs), Ca 2+ independent pathways have been linked to P2X7R-induced necrosis, in the former case by sequential activation of factors leading to activation of the proteasome, and in the latter case, by mitochondrial membrane depolarisation [START_REF] Kanellopoulos | Pleiotropic Roles of P2X7 in the Central Nervous System[END_REF].

Pathological roles

The implication of P2X7R in pathological states is astonishingly wide-ranging, with roles in many different classes of disease having been demonstrated in a vast number of studies. This includes neurodegenerative disorders (Alzheimer's, amyotrophic lateral sclerosis (ALS)), psychiatric disorders (schizophrenia, depression, mood disorders), coronary heart disease, lung disorders (asthma, chronic pulmonary obstruction, emphysema), inflammatory bowel diseases (Crohn's and ulcerative colitis), inflammatory skin disorders (dermatitis, psoriasis), musculoskeletal diseases (Duchenne muscular dystrophy, osteoporosis), as well as a number of cancers [START_REF] Bhattacharya | The microglial ATP-gated ion channel P2X7 as a CNS drug target[END_REF]Burnstock and Knight, 2018;[START_REF] Geraghty | P2X7 receptor in skin biology and diseases[END_REF][START_REF] Neves | Overexpression of ATP-activated P2X7 receptors in the intestinal mucosa is implicated in the pathogenesis of Crohn's disease[END_REF][START_REF] Woods | Purinergic receptors as potential therapeutic targets in Alzheimer's disease[END_REF]. This list names just a select few of the pathologies in which P2X7R has been shown to have an implication; the therapeutic potential of this receptor becomes, therefore, very clear. 

Neuropathic and inflammatory pain

Whilst P2X4R is well known for its role in neuropathic pain via the BDNF pathway, P2X7 has also been shown to be implicated in neuropathic and chronic inflammatory pain in a multitude of studies [START_REF] Chessell | Disruption of the P2X7 purinoceptor gene abolishes chronic inflammatory and neuropathic pain[END_REF][START_REF] Grace | Protraction of neuropathic pain by morphine is mediated by spinal damage associated molecular patterns (DAMPs) in male rats[END_REF][START_REF] He | Spinal P2X7 receptor mediates microglia activation-induced neuropathic pain in the sciatic nerve injury rat model[END_REF][START_REF] Honore | A[END_REF][START_REF] Mcgaraughty | P2X7-related modulation of pathological nociception in rats[END_REF], in many cases as a result of its IL-1β promoting behaviour (Donnelly- Roberts and Jarvis, 2007;[START_REF] Ferrari | The P2X7 Receptor: A Key Player in IL-1 Processing and Release[END_REF]. One study, looking at various SNPs, has also functionally linked the pore forming ability of P2X7R to symptoms of mechanic allodynia and chronic inflammation in mouse and human models, finding that in women experiencing pain following mastectomy surgery (post mastectomy pain, PMP), those possessing alleles corresponding to hypofunctional SNPs of P2X7R (such as Y155H or R270H) reported less intense pain that those possessing the hyperfunctional equivalents. (Sorge et al., 2012).

3.8.4.2.

Alzheimer's disease

Alzheimer's disease (AD) is a neurodegenerative disorder, characterised by the accumulation of extracellular amyloid-β peptides (Aβ), creating lesions, accompanied by a neuroinflammatory response [START_REF] Querfurth | Alzheimer's disease[END_REF]. This disease is fatal, and symptoms include a progressive degradation of cognitive function and memory loss [START_REF] Heppner | Immune attack: the role of inflammation in Alzheimer disease[END_REF]. Over the age of 85, there is a one in three chance of an AD diagnosis [START_REF] Querfurth | Alzheimer's disease[END_REF].

A role for P2X7 in AD has already been strongly suggested, by the observation that P2X7R expression is upregulated in mouse models of AD (McLarnon et al., 2006;[START_REF] Parvathenani | P2X7 mediates superoxide production in primary microglia and is upregulated in a transgenic mouse model of Alzheimer's disease[END_REF]. It has also been shown that in microglia, Aβ-triggered release of IL-1β involves P2X7 [START_REF] Rampe | P2X7 receptor modulation of β-amyloid-and LPSinduced cytokine secretion from human macrophages and microglia[END_REF][START_REF] Sanz | Activation of microglia by amyloid {beta} requires P2X7 receptor expression[END_REF].

Recently, a new role for P2X7 in AD has been established in the Delarasse group, who published a study using the Pfizer P2X knockout within an Aβ lesion-developing AD mouse model [START_REF] Martin | New role of P2X7 receptor in an Alzheimer's disease mouse model[END_REF]. This study demonstrated that the P2X7 knockout mice displayed less cognitive impairment, synapse dysfunction and memory loss compared to the wild type mice. These effects, however, were not produced by P2X7-mediated microglial activation and IL-1β processing, but rather, by P2X7-modulated release of chemokines. The authors propose a coherent model whereby accumulation of Aβ peptides induces ATP release from glial cells, activating P2X7R, which leads to chemokine release from microglia and astrocytes (namely, CCL3, CCL4 and CCL5), which in turn causes damage to neurites, altered neuronal functions, and the recruitment of pathogenic T-cells [START_REF] Martin | New role of P2X7 receptor in an Alzheimer's disease mouse model[END_REF].

Therapeutic outlook

At the time of writing, there are 10 studies listed on ClinicalTrials.gov (NIH) involving P2X7targeted treatments, for conditions ranging from osteoporosis to major depressive disorder, as well as investigating the use of P2X7 as an accurate and effective biomarker for uterine cancer.

However, thus far, therpeutic treatments targeting P2X7 with synthetic antagonists have proved to be rather disappointing. Di Virgilio et al postulate that this may be due to the fact that many of these antagonists are non-competitive, allosteric negative modulators, whose action may not be extreme enough at sites of inflammation, where ATP is present in extremely high concentration (Di Virgilio et al., 2017). Biological agents, such as the recently developed antibody BSCT, targeting a non-functional P2X7 (nfP2X7) involved in basal cell carcinoma, or nanobodies, small single-domain antibody fragments such as the P2X7-directed Dano1, which has been shown to prevent IL-1β release in endotoxin-treated blood, may represent a more pertinent therapeutic avenue to explore. [START_REF] Danquah | Nanobodies that block gating of the P2X7 ion channel ameliorate inflammation[END_REF][START_REF] Koch-Nolte | Novel biologics targeting the P2X7 ion channel[END_REF] 

GENERAL THESIS OBJECTIVES

Within this introduction, we have seen that P2X7R is a highly complex and most interesting target of study, prone to display multifaceted responses to stimuli according to the conditions in which it is found; some of these repsonses are understood, and some not (yet). Endowed with the ability to enhance cell growth, or indeed to provoke cell death, P2X7 is a "Dr. Jekyll and Mr. Hyde" type character who exhibits several seemingly contradictory behaviours, none more so than this fine balance between cell life/death.

The objectives of this PhD focus on the elucidation of molecular-level P2X7 structural and functional details. Although widely studied in the literature, P2X7 remains one of the P2X family members with whom we are least familiar in terms of precise functional mechanisms. For this reason, I have undertaken three principal projects during this PhD, each of which is designed to explore the structure, function or indeed the structure/function relationships of P2X7 receptors, using different techniques and experimental approaches. A chapter is dedicated to each of these projects: chapter one focuses on the study of P2X7 from a structural biology viewpoint, chapter two will explore the use of optogenetics-based techniques to study P2X7Rs and finally, chapter three will investigate the molecular mechanisms behind P2X7 facilitation by way of single channel recordings, as well as probing the existence of a multi-protein complex mediating P2X7 activity, in particular, macropore formation.

CHAPTER ONE: TOWARDS A STRUCTURE OF P2X7 BY SINGLE PARTICLE CRYO ELECTRONMICROSCOPY

INTRODUCTION

In the study of biological systems, knowledge of the three-dimensional structures of the various actors involved in these systems is an important step in elucidating their inner workings.

Structural determination of biological macromolecules in their many dynamic conformations gives us key insights into the molecular mechanisms by which they function and interact, and the combination of such structural data with other functional approaches represents a powerful means of achieving a comprehensive understanding of biological processes. Since the seminal works of Kendrew and Perutz, whose X-ray crystallographic resolution of the structures of myoglobin [START_REF] Kendrew | A Three-Dimensional Model of the Myoglobin Molecule Obtained by X-Ray Analysis[END_REF] and haemoglobin [START_REF] Perutz | Structure of Haemoglobin: A Three-Dimensional Fourier Synthesis at 5.5-Å. Resolution, Obtained by X-Ray Analysis[END_REF], respectively, earned them the 1962 Nobel prize, the structural determination of complex proteins has grown in an exponential manner. Technological advances have aided this growth, and today a variety of structural determination techniques are available, X-Ray crystallography, cryo electronmicroscopy (cryoEM) and nuclear magnetic resonance spectroscopy (NMR) being amongst the most prominent, which cater for a variety of biological targets.

One group of biological targets for which structural determination presents a particular challenge is that of membrane proteins, including ion channels. Membrane proteins represent 20-30% of the proteomes of most organisms [START_REF] Krogh | Predicting transmembrane protein topology with a hidden markov model: application to complete genomes11Edited by F. Cohen[END_REF]; in the case of the human proteome this figure is estimated to be 27% [START_REF] Almén | Mapping the human membrane proteome: a majority of the human membrane proteins can be classified according to function and evolutionary origin[END_REF]. And yet, these numbers are not reflected in terms of structures deposited in the PDB. This is largely the result of difficulties experienced in the extraction and isolation of membrane proteins, which arise from their unique cellular environment. Embedded in a hydrophobic lipid membrane, but often featuring hydrophilic domains which reach out into intra-or extracellular space, the dual polarity of these proteins requires the use of detergents in order to maintain a stable structure. This can be challenging to achieve. In addition, their hydrophobic nature also means that membrane proteins are particularly prone to aggregation during the preparative process.

The preparation of protein samples for structural analysis requires a number of steps, and obtaining samples of high quality and in sufficient quantity frequently represents the bottleneck in the structural determination process. A combination of production, purification, reconstitution and structural determination approaches suited to each membrane protein target must be carefully selected, often by a "trial and error" approach. The overriding goal throughout the global structural determination processes, is for each step to be optimised in order to obtain protein samples which are adequate for structural determination, whilst retaining to the fullest extent possible their native properties, in order to ensure that the resulting structures are of physiological relevance. Here will be briefly discussed the principal options in each step of structural determination for eukaryotic membrane proteins, specifically ion channels expressed at the cell surface membrane. A general workflow of the structural determination process is shown in Figure 30. 1.

Methods of membrane protein production

Although some eukaryotic membrane protein structures have been solved using protein extracted from native tissues (e.g. Rhodopsin, [START_REF] Palczewski | Crystal Structure of Rhodopsin: A G Protein-Coupled Receptor[END_REF]; ATP-synthase [START_REF] Stock | Molecular Architecture of the Rotary Motor in ATP Synthase[END_REF], nicotinic acetylcholine receptor [START_REF] O'brien | The Nicotinic Acetylcholine Receptor from Torpedo Electroplax[END_REF], for the vast majority, recombinant expression in heterologous systems is a pre-requisite for obtaining the quantities required for structural studies.

The expression of membrane proteins in vivo is a highly complex process, requiring the synchronised orchestration of a number of cellular machineries: protein biosynthesis, processing of folding mechanisms, post translational modifications (PTM), trafficking and targeting to the cell membrane. The nature of each of these steps must be considered when choosing an appropriate host system to express the desired protein in its fully functional form, as well as the robustness of the system itself to withstand any perturbations which may originate from recombinant protein overexpression. In general, eukaryotic membrane proteins are more suited to eukaryotic expression systems [START_REF] Tate | Overexpression of mammalian integral membrane proteins for structural studies[END_REF]. Three principal host systems of this type exist; yeast systems, insect cell systems and mammalian cell systems.
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Recombinant expression in yeast host system: Pichia pastoris A number of yeast species can be used as recombinant expression systems. Of particular note for membrane proteins is Pichia pastoris. The P. pastoris system, a methylotrophic yeast, presents a number of advantages, namely "the handling simplicity of a unicellular microbe and the cellular sophistication of a eukaryotic organism", as according to Bornert et al. [START_REF] Bornert | Overexpression of Membrane Proteins Using Pichia pastoris[END_REF]. Rapid growth on inexpensive media renders this expression system cost-effective and relatively easy to establish. Stable expression of the target protein is achieved by integration of a P. pastoris vector, containing the desired protein gene, into the host genome.

Of particular advantage is the nature of the AOX1 promotor utilised in this system, a strong, tightly regulated promotor induced by methanol (>1000 fold) and repressed by glucose or glycerol [START_REF] Cereghino | Production of recombinant proteins in fermenter cultures of the yeast Pichia pastoris[END_REF]. This promotor can therefore be used to generate an abundant expression of recombinant protein, whilst also allowing fine-tuning of expression levels, an advantage in the case of overexpression toxicity to the host organism. The yeast system lends itself to scale-up for protein production in bioreactors, where precise control over factors influential in protein expression (pH, temperature, aeration levels) is possible. This can achieve extremely high cell densities, up to 500 OD600 units/mL [START_REF] Cereghino | Production of recombinant proteins in fermenter cultures of the yeast Pichia pastoris[END_REF].

As a eukaryotic organism, P. pastoris possesses the necessary cellular machinery to carry out PTMs typically found in membrane proteins, such as phosphorylation, disulphide bridge formation, prenylation, and amino-and carboxy-terminal methylation to name a selection [START_REF] Junge | Large-scale production of functional membrane proteins[END_REF]. Whilst O-and N-glycosylation, a particularly important criteria for the folding and functional expression of membrane proteins [START_REF] Imperiali | Effect of N-linked glycosylation on glycopeptide and glycoprotein structure[END_REF], is possible in P. pastoris, it has been shown that the complex carbohydrate decoration found in higher eukaryotic organisms is absent from this system [START_REF] Cereghino | Production of recombinant proteins in fermenter cultures of the yeast Pichia pastoris[END_REF]. To combat this, genetically modified strains of P. pastoris capable of such complex modifications have been developed to produce "humanized" glycoproteins [START_REF] Hamilton | Glycosylation engineering in yeast: the advent of fully humanized yeast[END_REF].

A further characteristic to take into account is the lipidic composition of the yeast membrane.

In P. pastoris, the lipidic membrane composition varies significantly with respect to higher eukaryotic organisms, which can pose problem for the proper functioning of mammalian protein targets [START_REF] Opekarová | Specific lipid requirements of membrane proteins-a putative bottleneck in heterologous expression[END_REF]. Of note is the low abundance of sterols, and absence of cholesterol, which is replaced by ergosterol in yeasts [START_REF] Grillitsch | Isolation and characterization of the plasma membrane from the yeast Pichia pastoris[END_REF]. Again, this problem may be circumvented by using genetically engineered P. pastoris strains capable of producing cholesterol to be employed for expression of mammalian sterol-sensitive proteins [START_REF] Hirz | A novel cholesterolproducing Pichia pastoris strain is an ideal host for functional expression of human Na,K-ATPase α3β1 isoform[END_REF].

A final advantage of the yeast system is the ability to carry out functionality tests of heterologously expressed membrane proteins. This includes ligand binding assays, and of particular pertinence to our field of interest, patch clamp electrophysiology studies have been carried out in S. cerevisiae yeast protoplasts expressing the plant potassium channel KAT1 [START_REF] Bertl | Use of Saccharomyces cerevisiae for patch-clamp analysis of heterologous membrane proteins: characterization of Kat1, an inward-rectifying K+ channel from Arabidopsis thaliana, and comparison with endogeneous yeast channels and carriers[END_REF].

Recombinant expression in insect cell systems: Spodoptera frugiperda

A second, commonly utilised expression system for eukaryotic membrane proteins is the insect cell/baculovirus system. A number of insect species may be used, but commonly encountered are Sf21 and their derivative Sf9 cells, originating from the fall army worm, Spodoptera frugiperda. This system takes advantage of the pathogenic insect-specific baculovirus, able to utilise the machinery of the host cell to produce a desired protein target. In brief, recombinant bacmid DNA containing the desired gene is transfected into insect cells, leading to the rewiring of host gene expression to produce recombinant baculovirus particles. These virus particles are then used in insect cell infection, resulting in an expression of recombinant protein which can be harvested. Although several commercial systems exist to facilitate this preparation, it remains a lengthy, multi-step process, requiring expensive culture medium and fine-tuning of parameters such as cell density upon infection, and infectious viral titer for efficient protein production.

Nevertheless, the insect cell/baculovirus system is widely used due to a number of advantageous characteristics. Baculovirus DNA typically features strong polyhedrin or p10 promotors [START_REF] Junge | Large-scale production of functional membrane proteins[END_REF], well adapted for protein overexpression, and able to accommodate large recombinant inserts. Regarding PTMs, S. frugiperda cell lines possess the necessary machinery required for complex PTMs found in mammalian cell lines, such as palmitoylation, phosphorylation, acylation, amidation and O-glycosylation (Contreras-Gómez et al., 2014) [START_REF] Junge | Large-scale production of functional membrane proteins[END_REF]. However, N-glycolysation, whilst possible in insect cells, does not offer the complexity present in their mammalian counterparts, resulting in recombinant proteins with non-native glycosylation patterns. As seen in yeast systems, genetic engineering has made possible insect cell lines which are capable of providing more authentic, mammalian-like N-glycosylation pathways in an attempt to overcome this drawback [START_REF] Aumiller | A new glycoengineered insect cell line with an inducibly mammalianized protein Nglycosylation pathway[END_REF][START_REF] Hollister | Engineering lepidopteran insect cells for sialoglycoprotein production by genetic transformation with mammalian beta 1,4-galactosyltransferase and alpha 2,6-sialyltransferase genes[END_REF] With respect to the lipidic membrane composition, insect cell lines contain little cholesterol, and in general a small proportion of sterols compared to phospholipids (0.04), over 20 times lower than that found in higher eukaryotes [START_REF] Gimpl | Expression of the Human Oxytocin Receptor in Baculovirus-Infected Insect Cells: High-Affinity Binding Is Induced by a Cholesterol-Cyclodextrin Complex[END_REF][START_REF] Opekarová | Specific lipid requirements of membrane proteins-a putative bottleneck in heterologous expression[END_REF].

There do exist, however, examples whereby addition of cholesterol contained within a methylβ-cyclodextrin complex (MCD) to Sf9 culture medium has allowed the restoration of protein function otherwise absent in unmodified Sf9 membranes, presenting a potential solution to this issue [START_REF] Gimpl | Expression of the Human Oxytocin Receptor in Baculovirus-Infected Insect Cells: High-Affinity Binding Is Induced by a Cholesterol-Cyclodextrin Complex[END_REF].

For ion channels, insect cells also present the opportunity to assess channel functionality by patch clamp electrophysiology, in both whole cell and single channel configurations. A number of examples exist in the literature of such functionality tests for a variety of channels [START_REF] Brock | Temperature-Dependent Expression of a Squid Kv1 Channel in Sf9 Cells and Functional Comparison with the Native Delayed Rectifier[END_REF][START_REF] Kunze | Properties of single Drosophila Trpl channels expressed in Sf9 insect cells[END_REF][START_REF] Phelps | Differential Regulation of TRPV1, TRPV3, and TRPV4 Sensitivity through a Conserved Binding Site on the Ankyrin Repeat Domain[END_REF].

For eukaryotic membrane protein production, despite its high cost, the insect cell/baculovirus system remains widespread, and has previously been used to produce a variety of ion channel targets, amongst them P2X receptors (Hattori and Gouaux, 2012;Karasawa and Kawate, 2016;Kawate et al., 2009;Mansoor et al., 2016), ASIC [START_REF] Gonzales | Pore architecture and ion sites in acid sensing ion channels and P2X receptors[END_REF][START_REF] Jasti | Structure of acid-sensing ion channel 1 at 1.9 Å resolution and low pH[END_REF] and GluA2 receptor [START_REF] Sobolevsky | X-ray structure, symmetry and mechanism of an AMPA-subtype glutamate receptor[END_REF].

Recombinant expression in mammalian cell systems

The most effective expression systems for mammalian membrane proteins in terms of proximity to their native environments, are mammalian systems. Human embryonic kidney (HEK) and Chinese hamster ovary (CHO) cell lines in suspension cultures are the most widely used. These mammalian systems are able to provide all necessary PTMs and an authentic lipid environment, increasing the chances of producing a properly folded, fully functioning membrane protein. For application of this system to ion channels, HEK cells are offer a particularly attractive option, as they are routinely used for electrophysiological analysis, in whole cell and single channel configurations, in addition to other useful functional assays [START_REF] Thomas | HEK293 cell line: A vehicle for the expression of recombinant proteins[END_REF].

Expression of recombinant proteins in mammalian cell lines is typically achieved by transfection. This can be done in either a transient or stable manner; transient transfection offers flexibility but variable expression rates, whereas stable transfection, although less flexible and more time consuming, can provide consistent, high expression rates, and is more suited to large scale protein production [START_REF] Makrides | Components of vectors for gene transfer and expression in mammalian cells[END_REF][START_REF] Pandey | Current strategies for protein production and purification enabling membrane protein structural biology[END_REF]. Transient gene expression can also be achieved by infection with recombinant viruses, and recent development of the BacMam system, applying baculovirus technology to mammalian cell lines, provides the advantages of flexibility, reproducibility and high expression levels of the target protein in a mammalian host [START_REF] Dukkipati | BacMam System for High-Level Expression of Recombinant Soluble and Membrane Glycoproteins for Structural Studies[END_REF].

The major drawbacks of mammalian systems are the high cost of culture medium and relatively slow growth rates. Nevertheless, a number of examples exist of structural determination of membrane proteins produced in recombinant mammalian systems, including the rat P2X7

receptor [START_REF] Gruswitz | Function of human Rh based on structure of RhCG at 2.1 A[END_REF]McCarthy et al., 2019;[START_REF] Penmatsa | X-ray structure of dopamine transporter elucidates antidepressant mechanism[END_REF][START_REF] Standfuss | Crystal structure of a thermally stable rhodopsin mutant[END_REF][START_REF] Yoder | Divalent cation and chloride ion sites of chicken acid sensing ion channel 1a elucidated by x-ray crystallography[END_REF] 

Extraction, reconstitution and purification of membrane proteins

Once a satisfactory expression of the target membrane protein is achieved, extraction of this protein from the host membrane, purification and reconstitution into a form suitable for the desired structural determination technique must be carried out.

The precise pathway from extraction to reconstitution is highly dependent on i) the structural determination technique to be employed; NMR, single particle cryo electron microscopy (cryo-EM) and X-ray crystallography require vastly different protein reconstitutions, and ii) the membrane protein target and its biochemical behaviour.

Advance construct design

Prior to recombinant expression of a membrane protein by one of the systems discussed above, consideration of the eventual purification and reconstitution steps must be taken, in order to design a construct optimally adapted to the global structural determination strategy.

Common protein modifications to facilitate structural determination are the use of fusion tags, point mutations to reduce heterogeneous PTMs and the truncation of constructs to reduce flexibility and disorder.

Use of fusion tags

The introduction of fusion tags to membrane protein targets is common practice. Affinity tags are usually fused to the protein of interest in order to aid subsequent purification steps and a number of such affinity tags are available, the most frequently used being the polyhistidine tag.

Fusion tags may also be introduced in the interest of high throughput screening, to assess expression levels, homogeneity and oligomerisation state of the membrane protein prior to structural determination. An example of this is the use of GFP for Fluorescence-Detected Size Exclusion Chromatography (FSEC), developed in the Gouaux group [START_REF] Kawate | Fluorescence-Detection Size-Exclusion Chromatography for Precrystallization Screening of Integral Membrane Proteins[END_REF]).

An important consideration, particularly in the case of a construct where multiple tags may have been added, is the impact of these tags on the structure and function of the membrane protein. Although several factors can be optimised in an attempt to limit this impact, such as the length of the linker, and the position of N-or C-terminal, fusion tags remain a non-native addition with no physiological relevance. For this reason, tags are often cleaved following purification, which can be achieved by the introduction of a protease cleavage site within the linker (e.g. thrombin or TEV) [START_REF] Pandey | Current strategies for protein production and purification enabling membrane protein structural biology[END_REF]. In the absence of tag cleavage, functional studies should be carried out on these tagged constructs in order to assess their similarity to the native protein.

Modifications of target protein

A number of further modifications may be carried out to produce constructs adapted for reconstitution. These genetically introduced modifications are particularly widespread in crystallographic studies, in an attempt to facilitate crystallogenesis.

Glycosylation introduces a high degree of heterogeneity to membrane protein structures, due to the addition of long, flexible sugars at glycosylation sites. This heterogeneity poses problem for crystallogenesis, and as such, residues involved in N-and O-glycosylation are often replaced by point mutations, to an isosteric equivalent unable to participate in the glycosylation process.

Truncation at the C-and/or N-terminus of membrane proteins is also commonplace for X-ray crystallographic studies, as these domains are often highly flexible and disordered, thus preventing the formation of ordered crystal arrays [START_REF] Stroud | New tools in membrane protein determination[END_REF].

Evidently, serious caveats exist with regard to these modifications, given the role of glycosylation in processes such as expression, folding and trafficking, and the contribution of the C-and N-termini to protein conformation and function.

Extraction and reconstitution of membrane proteins

The extraction of membrane proteins and their reconstitution into a suitable form, maintaining native structure and function, is often considered the most challenging step of the structural determination process. The correct conditions are frequently determined by many rounds of trial and error, during a long period of optimisation.

Membrane proteins, embedded in their lipid bilayer, require the use of detergents for extraction and solubilisation. Of amphiphilic nature, detergents integrate the lipid bilayer, surrounding the transmembrane portions of the protein to form a hydrophobic "belt", whilst ensuring aqueous solubility by their polar head groups. This results in the formation of a ternary complex: the membrane protein, a number of membrane-originating lipids and detergent (Figure 31). From the common starting point of ternary lipid/membrane protein (MP)/detergent complexes, different strategies can be adopted. Some are technique-specific (crystallisation and NMR). Nanodiscs and amphipols may be used for single particle cryo-EM studies and NMR, whereas certain ternary MP/lipid/detergent complexes may be employed for single particle cryo-EM. A select few detergents often used in membrane protein solubilisation are noted (green box). Adapted from Lacapère et al, Leitz et al, and Mineev and Nadezhdin (Lacapère et al., 2007;[START_REF] Leitz | Functional reconstitution of β2-adrenergic receptors utilizing self-assembling Nanodisc technology[END_REF][START_REF] Mineev | Membrane mimetics for solution NMR studies of membrane proteins[END_REF] Whilst indispensable for handling membrane proteins, detergents must be chosen and used with care. The physicochemical properties of the detergent (charge, critical micelle concentration, three-dimensional form) are important parameters, and different membrane protein targets will require different combinations of these properties for successful solubilisation. If an unsuitable detergent is chosen, or indeed an unsuitable concentration is used, inefficient solubilisation will result from either i) aggregation of unprotected transmembrane domains or ii) dissociation of essential lipid molecules which may have implications for the protein structure.

This initial ternary complex is a common starting point from which the preparation of the sample in a technique-specific manner may be carried out. For crystallography, an ordered 3D crystal lattice is a strict requirement. Classic vapour diffusion methods can be used, or alternatively, the lipid cubic phase presents the opportunity for crystallisation in a more native-like lipid environment [START_REF] Zha | Lipid Cubic Phase for Membrane Protein X-ray Crystallography[END_REF]. Reconstitution into single particle forms is principally used for cryo-EM studies, or in some instances NMR. Two particularly interesting possibilities are reconstitution into nanodiscs, or amphipols, both of which rely on the exchange of detergent molecules for more native-like components. [START_REF] Autzen | Structure of the human TRPM4 ion channel in a lipid nanodisc[END_REF][START_REF] Gao | TRPV1 structures in nanodiscs reveal mechanisms of ligand and lipid action[END_REF][START_REF] Sierra-Valdez | Structure-function analyses of the ion channel TRPC3 reveal that its cytoplasmic domain allosterically modulates channel gating[END_REF].

Literature examples also exist of nanodiscs which retain native mammalian lipids, although these have not yet been used for structural purposes [START_REF] Mak | Express incorporation of membrane proteins from various human cell types into phospholipid bilayer nanodiscs[END_REF]. TRPV1 heteromers are visible in colour and electron density corresponding to the surrounding nanodisc is shown in grey. Taken from [START_REF] Gao | TRPV1 structures in nanodiscs reveal mechanisms of ligand and lipid action[END_REF].

Amphipols

Amphipols are a relatively newly developed class of amphipathic polymers which are able to replace detergent molecules, and provide an environment better suited for retaining protein functionality, whilst ensuring good solubility of the protein complex [START_REF] Popot | Amphipols: polymeric surfactants for membrane biology research[END_REF].

Amphipols have been shown to be effective for a number of ion channel examples [START_REF] Baker | Single-particle cryo-EM of the ryanodine receptor channel in an aqueous environment[END_REF][START_REF] Huynh | Application of amphipols for structure-functional analysis of TRP channels[END_REF].

Purification of membrane proteins

Several methods of membrane protein purification exist, and purification steps may be carried out both prior to and following reconstitution. The most frequently encountered of these methods is purification by the use of affinity tags. Although several such affinity tags exist, the dominating method for membrane proteins is the polyhistidine tag. Comprising six or eight histidine residues, this tag gives the possibility of purification by immobilised metal affinity 90° chromatography (IMAC) [START_REF] Young | Recombinant protein expression and purification: A comprehensive review of affinity tags and microbial applications[END_REF]. IMAC works on the premise that histidine residues are tightly bound by resins containing metal ions such as Ni 2+ and Co 2+ , via coordination between the metal ion centre and a lone pair centred on a histidine nitrogen. Polyhistagged proteins can thus be retained, either on column or in batch, separated from unwanted contaminants, and eluted by competition with imidazole. TALON®, a novel Co 2+ resin whose key feature is a strictly homogeneous co-ordination geometry, exhibits higher specificity than

Ni 2+ resins when binding to polyhis tags, thus reducing non-specific histidine binding and resulting in a more effective purification [START_REF] Bornert | Overexpression of Membrane Proteins Using Pichia pastoris[END_REF]. As such, it has become the resin of choice for IMAC purifications. Co-ordination of nitrogen lone pairs on histidine residues to Co 2+ , which is held in an octahedral geometry within a CMA resin. These types of Co 2+ exhibit high specificity and preferential binding to polyhistidine tags rather than non-specific adjacent histidine residues present in contaminating proteins. Figure from (Bornhorst and Falke, 2000).

A second purification technique commonly encountered in membrane protein sample preparation is Size Exclusion Chromatography (SEC). This method utilises a porous resinpacked column, which allows the separation of entities according to their hydrodynamic radius;

small entities become trapped within pores, whilst larger entities are unretained and thus pass radpily through the column. SEC is frequently used to assess the dispersity and oligomerisation state of membrane proteins once solubilised and reconstructed, in order to obtain monodisperse samples in the desired oligomeric state. In the case of reconstitution into, for example, nanodiscs, empty species can also be separated from protein-containing entities using SEC.

The chosen purification technique(s) must be compatible with the extraction method, and types of detergent used. A combination of several techniques is often required to obtain samples of sufficient purity for subsequent structural determination.

Structural determination of membrane proteins: principal methods

NMR spectroscopy

Application of multidimensional NMR spectroscopy, either in solution or solid state configuration, is a structural determination method which has been previously employed for a number of membrane protein targets [START_REF] Hiller | Solution structure of the integral human membrane protein VDAC-1 in detergent micelles[END_REF][START_REF] Park | Structure of the chemokine receptor CXCR1 in phospholipid bilayers[END_REF][START_REF] Teriete | Structure of the Na,K-ATPase Regulatory Protein FXYD1 in Micelles[END_REF].

Analysis of a number of parameters (chemical shift, couplings, residual dipole couplings and nuclear overhauser effects) can offer information not only on the polypepetidic sequence, but also the nature of its three-dimensional organisation; torsion angles, interatomic distances and information on hydrogen bonding. A three-dimensional model can then be constructed, in compliance with these structural constraints.

One of the primary advantages of NMR study is that it is able to provide dynamic information, on conformational changes and ligand binding, all within a hydrated, lipid bilayer, mimicking the physiological environment of a membrane protein [START_REF] Opella | Applications of NMR to membrane proteins[END_REF].

Reconstruction into micelles, bicelles and nanodiscs is possible for NMR studies [START_REF] Liang | NMR as a tool to investigate the structure, dynamics and function of membrane proteins[END_REF]. However, structural determination by NMR is usually reserved for smaller proteins, with an upper limit of approximately 40 kDa [START_REF] Kaptein | NMR studies of membrane proteins[END_REF]. This is due to the complex spectra resulting from large structures, which require extensive isotopic labelling strategies. This smaller size limit, however, represents a niche for structures which are commonly inaccessible via single particle cryo-EM and crystallography.

X-ray crystallography

X-ray crystallography has traditionally been the method of choice for protein structure determination, allowing an atomic level resolution when at its most effective. Using ordered three-dimensional crystal arrays of the protein of interest, incident X-rays are diffracted to produce an electron density map, from which a three-dimensional structure can be reconstructed. A wealth of protein structures have been resolved by X-ray crystallography, and it remains the most frequently employed technique for membrane proteins [START_REF] Birch | The fine art of integral membrane protein crystallisation[END_REF].

However, it is reliant on the production of high quality, ordered crystals for optimal diffraction, and crystallogenesis is frequently the bottleneck of this process, particularly for membrane proteins where finding the correct crystallisation conditions is usually considered an empirical procedure [START_REF] Mcpherson | Introduction to protein crystallization[END_REF]. A number of inherent disadvantages come with the use of crystals for structural determination. For one, these ordered arrays of protein molecules represent a sole protein conformation; dynamic information is lost, as is conformational variety, as samples are required to be as homogeneous as possible. Moreover, the crystal lattice environment in which the protein resides is far removed from its physiological surroundings, a factor which may have implications for the conformation adopted by the protein. In addition to this, the formation of crystals is usually dependent on the use of detergents, which, again, have a limited similarity to the native membrane environment, although crystallisation techniques such as the lipidic cubic phase method present a solution to this [START_REF] Zha | Lipid Cubic Phase for Membrane Protein X-ray Crystallography[END_REF].

Finally, as discussed in section 2.1.2, serious questions can be raised by the use of protein constructs heavily modified to give homogeneous samples for crystallogenesis -to what extent do these modifications alter the conformation adopted by the protein, and induce artefactual features?

Single particle cryo-EM

A complementary technique to X-ray crystallography is that of single particle cryo-EM, which This variant of cryo-EM presents a number of advantages over crystallography, in that no crystals are required, and it is much less reliant on sample homogeneity; if a number of conformations are present, these can be identified and separated into different clusters. This characteristic also presents the attractive possibility of extracting dynamic information from samples regarding conformational changes [START_REF] Fernandez-Leiro | Unravelling biological macromolecules with cryoelectron microscopy[END_REF]. Cryo-EM is also compatible with reconstitution techniques such as nanodiscs and amphipols, providing a more native-like environment in which the protein is imaged. However, the technique suffers from poor signal:noise ratio, especially when detergents are employed. This produces a size limitation, whereby proteins of small molecular weight are very difficult to image. The smallest protein to date to be imaged by cryo-EM is haemoglobin (64 kDa) at a resolution of 3.2 Å.

Several recent technological advances have extended the possibilities of this technique,

rendering it now equivalent to crystallography. Direct electron detectors have increased the sensitivity of data acquisition, and beam-induced motion, which previously caused blurry images, is now correctable thanks to newly developed tools. [START_REF] Bai | How cryo-EM is revolutionizing structural biology[END_REF][START_REF] Cheng | Single-Particle Cryo-EM at Crystallographic Resolution[END_REF][START_REF] Murata | Cryo-electron microscopy for structural analysis of dynamic biological macromolecules[END_REF]. In addition, recently developed powerful algorithms facilitate the image processing steps, making it possible to distinguish single particles with even minor conformational differences. These advances are at the origin of the cryo-EM revolution, which is now seeing structures emerge at resolutions to rival crystallography. A number of ion channel examples exist at varying resolutions, amongst them TRPV1, Piezo 1, 5-HT3A and P2X7 [START_REF] Basak | Cryo-EM structure of 5-HT 3A receptor in its resting conformation[END_REF][START_REF] Gao | TRPV1 structures in nanodiscs reveal mechanisms of ligand and lipid action[END_REF][START_REF] Guo | Structure-based membrane dome mechanism for Piezo mechanosensitivity[END_REF]McCarthy et al., 2019). 

Comparative analysis of the different methods
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Global considerations

The key consideration to be kept in mind throughout the structural determination process is whether the chosen methodology is appropriate for gaining a structural insight into the protein in its physiological state. If the sample is prepared in such a way as to adopt a non-native conformation or present artefactual features, the resulting structure will be of limited physiological relevance. Ideally, conditions would be kept as close to those found physiologically, and tests showing that functionality remains closely comparable to that of the wild type are generally a good indicator of native-like structures. Equally, these threedimensional structures should be interpreted in a critical manner, and as such they are often interpreted in combination with molecular modelling and biochemical experiments, which offer the opportunity for structural refinement.

Structural studies of P2X receptors

In the specific case of P2X receptors, a number of structures have been resolved over the past decade. These structures and the key insights they have provided are discussed below.

Structures obtained by X-ray crystallography zfP2X4 apo resting state structure (2009)

The first insight intro P2X receptor structure was provided in 2009, by the Gouaux group, who resolved the structure of zebrafish P2X4 (zfP2X4) in the apo, resting state (Kawate et al., 2009). This landmark structure allowed the confirmation of the global receptor architecture, as well as its trimeric organisation. Secondary structure motifs of the monomer were resolved, delineating a number of subdomains, the organisation of which can be compared to a leaping dolphin (Figure 34). Three years later, the Gouaux group resolved further structures of zfP2X4, this time at higher resolution, and in the ATP-bound open state as well as the apo resting state (Hattori and Gouaux, 2012). The resolution of ATP nestled in its interfacial binding site revealed that it adopts an unusual U-shaped conformation and confirmed precise interactions between key residues, many of which had been previously identified by mutagenesis scanning studies (Chataigneau et al., 2013) Construct: ΔN27/ΔC24, point mutations N78K/N187R to eliminate two glycosylation sites.

Reconstitution: detergent solubilised (DDM)

Functional properties: ATP binding, similar gating properties (according to two electrode voltage clamp experiments)

Resolution: 2.8 -2.9 Å amP2X 
The first structure of an invertebrate P2X receptor, amP2X of the Gulf Coast tick Amblyomma maculatum was determined in 2016 [START_REF] Kasuya | Structural Insights into Divalent Cation Modulations of ATP-Gated P2X Receptor Channels[END_REF]. Key structural details regarding two a b divalent metal binding sites in the extracellular domains were revealed: site M1, a Zn 2+ potentiation site, and M2, an Mg 2+ site coupled with the ATP binding pocket which may contribute to regulation of ATP binding. of the desensitised state (Mansoor et al., 2016).

Several differences present between hP2X3 and zfP2X4 were revealed, the most interesting of which being an unexpected transition of secondary structure in the TM2 domain, from an αhelix to a 310 helix around the residues G333-V334-G335, producing an elongation of 4.4 Å.

This reverts to its original α-helical form upon desensitisation. This structure has therefore provided the first glimpses into molecular motions involved in desensitisation. In quick succession, the structure of chicken P2X7 (ckP2X7) in complex with its competitive antagonist, TNP-ATP [START_REF] Kasuya | Structural insights into the competitive inhibition of the ATP-gated P2X receptor channel[END_REF] was also resolved by X-ray crystallography. This structure allowed an insight into the mechanism of this antagonism, notably that the antagonist acts as a "wedge", thus preventing complete activation of the receptor following ATP-binding.

It should be noted, however, that the construct employed is electrophysiologically inactive. Construct: ΔN27 ΔC214, point mutation N190 to eliminate a glycosylation point (replacement residue unspecified).

Reconstitution: detergent solubilised (DDM)

Functional properties: TNP-ATP binding retained; gating activity abolished

Resolution: 3.1 Å

Limitations of the crystallographic structures

The resolution of these P2X receptor structures are undoubtedly major breakthroughs, contributing to important advances in the field by providing insights into the molecular mechanisms behind P2X receptor activity. In addition, they have provided the structural basis for a wealth of biochemical and electrophysiological studies.

There remain, however, limitations to their use, largely based on the number of modifications that have been carried out to enable crystallogenesis. A pertinent example of this is the presence of large crevices in the transmembrane region of the ATP-bound open zfP2X4 structure. Located within the phospholipid bilayer, these crevices are surprising as they would indicate a lack of intersubunit interactions, an unstable and thus unlikely scenario. Moreover, molecular dynamic simulations have shown that lipids would be able to diffuse via these crevices into the ion permeation pathway, an event incompatible with ion conduction in the open state (Heymann et al., 2013). Experimental approaches, one of which was carried out in our laboratory, have indicated that the intersubunit distances in the open state are in fact significantly smaller than observed in the crystallographic structure (Habermacher et al., 2016;Heymann et al., 2013). The fidelity of these crystallographic structures to the native receptor in its physiological state cannot, therefore, necessarily be considered as absolute. Table 7 Recapitulative table of all resolved P2X receptor structures. (Hattori and Gouaux, 2012;Karasawa and Kawate, 2016;[START_REF] Kasuya | Structural insights into the competitive inhibition of the ATP-gated P2X receptor channel[END_REF][START_REF] Kasuya | Structural Insights into Divalent Cation Modulations of ATP-Gated P2X Receptor Channels[END_REF]Kawate et al., 2009;Mansoor et al., 2016;McCarthy et al., 2019) 

OBJECTIVES AND STRATEGY

Objectives

At the beginning of this project, the only P2X receptor structures available were those of truncated zfP2X4. No structure of P2X7 had been resolved, and the technique of cryo-EM had yet to be employed for P2X receptors. The initial objective was, therefore, to work towards the resolution of the full-length structure of human P2X7 (hP2X7) using the technique of cryo-EM.

Given the implication of P2X7 in numerous human pathologies, the human orthologue was chosen for this project, in the knowledge that a structure of hP2X7 would be of particular value for exploitation in therapeutic research. We also aimed to use a reconstitution technique which would allow us to mimic the native membrane environment as much as possible: nanodiscs.

General strategy

The long-term strategy for this project comprises several steps:

(i) Construct generation: addition of an octahistidine (8His) affinity tag to the N-terminus of hP2X7 in preparation for downstream purification, connected by a covalent, flexible linker sequence. If this 8His tag proves to be an effective means of purification, the linker sequence may be replaced by a cleavable sequence. (iii) Protein production using the baculovirus/Sf9 insect cell system: carried out at the Baculovirus Platform (IGBMC, Illkirch Graffenstaden, France). We have chosen this expression system following its successful implementation in the resolution of previous
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P2X structures. To be optimised is the exact bacmid clone employed, as well as the viral titer, which will be assessed by expression tests.

(iv) Isolation, purification and reconstitution of hP2X7-8His: membrane isolation using detergent is to be optimised, and purification is to be carried out via IMAC using Co 2+

TALON® resin. Reconstitution into nanodiscs is also envisaged.

(v) Cryo-EM tests: monodispersity of trimeric P2X7 is to be verified by Dynamic Light Scattering (DLS), and eventually preliminary cryo-EM image tests are to be carried out.

EXPERIMENTAL SECTION Molecular biology

For S. frugiperda expression, the generation of a DNA fragment containing the gene coding for octahis tagged hP2X7 (hP2X7-8His) was carried out by polymerase chain reaction (PCR) using the kit KAPA Robust 2G. This insert was then subcloned into i) pFastBac vector (Bacto-Bac kit, Invitrogen) for bacmid preparation and ii) pcDNA3. The non-tagged hP2X7 gene, as used for electrophysiologal recordings, is contained within a pIRES vector, which features the same CMV promotor as pcDNA3.1(+).

For bacmid preparation, the Bac-to-Bac guide was followed. Briefly, the pFastBac vector containing the desired hP2X7-8-His construct is transformed by chemical transformation into DH10Bac E.Coli and cultured on solid LB medium containing 50 μg/mL kanamycin, 7 μg/mL gentamicin, 10 μg/mL tetracycline, 80 μg/mL X-gal and 40 μg/mL IPTG to select for transformants. After 48h, white colonies were selected and re-streaked on fresh plates. Once the white phenotype had been confirmed on this secondary solid culture, a 5 mL solution culture is started, overnight at 37°C, using the same antibiotic selection. Cells are resuspended in 15 mM Tris HCl pH 8.0, 10 mM EDTA, 100 μg/mL RNaseA and lysed for 5 minutes upon addition of 200 mM NaOH and 1% SDS. 3 M potassium acetate pH 5.5 is then added and cells incubated for 5 minutes on ice to terminate the lysis. Bacmid DNA is precipitated by isopropanol, and left on ice for 30 minutes before centrifugation. After washing with 70 % ethanol, the bacmid DNA is resuspended in TES buffer. Verification that the desired insert has been successfully transposed is carried out by PCR analysis of the T7 integration cassette.

Bacmids exhibiting a band corresponding to the expected molecular weight of the insertcontaining T7 integration cassette were then provided to the baculovirus platform (IGBMC, Illkirch Graffenstaden) and a stock was kept in 40% glycerol at -80°C for future use.

Expression tests: Sf9 membrane fraction isolation, SDS/native PAGE and Western Blot analysis Sf9 cells are pelleted at 1000xg and gently washed with PBS/1 % glycerol, before resuspension in PBS containing 0.5 μg/mL leupeptin, 2 μg/mL aprotinin, 0.5 μg/mL pepstatin A and 0.5 mM phenylmethylsulfonyl fluoride (all Sigma Aldrich). For small scale expression tests, the totality of cells was directly used. For the large scale 2L Sf9 production, aliquots of cells were snap frozen in liquid nitrogen and stocked at -80% for future use.

For isolation of membrane proteins, cells are broken by a series of sonications whilst on ice.

After centrifugation at 2000 rpm, the membrane-containing supernatant is separated and recentrifuged at 10,500 rpm at 4°C and the pellets, corresponding to the cell membrane fraction, are re-solubilised in either a DDM-based buffer, or, a Triton-X-100-based buffer, (referred to as Triton-X) according to the experiment, and left on vortex at 4°C overnight. The composition of the DDM-based buffer is: 40 mM DDM, 15 % glycerol in TBS (50 mM Tris pH 8.0, 150 mM NaCl) (according to the protocol of (Kawate et al., 2009)). The composition of the Triton-Xbased buffer is: 2% Triton-X in PBS pH 7.4 (in agreement with the protocol of (Karasawa and Kawate, 2016)). All reagents were sourced from Sigma Aldrich.

For SDS PAGE analysis, the solubilised membrane fractions are then mixed with NuPage LDS sample buffer (Thermo Fischer), 70 mM DTT and boiled for 10 minutes. Samples are loaded onto 4-15% Mini Protean TGX precast gels (BioRad) and migrated in tris/glycine/SDS running buffer (BioRad) at 150 mV. Transfer onto nitrocellulose membrane using the TransBlot Turbo system (BioRad) and the membrane blocked in TPBS (PBS containing 1 % dried non-fat mik, 0.5 % BSA, 0.05 % Tween-20) for 30 minutes. The membrane is incubated overnight at 4°C

with anti-polyhistidine antibody (produced in mouse) dilution 1:3000 in TPBS. After three washes with TPBS, the membrane is incubated with HRP-conjugated sheep@mouse antibody dilution 1:10,000 in TPBS for two hours at room temperature (both antibodies Sigma Aldrich).

Three further washes with TPBS were carried out before revelation using Amersham ECL Prime Western Blotting Detection Reagent (GE Life Sciences). Chemiluminescence was measured using the Amersham Imager 600.

For native PAGE analysis, samples were mixed with 62.5 mM Tris-HCl pH 6.8, 40% glycerol, 0.01% bromophenol blue, loaded onto 4-15% Mini Protean TGX, and migrated in tris/glycine buffer (BioRad). Membrane transfer and revelation is carried out as described above.

RESULTS

Generation of hP2X7-8His constructs and functionality test

To verify that the addition of an 8His tag to the N-terminal of hP2X7 did not render the receptor non-functional, whole cell currents were recorded of the hP2X7 wild type (WT) receptor and the hP2X7-8His construct expressed in HEK293T cells. hP2X7-8His exhibited currents similar to that observed in the WT receptor, confirming that the presence of this tag does not prevent receptor function. Receptor constructs are expressed in HEK293T cells and the concentration of ATP used to evoke hP2X7 currents is 3mM.

Sf9/Baculovirus system expression tests

In the first instance, 9 bacmid clones were used for production of virus particles and Sf9 cell infection (transfection and infection carried out by the baculovirus platform, IGBMC). Small scale (1,5 mL) preparations of Sf9 cells infected by virus originating from these 9 clones were subsequently tested for expression of the desired hP2X7-8His protein, by isolating and solubilising the membranes in Triton-X based solubilisation buffer, followed by SDS-PAGE migration and Western Blot.

5 of the clones resulted in an expression, albeit very weak, determined by the presence of a band at 70 kDa, corresponding to the hP2X7-8His monomer. have been employed for membrane protein solubilisation. Therefore, an initial test to compare these two detergents was carried out, using 100 mL of Sf9 culture. In parallel, a secondary assay was carried out in which these samples were either prepared for SDS PAGE under normal conditions, or, without boiling prior to loading. Heating of protein sample, especially in the case of membrane proteins, is known to be a potential cause of aggregation [START_REF] Karginov | A simple enrichment procedure improves detection of membrane proteins by immunoblotting[END_REF][START_REF] Lee | Thermal aggregation of SARS-CoV membrane protein[END_REF] and therefore this secondary assay was performed in order to determine whether aggregation such as that observed in Figure 44 occurs in fact during this preparative boiling step, and not during solubilisation.

Pfu/cell 1 5 10

[protein] mg/mL 1.66 1.47 1.41 As can be observed in Figure 45, samples which are heated prior to loading contain fewer polymeric forms and high molecular weight aggregates resistant to denaturing conditions than sample which are heat-treated. Therefore, any aggregation observed is not due to the preparation of SDS-PAGE samples, but instead a feature resulting from the membrane extraction and solubilisation process. Concerning the two detergents tested, solubilisation with

Triton-X appears to result in the presence of aggregates even in denaturing conditions (lane three, smeared band >250 kDa), which is not observed in DDM-based solubilisation buffer. In Figure 45, diluted samples have been loaded onto gel for greater clarity. DDM-based buffers may therefore present a more suitable choice for solubilisation of full length hP2X7, in contrast to the Triton-X solubilisation carried out in the purification of truncated pdP2X7.

P. pastoris expression tests

In parallel, the use of P. pastoris as an expression system for hP2X7 has been explored, as, to the best of our knowledge, purification of P2X receptors expressed in yeast expression systems has not yet been explored in the literature and may present an underexploited option.

Vectors containing the gene for a C-terminal 10His tagged hP2X7, was transformed into P.

pastoris and cultured on solid medium in the Wagner group (ESBS) for preliminary tests. From this solid culture, a "Yeastern" blot was carried out, to determine whether the construct is expressed. Whilst a generally low signal was observed, Yeastern blot indicated that this Ctagged construct is expressed in P. pastoris (Figure 46a). Subsequent Western Blot of the Aggregation has previously been noted as a problematic characteristic for wild-type P2X

receptor purification, as for many membrane proteins. The Gouaux group have demonstrated that upon solubilisation in common detergents, including DDM, rP2X4 either dissociates into its monomeric form, or, upon cross-linking, forms high molecular weight aggregates. An example in the literature also shows that hP2X5 isolated in digitonin, although predominately present as a trimer, also exhibits a certain proportion of aggregates in native conditions [START_REF] Duckwitz | P2X5 Subunit Assembly Requires Scaffolding by the Second Transmembrane Domain and a Conserved Aspartate[END_REF].

For P2X7, the truncated pdP2X7 structure resolved by Karasawa et al is apparently stable as a trimer in 2% Triton-X solubilisation buffer. In our brief assays, solubilisation of hP2X7-8-His with Triton-X resulted in the presence of aggregates in native conditions, as well as, to varying extents, in denaturing conditions. The presence of the C-cys anchor and the ballast, which are absent in the pdP2X7 structure, therefore likely have an important influence over the receptor's biochemical behaviour. Given the extensive secondary structure of the large ballast region with its numerous intersubunit interactions, disruption and unfolding of this domain during membrane isolation and solubilisation could feasibly result in aggregation behaviour so as to limit unfavourable solvent-protein interactions.

An additional consideration is that P2X7 has an extensive range of protein partners and lipid interactions [START_REF] Kopp | P2X7 Interactions and Signaling -Making Head or Tail of It[END_REF]. These interactions, which serve a wide range of functional purposes, may also have structural importance, contributing to the stability of the global P2X7 architecture. Disruption of such interactions with detergent would therefore also represent a possible source of aggregation. Indeed, in the Mansoor group's recent study resolving the structure of rP2X7, HEK293 membranes expressing rP2X7 were solubilised in DDM-based buffer of the same composition as that described above, but with a supplement of 8 mM cholesteryl hemisuccinate tris salt (CHS). HEK293T membranes exhibit a cholesterol:phospholipid ratio of approximately 0.23 W/W [START_REF] Dawaliby | Phosphatidylethanolamine Is a Key Regulator of Membrane Fluidity in Eukaryotic Cells[END_REF]. The ratio of CHS:DDM employed by the Mansoor group is also equivalent to 0.23 W/W, thus mimicking the lipidic compositions of the HEK293 expression system. It may be therefore, that the addition of cholesterol, a known P2X7 modulator which interacts directly with the channel itself (Karasawa et al., 2017;Murrell-Lagnado, 2017;Robinson et al., 2014), allows for the structural maintenance of P2X7 throughout the solubilisation process.

Concerning the possibility of using yeast systems to express P2X7 for structural studies, the tests carried out with the Wagner group show that P. pastoris may be an option for large scale production of hP2X7-10His. Although these remain preliminary tests, the ease with which yeast systems can be handled offers the opportunity to test a number of expression and extraction conditions in a rapid and efficient manner, and as such this initial demonstration of hP2X7-10His expression may present a good starting point for optimisation.

For the continuation of this project, a number of other detergents should be explored. DDM appears to be a good starting point, resulting in monomeric bands in denaturing conditions, but should be assessed for its propensity to solubilise intact trimers in native conditions. Taking inspiration from the Mansoor group, supplementing solubilisation buffer with CHS may also present an efficient means of solubilising native-like trimers for hP2X7. Considering that our choice of Sf9 expression system provides membranes with limited cholesterol content,

introducing a cholesterol substitute such as CHS may be of particular importance. Use of the detergent CHAPS, which features a cholesterol-like motif, should also be explored, as well as the MNG class of amphiphilic detergents, which are reported to increase the stability of solubilised membrane proteins, thus reducing aggregation [START_REF] Chae | Maltose-neopentyl glycol (MNG) amphiphiles for solubilization, stabilization and crystallization of membrane proteins[END_REF][START_REF] Cho | Maltose neopentyl glycol-3 (MNG-3) analogues for membrane protein study[END_REF].

Despite the recent resolution of the structure of rP2X7, resolution of hP2X7 still merits research efforts given the considerable functional differences between these two orthologs. For example, they feature differing rates of facilitation, different single channel conductances as well as different pharmacological profiles (Donnelly- [START_REF] Donnelly-Roberts | Mammalian P2X7 receptor pharmacology: comparison of recombinant mouse, rat and human P2X7 receptors[END_REF][START_REF] Nörenberg | Positive allosteric modulation by ivermectin of human but not murine P2X7 receptors[END_REF]Rassendren et al., 1997;Roger et al., 2010a). It would therefore be interesting to explore whether there is a structural basis to these functional variations. Given the importance of lipid composition for the function of P2X7 (Karasawa et al., 2017), another interesting possibility to explore would be the use of reconstitution methods such as nanodiscs, discussed in section 2.2.1, which allow a more faithful reproduction of the native lipid environment. Native nanodiscs, incorporating endogeneous lipids of the HEK293 expression system have been described [START_REF] Mak | Express incorporation of membrane proteins from various human cell types into phospholipid bilayer nanodiscs[END_REF], and one example using the E.Coli bacterial expression system foregoes entirely the use of detergents to produce nanodiscs of a K + channel directly from lysed cells [START_REF] Dörr | Detergent-free isolation, characterization, and functional reconstitution of a tetrameric K+ channel: the power of native nanodiscs[END_REF], although these techniques have been used for functional studies rather than structural. The use of such systems for P2X7 in combination with cryo-EM would offer the interesting possibility to gain an insight into P2X7 structure in its native environment.

Resolution of a P2X7 structure in complex with one of its many protein partners is also a goal which could be realised using cryoEM techniques. This, in conjunction with the many cellular and biochemical approaches already employed to study such interactions, would provide precious insights into the role of P2X7 within multi-protein, complex biological systems.

CHAPTER TWO: USE OF PHOTOISOMERISABLE TOOLS TO PROBE STRUCTURE AND FUNCTION OF P2X7

RECEPTORS

INTRODUCTION

Aside from structural determination, there exist a plethora of techniques which may be employed to gain insight into biological processes at the molecular level. The difficulty comes in studying these biological interactions of interest in a precise manner, without perturbing the entirety of the wider system. Pharmacological methods, whilst of value and extensively used in neurobiology, suffer from a number of limitations. They rely on the diffusion of active compounds to the site of interest, which proves difficult to control both spatially and temporally, and often lack specificity for a unique target, as well as having limited reversibility. The use of light as an alternative stimulus offers the solution to many of these limitations. Light is a stimulus which can be applied with exquisite spatiotemporal control, can be used remotely and non-invasively, and depending on the wavelengths and intensities employed causes limited cell damage. In addition, as the majority of cell types are not intrinsically photosensitive, light can be considered as an orthogonal stimulus, the use of which does not risk triggering other, undesired biological processes. Since the dawn of channelrhodopsin-based optogenetics, a vast number of techniques employing light for the study of neurobiological systems have been developed. In the study of ion channels at the molecular level, as interests us, systems employing synthetic chemical photoswitches are widespread, and can be classed into two categories; one-component systems, as employed in optopharmacology and two-component systems, as employed in optogenetic pharmacology.

Photoswitches for ion channel studies

Chemical photoswitches are defined as molecules featuring a photochromic moiety capable of isomerisation upon the absorption of a photon, which is usually completely reversible (Mourot et al., 2013;[START_REF] Szymański | Reversible Photocontrol of Biological Systems by the Incorporation of Molecular Photoswitches[END_REF]. Applied to ion channels, the goal of their use is to achieve modulation or indeed total control of channel activity in a spatiotemporally precise manner.

This can provide information concerning the downstream effects following activation of the channel in question, as well as conformational and mechanistic insights on the molecular level.

A range of photochromic chemical groups have been used as the basis of biologically-targeted photoswitches; we will focus on the use of azobenzenes.

Azobenzene as a photoswitchable core motif

The most commonly employed photoswitchable motif in the study of biomolecules is the azobenzene moiety, which is able to access two geometrical isomers, and presents a number of advantages [START_REF] Beharry | Azobenzene photoswitches for biomolecules[END_REF]. In the dark at equilibrium, the trans (E) isomer is predominant (present at >99.99%), owing to its greater thermostability of 10-12 kcal/mol. Upon irradiation in the UV region (340 nm for unsubstituted azobenzene), isomerisation to the cis (Z) form is induced (Figure 47). Reversion to the trans form can either be achieved by irradiation in the visible region (450 nm), or by thermal relaxation, although the latter requires several days. Due to a certain level of overlap in the absorption spectra of the isomers, photostationary states exist whereby the cis isomer can be accessed at a maximum of 85%, and the trans isomer at 95%, although this can be modulated by the synthesis of substituted azobenzenes. One of the main advantages of this group is that isomerisation provokes significant changes in the geometry, length and polarity of the molecule. The trans isomer is planar, with a dipole moment of 0 Debye (D). Upon isomerisation to the cis isomer, the phenyl rings are twisted to 55° out of the plane of the N=N azo group, increasing the dipole moment to 3 D and reducing the end-to-end distance by approximately 3.5 Å (measured between the carbons at the para position on each phenyl ring). These drastic changes occur within a matter of picoseconds, which is superior to the timescale of most biological processes, a necessity when probing such events [START_REF] Beharry | Azobenzene photoswitches for biomolecules[END_REF]Mourot et al., 2013;[START_REF] Renner | Azobenzene as Conformational Switch in Model Peptides[END_REF]. In addition to these aforementioned advantages, azobenzenes are photochemically interesting in that they feature high quantum yields, reducing the intensity of irradiation required for efficient use, and are relatively resistant to photobleaching, meaning that they can be used in many cycles of isomerisation [START_REF] Szymański | Reversible Photocontrol of Biological Systems by the Incorporation of Molecular Photoswitches[END_REF]. 

Optopharmacology

Optopharmacology broadly refers to the use of photo-activated compounds to modulate endogenous ion channel activity, and includes techniques such as the use of caged ligands and untethered chemical photoswitches (also known as photochromic ligands or PCLs). The azobenzene motif is particularly present in this latter class, and first came to use in the modulation of the acetylcholine receptor [START_REF] Bartels | Photochromic Activators of the Acetylcholine Receptor[END_REF][START_REF] Lester | Lightactivated drug confirms a mechanism of ion channel blockade[END_REF]. Since then, this principle has been applied to a range of ion channels, including GABAA receptors [START_REF] Stein | Azo-Propofols: Photochromic Potentiators of GABAA Receptors[END_REF][START_REF] Yue | Robust photoregulation of GABA A receptors by allosteric modulation with a propofol analogue[END_REF], ionotropic Glutamate receptors (iGluR) [START_REF] Volgraf | Reversibly Caged Glutamate: A Photochromic Agonist of Ionotropic Glutamate Receptors[END_REF][START_REF] Stawski | A Photochromic Agonist of AMPA Receptors[END_REF], and voltage-gated potassium channels (Kvs). The Kv family in particular has been the target of a wide range of PCLs of differing characteristics, employed in vitro as well as in vivo. The first such example utilised the photoswitch AAQ (Acrylamide Azobenzene Quaternary ammonium, Figure 49a) [START_REF] Fortin | Photochemical control of endogenous ion channels and cellular excitability[END_REF][START_REF] Banghart | Photochromic blockers of voltage-gated potassium channels[END_REF]. This PCL acts by lodging the charged quaternary ammonium (QA) group in the intracellular tetraethylammonium binding site of Kv channels when in the trans configuration, thereby
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Azobenzene-based photoisomerisable molecules blocking the channel and preventing K + efflux. Irradiation at 380 nm evokes isomerisation to the cis isomer, thus resulting in the release of the channel block (Figure 49b andc). Other variants based on the AAQ model have been synthesised, with optimised characteristics. For example, PhENAQ, which features a phenylethylamine group in place of the acrylamide, also functions as a Kv channel blocker, but this time in its less thermodynamically stable cis isomer [START_REF] Mourot | Tuning Photochromic Ion Channel Blockers[END_REF]. Photoswitches whose "active" state is reached in the cis configuration, and which are therefore considered inert when in trans, can be seen as advantageous due to the fact that UV irradiation is only required when wishing to exert the photoswitch's activity and not during inactive, resting periods. This therefore reduces the necessity of long and potentially damaging irradiations. The addition of the electrodonating aryl alkylamino group also presents the advantage of producing a "red-shift" phenomenon in the absorption spectra, enabling isomerisation to occur upon irradiation with blue light (480 nm), and therefore avoiding the use of UV wavelengths and their associated phototoxicity.

Although PCLs, as optically active molecules, benefit from the temporal and spatial precision of light, their use remains hampered by a lack of true specificity. AAQ, for example, acts on eight different subtypes of Kv channels (Mourot et al., 2013). This renders challenging the extraction of precise information on the molecular function of a particular channel, or indeed, This study takes advantage of other channels, namely TRPV1 and P2X7, for cell target specificity. TRPV1 and P2X7 have a common feature in that they exhibit enhanced large molecule permeabilities, and as such, are taken advantage of as molecular conduits to deliver QAQ to the cytosol, where it can be employed as a channel blocker for K + , Na + and Ca 2+ voltage gated channels. This original delivery strategy can either be employed by heterologously expressing these conduit channels in a desired cell type, or, by employing QAQ on cell types were endogenous expression of such channels is particularly high. This latter strategy has been demonstrated by using QAQ in co-application with capsaicin, a TRPV1 agonist, to selectively photosensitise mouse nociceptive neurons, where TRPV1 is particularly abundant. For these reasons, the use of optogenetic pharmacological methods, whereby the power and specificity of genetic manipulation is combined with the spatiotemporal control of photoswitchable ligands, can offer an attractive alternative strategy.

Optogenetic pharmacology

Optogenetic pharmacology describes the use of chemical photoswitches in conjunction with genetic modification to achieve photosensitivity of target receptors and ion channels in a precise and fully specific manner. These systems require the rational design, therefore, of two components: the photoswitch responsible for conferring light sensitivity and a geneticallyintroduced tethering point, typically a cysteine residue, to which this photoswitch will be covalently attached on the channel of interest. The underlying principle of this photoswitchable tethered ligand (PTL) technique, is that the photoswitch is covalently attached to a specific channel, at a specific, genetically-engineered point which is in spatial proximity to a site of ligand action, whether this be agonistic, antagonistic, allosterically modulating or a pore blocking site. Photoisomerisation of the PTL occurs in such a way as to present the ligand at its target site or indeed to withdraw it, thus modulating channel activity. The PTL must therefore comprise a tripartite structure: a moiety responsible for tethering to a genetically-introduced cysteine residue in the channel (typically a maleimide), the central photoisomerisable azobenzene group conferring light sensitivity, and an extremity featuring the desired ligand.

The first example of a PTL system applied to an ion channel is that of so-called "SPARK" channels: synthetic photoisomerizable azobenzene-regulated K + channels, specifically the Drosophilia Shaker channel [START_REF] Banghart | Light-activated ion channels for remote control of neuronal firing[END_REF][START_REF] Chambers | Light-Induced Depolarization of Neurons Using a Modified Shaker K+ Channel and a Molecular Photoswitch[END_REF]. Guided by structural data and previous cysteine scanning experiments, the exact position of the genetically-introduced cysteine tether point and the chemical structure of the photoswitch (MAQ, Figure 51a) were designed in such a way that when in the trans isomeric form, the PTL is of sufficient length to present the QA moiety to a pore-lining TEA binding site, thus creating a block to K + efflux, whilst upon UV-induced photoisomerisation to the cis configuration, the PTL effectively shortens, releasing this blocking effect. This was demonstrated in X. laevis oocytes transfected with the mutant Shaker channel and incubated with MAQ, as well as in cultured hippocampal neurons, where exposure to UV light silenced spontaneous action potential firing (Figure 51c andd). PTL strategies have since been extended to mammalian K + channels [START_REF] Fortin | Optogenetic photochemical control of designer K+ channels in mammalian neurons[END_REF][START_REF] Sandoz | Optical Control of Endogenous Proteins with a Photoswitchable Conditional Subunit Reveals a Role for TREK1 in GABAB Signaling[END_REF], as well as to a number of ligand-gated ion channels, including nAchRs (agonistic and antagonist PTLs) (Tochitsky et al., 2012), all 6

GABAA receptor isoforms [START_REF] Lin | A Comprehensive Optogenetic Pharmacology Toolkit for In Vivo Control of GABA(A) Receptors and Synaptic Inhibition[END_REF], and iGluRs [START_REF] Gorostiza | Mechanisms of photoswitch conjugation and light activation of an ionotropic glutamate receptor[END_REF][START_REF] Janovjak | A light-gated, potassiumselective glutamate receptor for the optical inhibition of neuronal firing[END_REF][START_REF] Numano | Nanosculpting reversed wavelength sensitivity into a photoswitchable iGluR[END_REF][START_REF] Szobota | Remote Control of Neuronal Activity with a Light-Gated Glutamate Receptor[END_REF]Volgraf et al., 2006). A number of these examples have also been applied in vivo: iGluR PTL systems have been employed to study neuronal circuitry in zebrafish larvae [START_REF] Szobota | Remote Control of Neuronal Activity with a Light-Gated Glutamate Receptor[END_REF] as well as to counteract inherited blindness in rodent models [START_REF] Caporale | LiGluR Restores Visual Responses in Rodent Models of Inherited Blindness[END_REF], whilst the GABAA PTL system of Lin et al has been applied to control sensory responses in mice [START_REF] Lin | A Comprehensive Optogenetic Pharmacology Toolkit for In Vivo Control of GABA(A) Receptors and Synaptic Inhibition[END_REF].

The high degree of specificity achieved by this technique, however, comes with the drawbacks of genetic manipulation: in ex-or in vivo studies, over-expression of the mutant channels required for the PTL strategy may be inefficient, non-uniform, and even disruptive to the normal physiological functioning of the tissues involved [START_REF] Allen | Principles of designing interpretable optogenetic behavior experiments[END_REF], whilst for in vitro molecularlevel experiments, care should be taken in considering whether the presence of the cysteine mutation and use of a PTL for channel manipulation furnish physiologically relevant molecular information. These concerns have been addressed in part in the literature by the example of a hybrid approach using targeted covalent photoswitches (TCPs), whereby the photoswitch features an electrophilic group for covalent tethering to endogenous lysine residues present in a specific channel target to which it is guided by affinity labelling [START_REF] Izquierdo-Serra | Optical control of endogenous receptors and cellular excitability using targeted covalent photoswitches[END_REF]. The opto(genetic) pharmacological techniques described above, although requiring a careful design and optimisation, offer the possibility to study neurobiological systems and the individual receptor channels involved in heightened spatiotemporal precision and selectivity.

For this reason, several new technologies inspired by these principles have been developed

for the study of P2X receptors.

Optogenetic pharmacological tools for P2X receptors

Despite the significant advances provided by the structural determination of P2X receptors in a number of their allosteric states, these structures do not allow a comprehensive understanding of their different functionalities and the molecular mechanisms behind them.

Whilst comparison of structures in different allosteric states may give insights as to the molecular motions involved in the transitions between such states, they remain fixed, nondynamic "snapshots" and as such cannot be considered to convey a full picture. As we have discussed in chapter one, there are also a number of inherent limitations to the interpretation of these structures. Other complementary approaches are therefore required to gain a full understanding of P2X receptor structure and function. As P2X receptors suffer from a lack of specific, pharmacological tools, the use of optogenetic-based techniques and photoisomerisable molecules presents an attractive alternative.

Two such optogenetic tools have been developed for use with P2X receptors in our laboratory:

the optogating system (Lemoine et al., 2013) and the optotweezers method (Habermacher et al., 2016). A similar technique to this latter method has also been published by the North group, in the context of P2X2, P2X3, P2X2/3 and ASIC channels (Browne et al., 2014). These techniques have been developed with a dual purpose in mind. Not only does the specific, optical modulation of P2X receptors provide the opportunity to delineate their roles in physiological and pathophysiological states, but the use of photoisomerisable tools also allows for a precise structural and mechanistic exploration of P2X receptors at the molecular level.

Both of these strategies have been put into practice using the rP2X2-3T receptor; a mutant receptor with properties similar to the wild type, carrying three mutations to convert endogenous, extracellularly located cysteine residues, which are not engaged in disulphide bridges, to isosteric threonine.

Optogating: MEA-TMA

The first of these strategies employs a photoswitch inspired by the structure of MAQ, named MEA-TMA (Figure 52). Highlighted in blue is the maleimide tethering group, in green the azobenzene moiety and in red the cationic quaternary ammonium group.

Contrary to the PTL strategies discussed above, this technique allows optical manipulation of P2X2 not by the insertion and withdrawal of a specific ligand from its binding site, but by targeted manipulation of the transmembrane domains, regions which have been shown to be of critical importance to the gating process (Jiang et al., 2001;Li et al., 2008;Rassendren et al., 1997). Tethering the photoswitch to different TM positions imparts either cis or transopening characteristics, producing a P2X channel which is fully controllable by light, in total absence of ATP (Figure 53a andb). This strategy has been named optogating. In addition, when bound to the channel, MEA-TMA exhibits bistable behaviour, meaning that it remains in its last tuned state for a period of time even when irradiation is ceased. This is a particularly attractive characteristic of the system, as it circumvents the need for long and potentially harmful irradiations. In parallel, a secondary light-modulated behaviour is observed using MEA-TMA, operating through an independent mechanism. This phenomenon, named the optoblock, occurs in the presence of ATP, whereby MEA-TMA acts as a modulator of the open channel. Depending on the tethering position, the inwards current is blocked either by irradiation with UV or visible light, producing trans-and cis-blockers (Figure 53c). Upon isomerisation, the MEA-TMA photoswitch is likely placed in line of the ion permeation pathway, thus presenting a steric and/or electrostatic block to conduction.

Although the precise molecular mechanism of optogating is not fully resolved, previous work has indicated that it is likely due to the disruption of inter and/or intrasubunit interactions between the TM helices, which in turn invokes an opening of the channel. In terms of stoichiometry, the attachment of three MEA-TMA molecules is required for optogating, whilst the optoblock is observable with the attachment of just one molecule, but is amplified by the presence of a second and third (thesis work of Dr. Chloé Habermacher and Dr. Juline Beudez).

Whilst the properties of optogated P2X2 channels remain largely similar to those of the wildtype, some differences are observed, namely a 5-fold reduced Ca 2+ permeability, and lengthened gating kinetics compared to those observed with endogenous ATP responses. In addition, photoinduced openings remain stable thanks to the bistable nature of bound MEA-TMA, contrary to wild-type P2X2 which desensitises over the course of ATP-evoked openings. 

Optotweezers: MAM

The second strategy retains this concept of channel manipulation from within the transmembrane regions, this time using an original "optotweezers" device. Previous work has

shown the utility of these photoisomerisable crosslinkers for probing of peptidic and DNA secondary structures [START_REF] Beharry | Azobenzene photoswitches for biomolecules[END_REF], and application to P2X2R demonstrates the possibility to extend this manner of structural and functional exploration to ion channels.

The photoswitch employed is named MAM, to reflect its structure comprising a central azobenzene moiety, linked by spacer arms on each side to maleimide groups (Figure 54a).

The presence of two maleimides enables tethering of the photoswitch on both sides, creating a sort of molecular tweezers, the extremities of which can be brought closer together or farther apart upon isomerisation of the central azobenzene with different wavelengths of light. subunits. This motion is probed using mutant receptors carrying two cysteine mutations per subunit, allowing a crosslinking between the upper and lower ends of adjacent TM2 helices.

The positions producing the most robust light-gated currents were I328C and I328C/S345C for horizontal and vertical cross-linking respectively. Regarding the physiological pertinence of this light-induced gating, key biophysical properties were assessed and found to be largely similar to that of ATP-gating. Activation kinetics were close to that of the wild-type, and for the horizontally crosslink experiments, a rapid inactivation of channel activity occurred once irradiation was ceased, reminiscent of the desensitisation undergone by wild-type P2X2 channels. Permeabilities remained broadly similar, with the exception of a slight decrease in the Ca 2+ permeability (1.5-fold) (Habermacher et al., 2016).

These biophysical similarities indicate therefore that the optotweezers strategy appears to produce light-induced openings closer to those produced by ATP than the optogating method.

The fact that several cysteine mutations produced cross-linked receptors (assessed by SDS-PAGE), but not photoregulated currents would suggest that only positions where physiological gating elements are at play can be manipulated by MAM, and that the openings produced are therefore not the result of forced, non-natural motions (Harkat et al., 2017). The optotweezers strategy therefore presents a complementary approach to optogating, not only allowing the specific optical control of channel opening and closing, but also the opportunity to probe precise molecular movements and distances involved in allosteric conformational state transitions. This has been demonstrated in two publications, one of which focuses on the molecular movements behind the gating process mentioned above (Habermacher et al., 2016), and the second of which dissects the controversial permeation of large organic cations through the P2X2 pore (Harkat et al., 2017).

The former study has also employed MAM as a molecular ruler, taking advantage of the defined end-to-end lengths in the channel-bound MAM trans and cis geometries to measure distances between particular residues. This approach, which combined crosslinking experiments and molecular dynamics simulations, allowed a refinement of the crystallographic zfP2X4 structure, demonstrating that the large intersubunit crevices observed (encountered in chapter one, section 4.2), are likely artefactual. 

OBJECTIVES AND STRATEGIES

The demonstration of how these optogenetics-based methods allow not only optical control of P2X2 channels but also elucidation of molecular-level structural and mechanistic details raises the interesting possibility of application to study P2X structure and function in other subtypes and in other contexts. One of the key strengths of these methods is that, unlike classic PTL and PCL strategies, there is no channel-specific ligand involved. The targeting of the TM domains as opposed to a specific binding pocket means that these techniques should, in theory, be extendable to other P2X subtypes, and even to other ion channels. The global goal of the projects described in this chapter, therefore, was to install these new optical technologies for use with P2X7 receptors. Given the unusual structural distinctions of the P2X7 subtype, no structure of which was yet available during this project, in conjunction with its unique functional particularities and wide-ranging pathophysiological roles, the scope for an optically modulated P2X7 channel is unparalleled.

Optogating of P2X7

The first subsection of this project concerns the extension of the optogating method to P2X7.

Following its initial development for use with the rat P2X2 subtype (rP2X2), application of optogating to other P2X subtypes was explored (unpublished work by Dr. Damien Lemoine).

The trans-opener I328C, located within the TM2 domain, had previously been shown as a position which activates the channel when bound to sulfhydryl-reactive cationic MTSET reagent (Rassendren et al., 1997). This position exhibited the most stable and robust optogating, and sequence alignment of the TM2 region of all P2X subtypes shows that this isoleucine residue is conserved amongst the rat subtype variants (Figure 57). 
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Robust optogating was achieved for all homomeric P2X subtypes by tethering at the equivalent position to I328, with the exception of rP2X7 (Figure 58). Given the fact that P2X7 is the least similar in terms of sequence, structure, and arguably also behavioural features, it is perhaps not surprising that tethering at this position, despite its success for other P2X subtypes, is not optimal for P2X7. The goals of this part of the project were therefore the following: Extend the optoblock strategy for the modulation of P2X7 channel activity and explore how this may be exploited to probe P2X7 structure and function.

Extension of optotweezers strategy to P2X7

Having been developed for use with the P2X2 subtype, the optotweezers strategy has not been employed to study other P2X variants. The primary goal in this part of the project was, therefore, to extend the use of MAM optotweezers as a technique for light control of P2X7. The secondary goal of this project, was to explore whether the motions involved in P2X7 gating, to be revealed using the optotweezers, are similar to those already determined to be involved in P2X2 gating.

The thesis work of Dr. Laurie Peverini included the development of a range of MAMs of variable length (MAM-1 -MAM-5), as well as MAMs featuring biphenyl groups to provide a greater extent of rigidity (MAMBP1, MAMBP2), shown in Figure 59. This provides a number of options to test with P2X7, in the event that MAM-3 (which was employed in the previous P2X2 example), is not suitable for light control of P2X7. The projects described in this chapter were explored before the resolution of the rP2X7 structure and therefore were guided by the structures available at the time, zfP2X4.

Apparatus: irradiation-coupled patch clamp electrophysiology

In order to measure light-evoked P2X activity, an adapted patch clamp electrophysiology apparatus, whereby the set-up is coupled to LEDs, is employed. This system allows for irradiations at the required wavelengths of light in conjunction with electrophysiological recordings (Figure 60). HEK293T cells (ATCC) were cultured in Dulbecco's modified Eagle's medium, supplemented with 10% foetal bovine serum, 1x GlutaMax, 100 units/mL penicillin and 100 μg/mL streptomycin (Gibco Life Technologies). Trypsin-treated cells were seeded onto 9-12mm glass coverslips (VWR) in 35mm dishes, pre-treated with poly-L-lysine (Sigma Aldrich). Cells were incubated at 37 °C and in presence of 5% CO2.

Transfections

Transfections were carried out using the calcium phosphate precipitation method. The cDNA encoding rat P2X7 (rP2X7) constructs and enhanced Green Fluorescent Protein construct (eGFP) were contained within pcDNA3.1(+) plasmids (Invitrogen). For electrophysiological experiments, cDNA of rP2X7 constructs (1µg) was co-transfected with that of eGFP (0. Solutions were applied using a perfusion system comprising three capillaries placed above the cell of interest, which are displaced in order to bathe the cell in the desired solution. This is controlled computationally by a Werner Fast Step SF77B system, which ensures displacement of the perfusion capillaries in 5 -10 ms. Cells were voltage clamped at -60 mV using the EPC10 amplifier (HEKA) and recordings carried out using PATCHMASTER (HEKA) software.

Irradiation of cells was carried out using collimated LEDs directly coupled to the microscope (Prizmatix). A UHP-Mic-LED-525 and a UHP-Mic-LED-365 were used, providing an output of 525 nm and 365 nm respectively, and the measured wavelength output intensities were 0.36 mW/mm 2 (for 525 nm) and 2.4 mW/mm 2 (for 365 nm). The switching on and off of the LEDs is controlled by TTL signals generated by the EPC10 amplifier.

Photoswitch labelling

For MEA-TMA labelling, cells were incubated for five minutes in a solution containing 200 µM MEA-TMA in NES containing ATP at a concentration of 125 -300 µM depending on the mutant construct studied. This co-incubation with ATP is based on a protocol previously described, to increase accessibility of pore-located cysteine residues (Li et al., 2008).

For MAM labelling, cells were incubated for 20 minutes in a solution of NES containing 10 µM MAM and ATP at a concentration of 30, 125, or 300 µM (initial exploration of incubation conditions). MAMs were solubilised in DMSO and aliquoted into stock solutions, which upon use were diluted to ensure a final concentration of ≤ 1% DMSO.

Analysis

For electrophysiological data analysis, FitMaster (HEKA Electronics v2x73x1) and Igor Pro (WaveMetrics, v6.32A) were used. Experiments were repeated several times, over at least two independent transfections. For sequence alignments, Clustal Omega (via UniProt) was used.

Figures showing the rP2X7 cryo-EM structure were created with Pymol software, using structures of accession numbers 6U9W and 6U9V. For the rP2X2 receptor, a construct carrying three cysteine-to-threonine mutations was employed, in order to remove free endogenous cysteines (those not engaged in disulphide bridges) with which MEA-TMA may react. rP2X7 contains a large number of free cysteines, which have important implications for proper receptor expression and function [START_REF] Gonnord | Palmitoylation of the P2X7 receptor, an ATP-gated channel, controls its expression and association with lipid rafts[END_REF][START_REF] Kopp | P2X7 Interactions and Signaling -Making Head or Tail of It[END_REF], and it is therefore desirable to limit genetic interference with regard to these residues. Consequently, we carried out an initial control whereby WT rP2X7Rexpressing HEK293T cells were incubated with MEA-TMA and irradiated in the absence and presence of ATP to verify that MEA-TMA does not have an effect on the WT receptor. No optogating was observed, nor was an optoblock influence of irradiation on the ATP-response (Figure 61c). This suggests that MEA-TMA does not tether to endogenous cysteines within rP2X7R, or, if indeed tethered, it exerts no effects on channel activity. We therefore created the series of cysteine mutants on this WT background. In rP2X2R, cis-openers are mainly located at positions between TM1 and TM2 helices of the same subunit (Lemoine et al., 2013). Interestingly, in the closed state, V335 of rP2X7R is located in proximity to the TM1 domain of an adjacent subunit. Although it is difficult to imagine MEA-TMA disrupting intrasubunit TM2-TM1 interactions, it is possible that it is rather the intersubunit TM1 and TM2 interactions which are compromised by isomerisation of MEA-TMA to the cis configuration in rP2X7.

Following these negative optogating results, the modulation of MEA-TMA on ATP-evoked currents in the form of the optoblock was tested (Figure 62a andb). Several positions exhibited a modulation of the ATP response, although, as for V335C optogating, results were not reproducible in every cell. For Y336C, ATP-induced currents were of small magnitude, which rendered the interpretation of possible optoblock effects difficult. This is, however, at odds with the levels of functionality described in the literature for this mutant, where it is reported that Y336C exhibits activity similar to the rP2X7 wild type (Kim et al., 2001), which suggests that the conditions used for this mutant were perhaps not optimal. This same mutant in hP2X7 has a right-shifted ATP dose-response curve, and therefore we may need to repeat these experiments using elevated concentrations of ATP. Three mutants, L333C, V334C and I337C, systematically exhibited robust ATP currents which were unaffected by UV and visible irradiation, indicating that MEA-TMA is likely unable to tether at these positions. Previous work has shown that in hP2X7R, these residues, are also unmodified by MTSEA + , a small and positively charged sulfhydryl-reactive reagent (Pippel et al., 2017). Equally, in rP2X2, MEA-TMA does not exhibit a significant effect at the equivalent positions (Lemoine et al., 2013).

Inspection of the location of these residues in the rP2X7 structure shows that in both the closed and open state, side chains are facing away from the ion pore and towards the lipid bilayer (Figure 62a andc). These observations are therefore consistent with the theory that MEA-TMA, a positively charged reagent of greater molecular weight than MTSEA + , is unable to access and label these residues. Again in contrast to rP2X2 optoblocking, whereby more internally located residues were cis-blockers and externally located pore facing residues were trans blockers, the majority of positions tested in rP2X7R, even those more internally located, are trans-blockers, with the exception of D329C, the most externally located residue, which exhibits a strong cis-blocking effect. This trend, as well as the difficulties encountered in engineering an optogated rP2X7R, underline the subtle differences that must exist between the pore architectures of these two subtypes.

The near-total absence of optogating observed in other mutants, but proof of cysteine accessibility to MEA-TMA by the presence of the optoblock, suggests that the use of these single upper TM2 cysteine mutants is likely not a viable technique for light control of rP2X7.

As such, we decided not to carry out a comprehensive optimisation of the incubation conditions, as the lack of initial promising results suggests that robust optogating would not be achievable even upon optimisation of the MEA-TMA labelling efficiency.

Use of a TM cavity-bordering tyrosine-to-serine mutation to enable P2X7 optogating

Background

In the context of thesis work carried out by Dr. Juline Beudez on the mechanism of MEA-TMA action, a P2X7 receptor carrying the double mutation I331C/Y343S was shown to be controllable by optogating (Figure 63 and Figure 64a). This work concluded that MEA-TMA is likely placed within the hydrophobic transmembrane cavities when in the trans configuration, disturbing interactions between the TM2 helices and resulting in an opening of the channel.

Conversely to P2X2, which features a serine at the equivalent position, in the P2X7 receptor a tyrosine is present at position 343, bordering the transmembrane hydrophobic crevasses. This tyrosine is conserved amongst P2X7 orthologs (Figure 63b). c

The presence of this tyrosine residue, which presents a bulky, aromatic side chain, likely prevents the placement of MEA-TMA between the TM helices, thus preventing optogating from taking place. When replaced by a serine, MEA-TMA would be able to slide efficiently into position to effect channel opening.

The use of this mutant receptor for light-controlled P2X7 channel activity was therefore further explored in the context of the current project.

Characterisation of P2X7 I331C/Y343S mutant optogating

The robustness of optogating using this I331C/Y343S mutant was assessed by recording lightgated currents from MEA-TMA treated cells, and comparing the current density to that produced by stimulation with a saturating concentration of ATP (1mM). As shown in Figure 64b, a current density of -3. In accordance with the single I331C mutant, trans-blocking behaviour was also observed for the I331C/Y343S double mutant, whereby ATP-induced currents were blocked by irradiation at 525 nm, when MEA-TMA is in the trans configuration. This block is released upon UVinduced isomerisation to the cis geometrical isomer (Figure 64c).

In an attempt to increase the magnitude of optogating, which is five-fold less than an endogenous saturating ATP response, we trialled the use of methyl-β-cyclodextrin (MCD), a cholesterol chelating agent, in conjunction with MEA-TMA treatment. Cholesterol, as an inhibitor of P2X7 present in the surrounding plasma membrane, can be chelated and depleted by the use of MCD, causing a dramatic increase in the magnitude of ATP-evoked currents (see chapter three for further details on this topic). We therefore considered whether removing cholesterol inhibition would equally provoke an increase in the magnitude of optogated currents. A number of incubation conditions were tested, with 5 mM MCD being applied either before, after or concomitantly to MEA-TMA treatment, for durations ranging from fifteen minutes to one hour. However, this two-reagent incubation rendered cells fragile and electrophysiological experiments virtually impossible due to instable patches. Only one exploitable patch which exhibited light-gated currents was obtained, from a 15-minute 5mM

MCD incubation at 37°C prior to MEA-TMA treatment, and the current density resulting from optogating was -4.06 pA/pF, comparable to the average current density obtained with cells not having undergone cholesterol depletion. The use of MCD as a strategy to enhance optogated currents is not, therefore, effective.

Following this, optogating was explored in the presence of P2X7 inhibitors, the aim of this being to probe whether light-induced opening of rP2X7 I331C/Y343S mimics that which occurs physiologically. If movements induced by optogating are close to those which occur upon ATPactivation, no channel activity should be detected in the presence of inhibitors. For these tests, we employed inhibitors of varying nature (Figure 65a): AZ10606120 (AZ), a synthetic allosteric inhibitor with almost complete selectivity for P2X7 over other subtypes, which binds to an intersubunit hydrophobic pocket (Karasawa and Kawate, 2016); 4,4'-Diisothiocyano-2,2'stilbenedisulfonic acid (DIDS), a known P2X7 and P2X2 inhibitor, as well as a broad-spectrum inhibitor of chloride channels, and finally tannic acid (TA). Tannic acid is a non-specific chloride channel inhibitor, and is employed in this context as an inhibitor of TMEM16s, a chloride channel protein partner of P2X7 which, when inhibited, transmits this inhibition to P2X7R (see chapter three for further discussion on this subject).

Optogated currents were observed in the presence of AZ, DIDS and TA (Figure 65b), suggesting that optogating of the I331C/Y343S mutant relies on "local" movements, and not global motions taking place across the entirety of the receptor structure, which would be otherwise impeded by these inhibitors. Of the positions enabling optoblocking of rP2X7R, one showed particularly striking modulation of the ATP-evoked current: the cis-blocker D329C. This residue is the most extracellularly located of those tested, and is placed at the very beginning of the TM2 helices. Such a strong modulation may seem surprising for a residue at the extremities of the pore-lining helical domains, but when viewed laterally mapped onto the structure of rP2X7, it can be seen that D329 is in close proximity to the lateral fenestrations (Figure 66). These lateral fenestrations constitute the first portion of the ion permeation pathway, through which ions flow and are subsequently able to transit down the axis of the channel. It is therefore possible that, when in the cis geometrical configuration, MEA-TMA is able to modulate the ATP current by presenting a physical and/or electrostatic block across the lateral fenestration ion entry point. Given the striking optoblock modulation of the D329C mutant, we questioned whether this may be utilised as a tool to investigate P2X7 function. During this PhD, as will be described in further detail in chapter three, we have been particularly interested in the phenomenon of facilitation.

The D329C mutant retains facilitation behaviour (Figure 67), and as such presents an interesting opportunity to probe this process using the optoblock tool. During the initial screening described above, we remarked that the cis-block profile of D329C changed with each subsequent application of ATP, coinciding with facilitation of ATP-evoked currents. We therefore devised a protocol whereby ATP was applied in conjunction with irradiation in the visible region (to "unblock" currents) and in the UV region (to "reblock" currents), shown in Figure 68. An initial brief irradiation in the UV region was carried out to commence the protocol with "blocked" receptors. This produced an ATP-evoked current comprising two components, which we named "I1", the blocked current, and "I2", the block-released current. Over the course of the protocol, these two components evolved in a differing manner; I1 gradually increased in magnitude, reminiscent of a classic facilitation profile, whereas I2 gradually decreased (Figure 68b). These results reveal that two populations of rP2X7 are involved in the facilitation process, which evolve in different manners over the course of facilitation.

2.

Use of MAMs: optotweezers strategy applied to P2X7

The second strategy explored in the context of light controlling rP2X7 was the utilisation of MAMs. Prior to the resolution of the rP2X7 cryo-EM structure, biochemical studies had shown the P2X7 pore to be permeable to nanometer size dyes (Browne et al., 2014), in contrast to rP2X2, whose pore diameter has been approximated to 11 -14 Å (Eickhorst et al., 2002). We therefore decided in the first instance to probe the use of the optotweezers strategy by using MAM-4, as this variant features a second glycine group on one side of the central azobenzene, In contrast to MEA-TMA, the MAM photoswitches do not feature a charged moiety, and as such have an increased hydrophobicity. It is therefore feasible that they are able to pass through the hydrophobic lipid bilayer, and access free cysteines which are found deeper within the pore and in the early cytosolic domains. rP2X7R contains 18 free cysteine residues, located in the N-terminus, TM2 domain and predominantly in the C-terminus. During this project, the structure of rP2X7 had not yet been resolved, and as such the precise spatial organisation of the cysteine residues within the N-and C-terminus was not yet available. We hypothesised that the cysteine residue C350, at the very end of the TM2 domain, was a probable candidate for endogenous MAM-4 tethering. In light of the now-resolved rP2X7 structure, the thiol side chain can be seen to point outwards towards the lipid bilayer, confirming the possibility that MAM-4 may attach at this point, following diffusion through the bilayer.

In addition, the presence of a lower TM2 cysteine is conserved among P2X subtype variants, and is one of the three cysteines residues mutated to threonine in the rP2X2-3T construction.

We therefore created a threonine mutant C350T, and re-tested for photoregulation following MAM-4 treatment. Unfortunately, this construct also exhibited photoregulation, with 45.5% of cells patched exhibiting weak openings in the visible region of approximately -1 pA/pF. The residue C350 may still be involved in MAM-4 tethering, but given that mutating this position to threonine does not eliminate endogenous photoregulation, it is clearly not the sole residue to be involved. Although these openings are of very small amplitude, we cannot be sure of the exact cysteine positions involved in endogenous MAM-4 tethering.

Out of curiosity, we decided to carry out preliminary tests of MAM on genetically introduced cysteine mutants, without carrying out an extensive optimisation. We targeted the position V335C which had previously been the only position of those tested which proved susceptible to light-manipulation in the optogating project. This position exhibited photoregulation with a number of the MAMs (Figure 69c), although, similar to what is observed with WT and C350T mutant, the results were inconsistent and varied from cell to cell, even within the same incubation. Similar to the WT, channel opening is observed when each of the MAMs is in the trans configuration, however, the amplitude of these openings is greater than that observed with the WT and C350T controls, which suggests that openings are indeed produced by tethering to the desired V335C residue. We also briefly tested the mutant I331C/T348C with MAM-4 (Figure 69d), the equivalent to the I328C/S342C mutant used to probe vertical gating motions in rP2X2. In line with the results observed in rP2X2, channel opening occurred following UV irradiation and isomerisation to the cis-isomer, which would suggest the presence of a vertical shortening during the gating process. As with the single mutant, V335C, channel opening was not observed in all cells tested (approximately only 30%), and sporadic transopenings were also recorded. Despite the glimpses of photoregulation observed in these preliminary tests, due to the uncertainty over tethering position, we cannot exploit nor interpret these results any further. This, in addition to the small magnitude of photoregulation as compared to ATP currents, and the inconsistencies encountered surrounding labelling, led us to leave to one side the use of optotweezers as applied to rP2X7.

DISCUSSION AND OUTLOOK

1.

MEA-TMA optogating and optoblock strategies

The use of the MEA-TMA photoswitch on rP2X7R presented mixed results. Regarding the optogating strategy, we have not managed to tailor the use of optogating for light-controlled activity of rP2X7. This may be due to a number of reasons. Firstly, it has been shown in the thesis works of Dr. Chloe Habermacher and Dr. Juline Beudez, by the use of concameters endowed with varying numbers of I328C mutations, that rP2X2 requires tethering of MEA-TMA on all three subunits to effect robust optogating. Equally, the optoblock phenomenon, whilst visible with only one tethered MEA-TMA molecule, is augmented as the number of tethered photoswitches increases. As we are able to observe optoblocking of the ATP response by MEA-TMA tethered at a variety of positions on rP2X7R, we can confirm that labelling does indeed occur, however, the extent of this labelling has not been determined. It could be speculated that, D329C, the most externally-located position, is the most easily accessible for labelling, thus explaining the striking optoblocking effect which is observed at this position but not elsewhere on the TM2-located cysteine mutants. However, the external location of this residue may also be the reason as to why optogating cannot be achieved; MEA-TMA tethered at this position is likely too external to the TM domains, and therefore unable to influence those gating elements located within. Those positions located more internally to the pore may present more effective options; indeed, V335C exhibits a light-induced trans opening, albeit of very weak magnitude. Whilst an optimisation of the labelling conditions could be carried out, in the event that not all three V335C cysteines are labelled by MEA-TMA, we are somewhat limited in the sense that incubations of over five minutes render the cells extremely fragile and electrophysiological recordings very difficult to carry out. The concentration of ATP with which to incubate was briefly tested, but, again, we are somewhat limited by the fact that rP2X7 receptors sensitise upon prolonged ATP exposure, causing a massive influx of cations into the cell, which eventually results in cell membrane blebbing and cell death. In addition, it has previously been shown that G345C, a pore-lining residue located much deeper within the channel, is dramatically covalently modified by MTS-Rhodamine when in the open state (Browne et al., 2013). This is a nanometer-sized MTS dye, larger than MEA-TMA, which renders less likely the theory that inefficient labelling is the origin of the absence of optogating at this position, although it is possible that precise side-chain orientation may have an influence.

The difficulties encountered in optogating rP2X7 underline the presence of structural differences between this subtype and the other members of the P2X family, which all exhibit robust optogated currents (Figure 58). There may be several structural elements behind this, one of which being the bulky tyrosine residue located near the hydrophobic crevasses, Y343.

The use of the I331C/Y343S mutant initially presented a potential solution, and explanation, to the difficulties encountered in the first stages of this project. As discussed in section 1.2.1, whilst the molecular mechanism behind optogating is not clearly resolved, previous work has indicated that it is likely due to the sliding of MEA-TMA in its trans configuration into the hydrophobic crevasses, disrupting interactions between TM helices and resulting in a channel opening. The presence of a tyrosine bordering these crevasses may represent a steric hindrance, preventing therefore the mode of action of MEA-TMA, at least when tethered at the I331C position. Equally, the presence of TM-bordering palmitoyl groups, revealed by the recently resolved rP2X7 structure, may also represent a possible source of steric hindrance impacting on MEA-TMA action.

We may speculate as to what other structural elements, in addition to steric hindrance from Y343 and palmitoyl groups, are behind the difficulties of optogating rP2X7R. One possibility is the TM-bordering cytoplasmic cap. The presence of a cytoplasmic cap has also been shown in the crystallographic structure of hP2X3 in the open state (Mansoor et al., 2016). Conversely to rP2X7, however, the cap is not observed in the apo structure, where these regions are presumably too flexible and disordered to be resolved. The cryo-EM structures of rP2X7R, on the other hand, demonstrate that the cystoplasmic cap is intact in both the apo and ATP-bound open state. We could speculate that the presence of this cap, which deeply intertwines the three subunits, reinforces the intersubunit interactions, rendering the disruption of these interactions and thus robust opening of the channel by MEA-TMA, particularly difficult.

Further to the actual implementation of rP2X7 optogating, it should be considered whether these light-gated currents are of physiological relevance, and use. Whilst optogating was observed in the I331C/Y343S mutant, it was of small magnitude, and of limited physiological similarity given the lack of inhibition by various compounds which have been shown to inhibit wild type, ATP-evoked P2X7 currents. This implies that the molecular motions by which optogating occurs do not imitate those which take place in physiological conditions upon binding of the endogenous agonist ATP, which would be prevented from occurring in the presence of these antagonists. Moreover, it has been demonstrated that for rP2X2, the calcium permeability of optogated openings is reduced 5-fold as compared to the wild type receptor (Lemoine et al., 2013). As a number of P2X7 physio-and pathophysiological behaviours involve Ca 2+ mediated signalling pathways downstream of P2X7 [START_REF] Adinolfi | Expression of the P2X7 Receptor Increases the Ca2+ Content of the Endoplasmic Reticulum, Activates NFATc1, and Protects from Apoptosis[END_REF][START_REF] Díaz-Hernandez | Inhibition of the ATP-gated P2X7 receptor promotes axonal growth and branching in cultured hippocampal neurons[END_REF][START_REF] Gómez-Villafuertes | Ca2+/calmodulin-dependent kinase II signalling cascade mediates P2X7 receptordependent inhibition of neuritogenesis in neuroblastoma cells[END_REF][START_REF] Yip | Autocrine regulation of T-cell activation by ATP release and P2X7 receptors[END_REF], a similarly reduced calcium permeability in the case of P2X7 would render difficult the use of optogating as a means of probing its role in certain systems.

The optoblock, on the other hand, has proved to be of interest for probing rP2X7 function, specifically the facilitation phenomenon. The differential evolution of the two components, blocked I1 and block-released I2, is indicative of the involvement of two different populations of rP2X7 receptors. The nature of these populations, however, remains to be identified. The notion of duality is one which is recurrent in the literature concerning P2X7, and many hypotheses may be made as to the nature of these two populations. From a molecular viewpoint, hP2X7 exhibits two populations of unitary conductance, revealed by single channel recordings (Riedel et al., 2007). rP2X7 equally exhibits two distinct unitary conductance states, which we name O1 and O2, which is treated at length in chapter three. It This duality also exists in terms of membrane localisation. Dual populations of P2X7 receptors have been determined, in lipid raft and non-raft fractions [START_REF] Barth | Caveolin-1 influences P2X7 receptor expression and localization in mouse lung alveolar epithelial cells[END_REF]García-Marcos et al., 2006a). In HEK cells, the distribution of hP2X7 receptors in raft and non-raft fractions has been determined as 50% for each [START_REF] Gonnord | Palmitoylation of the P2X7 receptor, an ATP-gated channel, controls its expression and association with lipid rafts[END_REF]. Could these two populations revealed by MEA-TMA be due to differential labelling between raft and non-raft P2X7Rs, the distribution of which changes throughout the process of facilitation? Cholesterol, a known inhibitor of P2X7 and modulator of facilitation, is present at elevated concentrations in lipid rafts, and has been proposed to bind to the TM domain of P2X7 (Karasawa et al., 2017) On the same premise as the above scenario, our results could also be explained by the recruitment of a secondary, annexe channel, which would contribute to the P2X7 current observed, but not undergo MEA-TMA labelling Figure 70b). A wealth of protein partners have been proposed to associate with P2X7 [START_REF] Kopp | P2X7 Interactions and Signaling -Making Head or Tail of It[END_REF], amongst them the ion channels TMEM16F and Pannexin-1. However, for the moment none have been demonstrated to contribute directly to BzATP or ATP currents.

The concept of intrinsic P2X7 pore dilation is equally one which evokes two populations of P2X7; one possessing a pore permeable to small cations and the second possessing a dilated pore, permeable to molecules of higher molecular weight, constituting the enigmatic P2X7 macropore. This concept, which is discussed elsewhere in this manuscript in detail, remains controversial in the literature, and as yet no structure of a dilated pore has been resolved.

However, the slow progressive dilation of the P2X pore could fit these results, whereby the proportion of current blocked by MEA-TMA becomes progressively smaller as the diameter of the pore, and thus quantity of ions transiting through, increases dramatically.

A final hypothesis may be evoked to explain the results of the optoblock (Figure 70e). This possibility pertains to the fact that in several cells, like that shown in Figure 68a, the cumulative current obtained upon irradiation in the visible regions remains relatively stable throughout the series of applications. Although we did not have enough data to be able to analyse this for statistical significance, it raises an interesting possibility: MEA-TMA in the trans configuration is highly hydrophobic, and could easily be imagined to enter the membrane. As cholesterol is thought to interact with the TM domains of P2X7 (Karasawa et al., 2017), one could imagine that MEA-TMA enters the membrane, perturbing the interaction of cholesterol and the TM domains, effectively removing cholesterol inhibition and resulting in a fully facilitated current.

This scenario, therefore, would not involve an actual physical block to ion flow, but rather, an apparent block whereby the block-released condition is in fact the physical dispalcement of neighbouring cholesterol by MEA-TMA. The two populations observed, therefore, relate to receptors surrounded by cholesterol, and those where cholesterol has been 'chased' away by MEA-TMA.

MAM optotweezers strategy

The use of MAM has proved complicated to implement for rP2X7 during the course of this project. The currents observed with MAM-2, MAM-3, MAM-4, MAM-BP and MAM-BP2 are of relatively small magnitude compared to currents evoked by ATP. In addition, and of most importance, the photoregulation of the rP2X7 WT receptor after MAM-4 treatment casts uncertainties on the precise tethering location of the MAMs with regard to the many endogenous juxtatransmembrane cysteine residues. As mentioned previously, at the time of this project, the structures of rP2X7

were not yet available, and as such the spatial organisation of this juxtatransmembrane region was not clearly defined. In light of the recently resolved structure, it can be remarked that a vast number of endogenous tethering possibilities exist.

Although the ballast domain contains eight cysteine residues, they are unlikely to be implicated due to the fact that they are buried, mostly involved in Zn 2+ complexation, and would also require MAM-4, a hydrophobic reagent, to enter the cytosol to reach these positions. According This is therefore consistent with the distances observed in the cryo-EM structure between a number of both intra-and intersubunit endogenous cysteine residues. Figure 71a shows that the distances between our targeted C350 residue and several nearby unpalmitoylated cysteines fall well within this range. Although the C350T mutation did not negate endogenous photoregulation by MAM-4, it cannot be discounted that MAM-4 may tether from C350 to one of these possible positions, and that the photoregulation observed in the WT originates from MAM-4 tethering at a number of different cysteine pairs. Shown in Figure 71b are the distances between several pairs of cysteine residues which could also be feasibly involved in MAM-4 endogenous tethering. C5

and C388 in particular exhibit several possibilities. To the best of my knowledge precise roles of C388 and C5 have not been reported in the literature. C5A mutation has recently been shown to respond to BzATP and exhibit a fractional calcium current similar to that of the WT [START_REF] Liang | Ca2+ flux through splice variants of the ATP-gated ionotropic receptor P2X7 is regulated by its cytoplasmic N terminus[END_REF], whilst C388A mutation has been shown to possess a cell surface expression profile similar to that of WT rP2X7 [START_REF] Gonnord | Palmitoylation of the P2X7 receptor, an ATP-gated channel, controls its expression and association with lipid rafts[END_REF]. Therefore, the mutation of these residues to threonine could be explored, and, if found to affect receptor functionality to a minimal extent, may present an effective choice of background onto which we could introduce the desired TM cysteine mutations for MAM tethering, similar to the rP2X2-3T background previously employed (Habermacher et al., 2016). However, given the roles of other cysteine residues present in the Ccys anchor in rP2X7 function, it would not be judicious to carry out threonine mutations at these positions.

In Figure 71 only the non-palmitoylated residues as shown in the cryo-EM structure have been taken into consideration as possible endogenous tethering points (coloured in red). However, it must be remembered that palmitoylation is a reversible process [START_REF] Bijlmakers | The on-off story of protein palmitoylation[END_REF], and discrepancies are found in the literature concerning the exact cysteines involved in palmitoylation [START_REF] Gonnord | Palmitoylation of the P2X7 receptor, an ATP-gated channel, controls its expression and association with lipid rafts[END_REF]McCarthy et al., 2019). Therefore, it cannot be excluded that these residues (coloured in light blue) may also be involved in endogenous MAM tethering.

The tailoring of MAM-4 for use with rP2X7 therefore proves to be extremely complicated, and not a viable strategy to achieve robust, rigorously controlled photoregulation of the receptor.

Additionally, facilitation, a distinguishing hallmark feature of P2X7 channel activity, was not retained in the photoinduced openings shown in Figure 69c. This is therefore a major difference between ATP-gated and light-gated channel openings, and arguably renders inutile the use of the optotweezers strategy as a means to intrinsically control P2X7 channel activity in a closeto-physiological manner. The lack of clarity surrounding the tethering of MAM-4 to endogenous cysteines also renders unreliable any information which could be gleaned on the molecular movements involved in rP2X7 gating. Although the entire series of MAMs available was not tested against the WT, we decided that in light of the small current magnitudes, and inconsistencies encountered with respect to MAM labelling, we would not pursue any further the application of the optotweezers to rP2X7.

CONCLUSION

Considering together the optogating and optotweezers methods, neither has proved an effective means of light-controlling rP2X7 activity, in a way that would be of use in understanding the role of the receptor in wider biological systems, whether that be its role in a signalling cascade, or indeed its role in a specific cellular subset. The more interesting application of these tools, then, is not in the outright control of rP2X7 activity, but rather in the probing and modulation of ATP-evoked activity.

The use of MAM as a probe of rP2X7 gating motions has proven difficult given the tethering of the molecule to the WT receptor. However, it has been demonstrated that MEA-TMA and the optoblock provides the opportunity to probe P2X7 behaviour, here delineating two populations involved in facilitation. These results provide the initial basis from which chapter three, which focuses in detail on this unique characteristic, is developed. Due to time restrictions, the further experiments evoked within this discussion have not yet been carried out, but remain an interesting prospect to explore in the future. Future use of the optoblock could also be envisaged to probe other aspects of rP2X7 behaviour, for example, to investigate the pathway by which the passage of larger molecules, such as NMDG + , occurs across the P2X7 pore, or indeed, to investigate the intrinsic contribution of the channel to macropore formation, by measuring the incorporation of fluorescent dyes such as YO-PRO-1 or ethidium upon blocked or block-released conditions.

CHAPTER THREE: STUDIES ON THE PHENOMENA OF FACILITATION AND MACROPORE FORMATION IN P2X7

RECEPTORS

INTRODUCTION

The work described in this chapter constitutes the main focus of my PhD work. In light of the results obtained in chapter two, whereby the optoblock tool revealed the presence of two populations involved in the facilitation phenomenon, we decided to study further this enigmatic property which is unique to P2X7 receptors. In addition to facilitation, P2X7 receptors possess a second, highly curious property. This is the phenomenon of permeabilisation, whereby P2X7 activation renders the membrane permeable to species of high molecular weight via a "macropore", the identity of which remains elusive. In this chapter, we aim to explore these processes and to consider the eventual participation of a secondary membrane protein, TMEM16 chloride channels.

In order to present this study in the most effective way, an introduction will first be provided to its context, discussing in turn (i) the facilitation phenomenon, (ii) the P2X7 macropore and permeabilisation phenomenon, and finally (iii) the TMEM16 family of ion channel/scramblases, a role for which may exist in these two processes.

Facilitation phenomenon of P2X7 receptors

Context

The facilitation of P2X7 receptors is one of the defining, hallmark features of P2X7 (Figure 72).

It is characterised by a gradual increase in agonist-evoked currents, upon repetitive or prolonged application, accompanied by a 2.5-fold leftwards shift in the EC50 value (rP2X7, [START_REF] Roger | Facilitation of P2X7 receptor currents and membrane blebbing via constitutive and dynamic calmodulin binding[END_REF]).

The time course of facilitation is concomitant to a number of cellular alterations, including phosphatidylserine translocation, mitochondrial swelling, loss of mitochondrial membrane potential, and membrane blebbing, which, although reversible, can lead to cell death [START_REF] Adinolfi | Expression of the P2X7 Receptor Increases the Ca2+ Content of the Endoplasmic Reticulum, Activates NFATc1, and Protects from Apoptosis[END_REF][START_REF] Mackenzie | Pseudoapoptosis induced by brief activation of ATP-gated P2X7 receptors[END_REF][START_REF] Pfeiffer | The nucleotide receptor P2X7 mediates actin reorganization and membrane blebbing in RAW 264.7 macrophages via p38 MAP kinase and Rho[END_REF][START_REF] Verhoef | P2X7 Receptor-Dependent Blebbing and the Activation of Rho-Effector Kinases, Caspases, and IL-1β Release[END_REF].

This facilitation property is unique to P2X7 amongst the other P2X family members, which do not experience this significant increase in currents, but rather a current run-down, due to the process of desensitisation. Whilst facilitation has been observed in voltage-gated Ca 2+ channels following repetitive stimulating pulses [START_REF] Dai | Supramolecular Assemblies and Localized Regulation of Voltage-Gated Ion Channels[END_REF][START_REF] Lee | Ca2+/Calmodulin-Dependent Facilitation and Inactivation of P/Q-Type Ca2+ Channels[END_REF], to the best of my knowledge, no other LGIC has been shown to possess this property in response to agonist application. Taken from [START_REF] Roger | Facilitation of P2X7 receptor currents and membrane blebbing via constitutive and dynamic calmodulin binding[END_REF]. Dose response curves for rP2X7 constructed from the initial current and fully facilitated currents, whereby the leftwards shift of EC50 can be observed.

A number of studies have revealed important details surrounding the facilitation phenomenon, however, this perplexing characteristic of P2X7 receptors remains rather understudied in the literature, at least in comparison to other facets of P2X function, such as macropore formation and desensitisation. Here will be discussed the most pertinent discoveries with regard to P2X7 facilitation thus far.

Modulation by cholesterol

Cholesterol has a varying effect across the family of P2X subtype variants (Murrell-Lagnado, 2017). P2X1 is highly sensitive to cholesterol, exhibiting an activity reduction of 90% upon treatment with cholesterol-depleting agent methyl-β-cyclodextrin (MCD), whilst P2X2, P2X3

and P2X4 have been shown to exhibit little cholesterol sensitivity [START_REF] Allsopp | Lipid raft association and cholesterol sensitivity of P2X1-4 receptors for ATP: chimeras and point mutants identify intracellular aminoterminal residues involved in lipid regulation of P2X1 receptors[END_REF]. The influence of cholesterol on the activity of P2X1, has been indicated to occur not via a direct effect on channel gating itself, but rather an effect on the raft-associated actin cytoskeleton [START_REF] Lalo | Identification of human P2X1 receptor-interacting proteins reveals a role of the cytoskeleton in receptor regulation[END_REF]. In contrast, cholesterol has been shown not only to strongly inhibit P2X7 current amplitudes, but also to modulate the facilitation phenomenon.

Cholesterol: a P2X7 inhibitor

Cholesterol exerts a striking modulatory effect on P2X7 receptors, which has been demonstrated primarily by the use of MCD. This cyclodextrin is particularly versatile, and when "empty" can incorporate membrane cholesterol, effectively depleting it from the cell membrane, or indeed can be "pre-loaded" with cholesterol, and used as a vehicule by which to deliver and et al., 2014). This effect was not the result of an increased surface expression following MCD exposure, nor was it linked to a perturbatory effect on the actin cytoskeleton, as observed in P2X1. This therefore was the indication that cholesterol exerts its effect on properties of the P2X7 channel itself. Notably, cholesterol depletion also resulted in an upregulation of ethidium dye uptake, indicative of a modulatory effect for cholesterol also with regard to permeabilisation. receptors, was shown to be negatively correlated to the percentage content of cholesterol (Karasawa et al., 2017). This is further evidence that cholesterol is acting upon the P2X7 channel itself, and, given the truncation of this construct at both termini (Δ1-21/Δ360-600), probably on the TM domains.

P2X7 in cholesterol-rich lipid raft environments

Given the strong modulation of P2X7 channel properties by cholesterol, in particular its facilitation profile, it is interesting to consider the lipidic environments in which P2X7 is found, and whether cholesterol constitutes a key component. One such environment is of particular pertinence, that of lipid rafts. The plasma membrane is a heterogeneous and fluctuating environment, and lipid rafts are dynamic microdomains within the membrane, enriched in cholesterol, sphingolipids and glycerophospholipids. These regions are resistant to detergents (and are also known as detergent resistant membranes, DRMs) and can be found within the upper fractions of a sucrose gradient, exhibiting a low buoyant density, hence the name "rafts" [START_REF] Lingwood | Lipid rafts as a membrane-organizing principle[END_REF][START_REF] Pike | Lipid rafts: heterogeneity on the high seas[END_REF]. Several protein markers are associated with these microdomains, such as caveolin-1, which is present in special types of rafts called caveolae.

As is the case for P2X1 -4 receptors, P2X7 has also been found to associate with lipid rafts (Murrell-Lagnado, 2017). This has been demonstrated in both heterologous systems such as HEK cells [START_REF] Gonnord | Palmitoylation of the P2X7 receptor, an ATP-gated channel, controls its expression and association with lipid rafts[END_REF], as well as native receptors in mouse peritoneal macrophages [START_REF] Gonnord | Palmitoylation of the P2X7 receptor, an ATP-gated channel, controls its expression and association with lipid rafts[END_REF], rat submandibular glands (García-Marcos et al., 2006a, 2006b) and mouse lung alveolar epithelial cells [START_REF] Barth | Caveolin-1 influences P2X7 receptor expression and localization in mouse lung alveolar epithelial cells[END_REF]. In our system of study, HEK293 cells, mP2X7R was found to localise in equal proportions between raft and non-raft fractions [START_REF] Gonnord | Palmitoylation of the P2X7 receptor, an ATP-gated channel, controls its expression and association with lipid rafts[END_REF].

Two hypotheses have been put forward as to how P2X7 may target to such lipid rafts, the first via an interaction with caveolin-1, which has been shown to co-immunoprecipitate with P2X7 in mouse lung epithelial cells [START_REF] Barth | Characterization of the molecular interaction between caveolin-1 and the P2X receptors 4 and 7 in E10 mouse lung alveolar epithelial cells[END_REF][START_REF] Weinhold | Interaction and interrelation of P2X7 and P2X4 receptor complexes in mouse lung epithelial cells[END_REF], and secondly by palmitoylation of the P2X7 C-terminus [START_REF] Gonnord | Palmitoylation of the P2X7 receptor, an ATP-gated channel, controls its expression and association with lipid rafts[END_REF]. The direct interaction of TM proteins with raft-associated lipids is a known process named "wetting", and facilitates their integration into raft regions [START_REF] Lingwood | Lipid rafts as a membrane-organizing principle[END_REF].

The presence of P2X7 in lipid rafts is of particular interest owing to the wealth of lipid signalling pathways that are activated following P2X7 activation. These pathways are complex, and vary according to cell type, but various studies have shown that P2X7 activation is able in turn to initiate the activation of sphyngomyelinases (SMases) [START_REF] Bianco | Acid sphingomyelinase activity triggers microparticle release from glial cells[END_REF]García-Marcos et al., 2006a), phopsholipase A2 (PLA2) [START_REF] Andrei | Phospholipases C and A2 control lysosome-mediated IL-1β secretion: Implications for inflammatory processes[END_REF]García-Marcos et al., 2006a) and de novo synthesis of ceramide [START_REF] Lépine | ATP-induced apoptosis of thymocytes is mediated by activation of P2X7 receptor and involves de novo ceramide synthesis and mitochondria[END_REF][START_REF] Raymond | Involvement of de novo ceramide biosynthesis in macrophage death induced by activation of ATP-sensitive P2X7 receptor[END_REF]. Ceramide, produced either de novo or indeed by SMase hydrolysis of sphingolipids, has been shown to selectively displace cholesterol present in lipid rafts [START_REF] Megha | Ceramide Selectively Displaces Cholesterol from Ordered Lipid Domains (Rafts) IMPLICATIONS FOR LIPID RAFT STRUCTURE AND FUNCTION[END_REF]. In this way, a positive feedback loop can be imagined, whereby the disruption of lipid rafts upon P2X7 activation displaces raft-located receptors to less cholesterol-rich membrane environments, thereby increasing the activity of these receptors. Moreover, the activity of PLA2 mobilises arachidonic acid, which has been shown to potentiate P2X7-induced Ca 2+ influx in both native and recombinant systems [START_REF] Alloisio | Potentiation of Native and Recombinant P2X7-Mediated Calcium Signaling by Arachidonic Acid in Cultured Cortical Astrocytes and Human Embryonic Kidney 293 Cells[END_REF], as well as lysophosphatidylcholine, which has been demonstrated to increase P2X7 agonist potency in recombinant and native systems [START_REF] Michel | Agonist potency at P2X7 receptors is modulated by structurally diverse lipids[END_REF].

Modulation of P2X7 activity by lipids and their signalling pathways is complex, and it is likely that the composition of the lipid environment represents a means of regulating P2X7 activity, which may vary between cell types and even dynamically within a cell. The precise pathways linking this lipid modulation to the facilitation phenomenon remain unclear, but are of interest owing to the possiblity that this could represent an under-exploited therapeutic target. For example, Majeed syndrone, an autoinflammatory disease, is provoked by downregulatory mutations in LPIN2, the gene coding for lipin-2, an enzyme implicated in lipid metabolism.

Strong evidence using macrophages taken from Lpin2 -/-mice, suggests that lipin-2 regulates the level of cholesterol, and therefore P2X7 activity. In the absence of this enzyme, P2X7 activity is disinhibited, and its activity sharply increased, resulting in an overstimulaton of the inflammasome [START_REF] Lordén | Lipin-2 regulates NLRP3 inflammasome by affecting P2X7 receptor activation[END_REF].

Modulation by the Ccys anchor

The cysteine-rich region (also known as Ccys or Ccys anchor) is an 18-amino acid long motif located immediately after the TM2 domain, which contains 6 cysteine residues and is highly conserved between P2X7 orthologs. Before resolution of the cryo-EM structure in 2019, this domain had already been identified as an important contributor to P2X7 receptor function, and in particular to the facilitation behaviour. Constructs whereby various sections of this cysteine rich domain have been deleted have been studied. Deletion of C372 -V389 resulted in a construct with a 2-fold left shifted EC50, which exhibited instantaneous currents similar to the WT, but with no observable facilitation, and a slight desensitisation in repetitive responses (Jiang et al., 2005;Roger et al., 2010a). Another study found that deletion of C358 -C375 in rP2X7 produced receptors unable to sensitise but which exhibited slightly, but not significantly, larger initial responses to BzATP (Yan et al., 2008) . Meanwhile, deletion of C362 -C379 in hP2X7R resulted in a receptor exhibiting the same levels of surface expression as the wild type, but whose ATP-evoked currents were shown to be reduced by approximately 75%, and of rapidly desensitising nature (Robinson et al., 2014). The Ccys region is therefore involved in determining the facilitation or indeed opposing desensitisation profiles, but chimeric receptors of P2X1 and P2X2 carrying this Ccys motif failed to show an increase in current in reponse to prolonged ATP application, indicating that the Ccys anchor alone cannot induce facilitation [START_REF] Allsopp | Contribution of the Juxtatransmembrane Intracellular Regions to the Time Course and Permeation of ATP-gated P2X7 Receptor Ion Channels[END_REF]. 
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Modulation by Calmodulin

Two studies by Roger et al have demonstrated that Ca 2+ plays a role in the facilitation process, via the intermediate of calmodulin (CaM), a calcium-sensing protein with wide-ranging physiological roles. The first of these studies determined two components to rP2X7 facilitation a b c in HEK293 cells; a Ca 2+ -independent component and a second, Ca 2+ -dependent component [START_REF] Roger | Facilitation of P2X7 receptor currents and membrane blebbing via constitutive and dynamic calmodulin binding[END_REF]. The Ca 2+ -independent process was determined to constitute 100% of the total facilitation at depolarising membrane potentials (+60 mV, zero calcium influx), and just 25 -30% of the total facilitation at hyperpolarised potentials of -60 mV, as shown by the use of Ca 2+ chelating compounds such as EGTA/BAPTA (Figure 77b), and the substitution of Ca 2+ by Ba 2+ in the bathing solution. This Ca 2+ -independent process had faster kinetics than the Ca 2+dependent components, reaching full facilitation more quickly. It was also suggested that this component is responsible for the leftwards shift in the ATP EC50 value following facilitation. et al., 2008).

Species differences concerning facilitation

The second study by Roger et al looks further into the Ca 2+ dependent component of facilitation, this time in the context of species differences between the rP2X7 and hP2X7 facilitation phenotypes. Facilitation occurs in hP2X7, although with much slower kinetics and smaller current amplitudes than in the rat equivalent (Figure 78). hP2X7 was found to exhibit only the Ca 2+ -independent facilitation component, although, the Ca 2+ CaM modulated

Calcium depe

Calcium dependent and calcium independent facilita component could be installed in hP2X7R by recreating the 1-5-16 binding motif found in rP2X7R (Roger et al., 2010a). This mutant receptor was also found to bind to CaM by coimmunoprecipitation experiments, conversely to the WT hP2X7R. 

Role of the N-terminus

The previously discussed zones of modualtion are all found in the C-terminus, within the ballast region or within the 18-cysteine rich Ccys anchor. However, the N-terminus, although less documented, has also been shown to exert an influence over the facilitation profile of P2X7.

The juxtamembrane N-terminal region was shown to exert an influence over the facilitation behaviour of hP2X7, by way of two residues; N16, present within a protein kinase C phosphorylation consensus sequence in the cytoplasmic cap, and S23, located at the very tip of the inner TM1 helix. These residues, when mutated to their equivalent residues in hP2X2 (that is, N16P and S23N), produce receptors exhibiting no facilitation. Equally, in rP2X7 receptors expressed in Xenopus oocytes, T15E, T15K and T15W mutants were unable to undergo facilitation (Robinson et al., 2014). The process of facilitation, therefore, relies on several intracellular features, and not solely the C-terminus.

General comments

The work discussed in this section highlights that the phenomenon of facilitation is complex, with modulation originating from a number of different sources, acting on different regions of the receptor. Whilst these studies have shed light on facilitation behaviour, the phenomenon remains unexplored on the molecular level, and a biophysical characterisation of P2X7 receptors in the faciliatated state has thus far not been carried out. 

Comparison of human and

The P2X7 macropore

A second, equally enigmatic characteristic possessed by P2X7 is the formation of a so-called macropore (or "pore formation"), rendering the membrane permeable to species of large molecular weight. This trait is not unique to P2X7; P2X2 and P2X4 have also been determined as permeable to organic cations and fluorescent dyes of high molecular weight (Khakh et al., 1999). However, this phenomenon is arguably of most interest in the context of the P2X7 subtype for several reasons. Firstly, the P2X7 subtype has been shown to permeabilise the cell to compounds of up to 900 Da, much greater in size than what has been observed with P2X2, P2X2/3 and P2X4. Unlike in these other subtypes, P2X7-induced permeabilisation is irreversible, and coincides with cell membrane blebbing and eventual cell death (Mackenzie et al., 2005;Virginio et al., 1999). Additionally, a role for the P2X7 macropore has also been evoked in P2X7-related pathophysiologies, thus rendering this phenomenon of potential interest from a therapeutic viewpoint (Di Virgilio et al., 2018b).

Brief historical context

The concept of macropore formation dates back to the discovery of the P2Z "cytolytic" pore (see also general introduction). Extracellular ATP had previously been observed to induce a concentration-dependent membrane permeabilisation effect, leading to the efflux of metabolites in rat mast cells (Cockcroft and Gomperts, 1979). In a variety of cell lines, this permeabilisation was observed with regard to a number of large molecules, including the dyes 6-carboxyfluorescein (376 Da), lucifer yellow (430 Da), fura-2 (636 Da) and indo-1 (645 Da) [START_REF] Greenberg | Extracellular nucleotides mediate Ca2+ fluxes in J774 macrophages by two distinct mechanisms[END_REF]Steinberg et al., 1987). Following the discovery of puringergic signalling [START_REF] Burnstock | Evidence that adenosine triphosphate or a related nucleotide is the transmitter substance released by nonadrenergic inhibitory nerves in the gut[END_REF] and P2 receptors [START_REF] Burnstock | Is there a basis for distinguishing two types of P2purinoceptor?[END_REF], the entity behind this permeabilisation phenomenon was named the P2Z receptor [START_REF] Abbracchio | Purinoceptors: are there families of P2X and P2Y purinoceptors?[END_REF]Gordon, 1986). It was not until the first cloning of P2X7 from rat brain cells that the close homology link to P2X receptors was identified, and P2Z receptors reclassified as the seventh member of the P2X family (Surprenant et al., 1996). Since then, there has been a vast amount of literature published regarding the molecular mechanism behind macropore formation, which is often conflicting between different cell types. In general, two principal hypotheses have been evoked as to the identity of the macropore, which are not mutually exclusive (cf. Figure 22). The first is that macropore formation is the result of a slow, progressive dilation of the P2X pore to accommodate the passage of large organic molecules such as NMDG + and dyes such as YO-PRO-1, whilst the second calls upon the contribution of a secondary, annexe channel(s) as the conduit(s) for such large molecular weight species.

This will be discussed in more detail in section 2.3, but first, we shall consider the methodologies employed to study this phenomenon, as these too have proved to be controversial.

Methodologies to study macropore formation and their caveats

The permeability of P2X7 to large molecules and the formation of the macropore have typically been studied using two different methodologies.

The first of these is by way of electrophysiological recordings, observing the entry of large, organic cations and the changes in reversal potential of these species (Erev) during extended receptor stimulation. One of the primary arguments for a progressive pore dilation mechanism was born from the observation that P2X receptors exhibited a progressively increasing permeability to larger, organic cations, such as NMDG + or Tris + (Surprenant et al., 1996;Virginio et al., 1999). This was typically demonstrated by a shift in the NMDG + Erev values from negative values to less negative values following ATP-activation. However, Li et al have determined that this shift in Erev values is most likely artefactual, and the result of drastic changes in ionic concentrations during the prolonged ATP activation (Li et al., 2015). In brief, prolonged ATP activation of P2X2 in bi-ionic conditions results in the depletion of internal Na + (from 140 mM to 20 mM), accompanied by an internal accumulation of NMDG + (to over 200 mM). These changes in ion concentration are also influenced by parameters such as cell size, resistance access and the density of channels expressed at the membrane surface. As the equation of Goldman Hodgkin Katz, which is used to determine Erev values, is dependent on ionic concentrations as well as ionic permeabilities, the drastic concentration changes observed in bi-ionic conditions renders the values calculated non-representative. For P2X7 receptors, this effect will be even more prevalent, due to the increase in the open probability of the channel upon removal of extracellular Na + (Riedel et al., 2007a). It was demonstrated that under symmetrical ionic conditions (i.e. NMDG + out/NMDG + in), whereby drastic changes in ionic concentration did not occur, P2X2 receptors are permeable to NMDG + on the same millisecond time scale as observed with Na + (Harkat et al., 2017;Li et al., 2015). In light of this work, care must therefore be taken when interpreting results originating from electrophysiological experiments using bi-ionic solutions.

The second of these methodologies is the incorporation of fluorescent dyes into the cell upon P2X7 activation. This is typically achieved by use of fluorescent DNA markers, such as YO-PRO-1, ethidium or propidium dyes, which become fluorescent upon binding to DNA following entry into the cell. This may also be achieved by loading cells with a certain dye, and measuring its efflux. Taken from (Virginio et al., 1999). Incorporation YO-PRO-1 into rP2X2expressing HEK293 cells upon 60s stimulation with ATP.

This technique has been employed to show a gradual formation of the macropore, with fluorescence appearing on the second time scale. Potential caveats of this method exist, however, again in the context of the pore dilation theory, where this gradual incorporation was previously attributed to a gradual increase in pore diameter. However, care must be taken with regard to this interpretation, as the fact that slower kinetics are observed during dye uptake may simply be due to the fact that the read-out signal of this technique develops more slowly. This, in combination with conformational and orientational factors which may influence the rate of large molecule permeation into the cell differentially to that of small inorganic cations, may not, therefore, necessarily be indicative of a gradual progression to increased pore size.

Classic theories behind macropore formation

Intrinsic P2X7 permeation

The pore dilation theory has long been under consideration as a possible mechanism behind P2X7-evoked large molecule permeability. This was largely due to the previously-described gradual changes in Erev value, but work using alternative techniques, such as the atomic force microscopy (AFM) study of Shinozaki et al on P2X4, has also supported this theory. In recent times, a number of challenges arguing against this theory have gained in traction.

The primary study behind this is that of the Swartz group, discussed previously, who in 2015 published evidence demonstrating that the progressive shifts in Erev values of large organic cations, interpreted as a progressive dilation of the P2X pore, were infact artefactually induced as a result of changes in ionic concentration during electrophysiological recordings (Li et al., 2015). In line with this conclusion, work carried out in our laboratory on the pore dilation of P2X2 receptors has determined that an NMDG + permeable pore is opened within milliseconds of ATP activation, on the same time course as Na + permeation (Harkat et al., 2017). Equally, single channel studies of hP2X7, in Xenopus oocytes as well as in human B lymphocytes, have determined no changes to single channel conductance, nor reversal potential over the course of ATP application [START_REF] Markwardt | Purinoceptor-operated cationic channels in human B lymphocytes[END_REF]Riedel et al., 2007Riedel et al., , 2007)). Also of note, is that no class averages portraying a pore-dilated state were observed during the cryo-EM study of rP2X7 (McCarthy et al., 2019). These works combined have therefore put into question the existance of an intrinsic, progressive pore dilation and its involvement in the macropore phenomenon.

It remains, however, a possibility that the P2X7 pore itself represents the macropore, but that it is rapidly, rather than progressively, permeable to large molecular weight species upon ATP activation. Previous work, using MTS-dye reagents and cysteine mutations within the P2X7 pore, has shown that nanometer sized dyes are able to directly pass through the pore (Browne et al., 2013). Reconstruction of truncated pdP2X7 into liposomes (where P2X7 is the only protein present, therefore) has shown that the pore itself is capable of YO-PRO-1 uptake, and that the efficiency of this uptake is highly sensitive to the lipidic environment (Karasawa et al., 2017). The latter study therefore revives the possibility that P2X7 may itself be the conduit of large molecular weight dyes, and may be modulated according to the surrounding lipids.

However, as the cryo-EM structures suggest the open channel diameter to be ~5 Å, it is difficult to imagine that the passage of YO-PRO-1, whose minimal cross-section measures ~7 Å, in a robust and efficient manner takes place solely via the channel itself. Moreover, the passage of much larger molecules, such as TOTO-1 (795 Da) as has been described upon P2X7 activation, seems incompatible with this model (Cankurtaran-Sayar et al., 2009;[START_REF] Janks | ATP-Gated P2X7 Receptors Require Chloride Channels To Promote Inflammation in Human Macrophages[END_REF].

Recruitment of an annexe channel

The second hypothesis relating to the identity of the P2X7 macropore, is that macropore formation requires the recruitment of a secondary, accessory channel. Much data exists in the literature with regard to this hypothesis and much variation between cell types has been observed. Several observations, however, have indicated the involvement of accessory proteins in the formation of the macropore. For example, no YO-PRO-1 dye uptake is observed upon ATP-stimulation of rP2X7-expressing Xenopus oocytes [START_REF] Klapperstück | Characteristics of P2X7 receptors from human B lymphocytes expressed in Xenopus oocytes[END_REF][START_REF] Petrou | P2X7 purinoceptor expression in Xenopus oocytes is not sufficient to produce a pore-forming P2Z-like phenotype[END_REF], which would suggest that a secondary channel is required for this activity.

However, some studies have indeed observed uptake of YO-PRO-1 in Xenopus oocytes, rendering the literature conflicted on this point (Marques-da-Silva et al., 2011). Some other cell types, such as human B lymphocytes, have exhibited P2X7 channel activity, without observation of macropore formation and the associated dye efflux [START_REF] Löhn | Sodium block and depolarization diminish P2Z-dependent Ca2+entry in human B lymphocytes[END_REF]. Other studies show differential effects of various conditions on the P2X7 channel activity and macropore activity, which would suggest that these two processes do not originate from a sole and unique protein. For example, colchicine, which disturbs the microtubule organisation within the cell, inhibited YO-PRO-1 uptake in both HEK293 cells and macrophages, without affecting current amplitudes (Marques-da-Silva et al., 2011). Equally, calmidazolium at the rat P2X7 receptor inhibits channel activity, but has no effect on YO-PRO-1 dye uptake (Virginio et al., 1997). Another interesting observation which suggests the involvement of an accessory protein, is the significantly different temperature sensitivities of ion channel activity, and macropore related dye uptake. Whilst channel activity and permeation of small inorganic cations in not affected by temperature variations, the uptake of Lucifer yellow was drastically impaired when temperatures were reduced from 37°C to 20°C (Nuttle and Dubyak, 1994;Steinberg et al., 1987).

In addition, there exist a number of P2X7 construct variants which exhibit differing effects on channel activity and dye uptake. Numerous examples of this exist within the extended Cterminus region. Deletion of 418 C-terminal amino acids produces a construct which is not different to the WT in terms of channel gating, but which exhibits reduced YO-PRO-1 uptake in HEK293 cells (Surprenant et al., 1996). Equally, removal of the 18 amino acid-long cysteine rich motif was shown to have no effect on YO-PRO-1 uptake, but to prevent the passage of NMDG + (Jiang et al., 2005). Point mutations with differential effects also exist, such as the P451L mutation, which is a non-synonymous single nucleotide polymorphism (SNP) found in mouse P2X7R and known to be associated with reduced pain sensitivity (Sorge et al., 2012).

This mutation has been found to reduce YO-PRO-1 uptake, whilst not affecting currents in HEK293 cells (Xu et al., 2012;Young et al., 2006). Interestingly, this reduction in dye uptake was no longer observed when the mutation was introduced into the P2X7k splice variant background. These differences would also support the hypothesis that a secondary annexe channel is behind macropore formation, accounting for the differential effects of these variations on channel activity and large molecular weight dye uptake.

Finally, as P2X7 receptors have been determined to be poorly permeable to anionic chloride ions (Browne et al., 2013), the passage of an anionic dye through the P2X7 pore is also met with scepticism. In addition, the discrepancies between cationic dye and anionic dye permeation suggest that the P2X7 pore cannot represent a unified pathway, and even that cationic and anionic dyes may require two different accessory proteins to permeabilise the cell membrane. This is discussed further in section 2.5.

Pannexin-1 as a possible annexe channel

Initially, the most likely candidate for this annexe channel was pannexin-1 (PANX1), from the pannexin family of hemichannels. These are voltage-gated hemichannels, widely expressed in many different tissues, and permeable to small molecules [START_REF] Barbe | Cell-Cell Communication Beyond Connexins: The Pannexin Channels[END_REF]. In HEK293 cells, it was shown that when co-expressed, recombinant rP2X7 and PANX1 coimmunoprecipitate (Pelegrin and Surprenant, 2006). Additionally, siRNA knock-down, as well as carbenoxolone inhibition of endogenous PANX1 in HEK293, J774 and human lung macrophages significantly reduced P2X7-induced ethidium dye uptake, without altering current amplitude (Pelegrin and Surprenant, 2006). Whilst this data appears to identify the macroporeforming channel, subsequent works were in disagreement, and did not observe a dependency on PANX1 for macropore activity [START_REF] Alberto | Is pannexin the pore associated with the P2X7 receptor? Naunyn[END_REF][START_REF] Hanley | Transient P2X7 receptor activation triggers macrophage death independent of Toll-like receptors 2 and 4, caspase-1, and pannexin-1 proteins[END_REF][START_REF] Janks | ATP-Gated P2X7 Receptors Require Chloride Channels To Promote Inflammation in Human Macrophages[END_REF][START_REF] Qu | Pannexin-1 Is Required for ATP Release during Apoptosis but Not for Inflammasome Activation[END_REF].

Permeating species and characterisation

It has been demonstrated that large molecular weight dyes of both cationic and anionic natures can permeate cells following P2X7 activation. As observed by Ugur and Ugur, the data in the literature show a tendency for permeabilities to differ when P2X7R is expressed in recombinant systems compared to P2X7R found endogenously (Ugur and Ugur, 2019), with recombinant systems primarily, but not exclusively, permeable to cationic species.

As mentioned previously, there are a number of discrepancies which suggest that there may be distinct, separate pathways for cations and anions. When ethidium and Lucifer yellow uptake was monitored in RAW264 macrophages, a sub-population of cells within the same sample was observed to only take up ethidium, whereas the majority of cells showed uptake of both dyes (Cankurtaran-Sayar et al., 2009). This could be indicative of separate uptake pathways for cationic and anionic dyes, which are differentially activated upon P2X7 activation.

Schachter et al observed uptake of both ethiudium and Lucifer yellow in macrophages, but only uptake of ethidium in HEK293 cells [START_REF] Schachter | ATP-induced P2X7-associated uptake of large molecules involves distinct mechanisms for cations and anions in macrophages[END_REF]. Additionally, different temperature sensitivities were observed for uptake of cationic vs. anionic dyes, pointing towards two separate uptake mechanisms being at play.

A non-comprehensive summary of species shown to pass the P2X7-induced macropore are portrayed in Figure 81.

General remarks

Despite a wealth of work carried out to understand the origin of the P2X7 macropore, the identity of physiological permeating species, and the implications for the macropore in cellular processes and pathologies, there remain many uncertainties with regard to this phenomenon. This is mostly the result of vast discrepancies between different studies and different cell types.

In light of these differences, it should be kept in mind that perhaps a single, common mechanism behind the macropore does not exist, and instead, macropore formation, and its precise permeation characteristics, is modulatable according to the accessory protein partners within a particular cell type, as well as its membrane lipidic composition.

Figure 81. Identity of various species known to pass the P2X7 macropore. (Browne et al., 2013;Cankurtaran-Sayar et al., 2009;Di Virgilio et al., 2018b;Duan et al., 2003;[START_REF] Faria | P2X7 receptor large pore signaling in avian Müller glial cells[END_REF][START_REF] Fellin | Purinergic receptors mediate two distinct glutamate release pathways in hippocampal astrocytes[END_REF][START_REF] Greenberg | Extracellular nucleotides mediate Ca2+ fluxes in J774 macrophages by two distinct mechanisms[END_REF][START_REF] Munerati | Macrophages loaded with doxorubicin by ATP-mediated permeabilization: potential carriers for antitumor therapy[END_REF][START_REF] Schachter | ATP-induced P2X7-associated uptake of large molecules involves distinct mechanisms for cations and anions in macrophages[END_REF]Steinberg et al., 1987) 

3.

TMEM16 channels : a possible P2X7 complex with implications for facilitation and macropore formation ?

Recently, the suggestion that a family of calcium-activated chloride channels (CaCCs) may be involved in P2X7 activity, and more specifically, the formation of the macropore, has been made in several literature studies. Specifically, the involvement of TMEM16F, a member of the TMEM family of membrane proteins (also known as anoctamins) has been proposed in microglial cells, human and mouse macrophages, as well as HEK293 cells [START_REF] Janks | ATP-Gated P2X7 Receptors Require Chloride Channels To Promote Inflammation in Human Macrophages[END_REF][START_REF] Janks | A central role for P2X7 receptors in human microglia[END_REF][START_REF] Ousingsawat | Anoctamin 6 mediates effects essential for innate immunity downstream of P2X7 receptors in macrophages[END_REF]. This family of CaCCs, for which ten subtypes exist (TMEM16A, B, C, D, E, F, G, H, J and K), have diverse functionalities. Originally thought to be a family of chloride channels, it has been demonstrated that whilst TMEM16A and B act primarily as anionic, chloride permeable ion channels [START_REF] Caputo | TMEM16A, a membrane protein associated with calcium-dependent chloride channel activity[END_REF][START_REF] Schroeder | Expression Cloning of TMEM16A as a Calcium-Activated Chloride Channel Subunit[END_REF], other members of the family exhibit lipid scramblase activity and even non-selective cation permeability [START_REF] Alvadia | Cryo-EM structures and functional characterization of the murine lipid scramblase TMEM16[END_REF][START_REF] Di Zanni | Gain of function of TMEM16E/ANO5 scrambling activity caused by a mutation associated with gnathodiaphyseal dysplasia[END_REF][START_REF] Suzuki | Calcium-dependent Phospholipid Scramblase Activity of TMEM16 Protein Family Members[END_REF][START_REF] Yang | TMEM16F Forms a Ca2+-Activated Cation Channel Required for Lipid Scrambling in Platelets during Blood Coagulation[END_REF].

TMEM16F in particular has been well characterised as a lipid scramblase, a class of enzymes which disrupt the asymmetry of the plasma membrane by facilitating the movement of lipids between both leaflets of the membrane bilayer. [START_REF] Alvadia | Cryo-EM structures and functional characterization of the murine lipid scramblase TMEM16[END_REF][START_REF] Schreiber | Regulation of TMEM16A/ANO1 and TMEM16F/ANO6 ion currents and phospholipid scrambling by Ca2+ and plasma membrane lipid[END_REF].

In terms of ion channel activity, TMEM16F has been shown to be preferentially permeable to cations rather than anions, and to be non-selective in this cationic permeability, producing Na + , Cs + , NMDG + and TEA + -carried currents [START_REF] Yang | TMEM16F Forms a Ca2+-Activated Cation Channel Required for Lipid Scrambling in Platelets during Blood Coagulation[END_REF]. Noise analysis of electrophysioloical experiments also permitted to identify TMEM16F as a small conductance Ca 2+ -activated non-selective cation channel (SCAN), with a sub-picosiemens single channel conductance. Recently, the structure of murine TMEM16F has been resolved by cryo-EM, revealing a dimeric organisation featuring a subunit cavity in each monomer: membrane accessible aqueous vestibules which could facilitate the passage of polar lipid head groups across the hydrophobic core of the membrane (Figure 82). Although the precise mechanism of lipid scrambling remains unclear, these structures leave several possibilities open. It remains to be determined, therefore, whether scramblase and ion channel activity occur through the same pore [START_REF] Alvadia | Cryo-EM structures and functional characterization of the murine lipid scramblase TMEM16[END_REF][START_REF] Feng | Cryo-EM Studies of TMEM16F Calcium-Activated Ion Channel Suggest Features Important for Lipid Scrambling[END_REF].

Three principal papers describe a possible role for TMEM16F in modulation of P2X7 activity.

The first of these, published by Ousingsawat et al, suggested the existence of a functional link between TMEM16F and P2X7 in a number of cell types [START_REF] Ousingsawat | Anoctamin 6 mediates effects essential for innate immunity downstream of P2X7 receptors in macrophages[END_REF]. In Xenopus oocytes, siRNA knockdown of TMEM16F reduced recombinantly expressed hP2X7 currents by 45%, as did treatment with niflumic acid (NFA) and tannic acid (TA), non-selective chloride channel blockers. Regarding macropore formation, in HEK293 cells, YO-PRO-1 uptake was only weakly attenuated by siRNA knockdown of TMEM16F, but strongly inhibited by use of broad-spectrum chloride channel inhibitors. Single human THP-1 macrophages, on the other hand, exhibited inhibition of both YO-PRO-1 and fluorescein uptake when treated with siRNA to knock down endogenous TMEM16F expression. Finally, in mouse TMEM16 -/-macrophages, no BzATP evoked currents were observed, indicating that, in this particular cell type at least, TMEM16F appears to be fundamental for P2X7 activity. A model concerning the joint role of P2X7 and TMEM16F in macrophages was proposed (Figure 83). Model regarding the roles of TMEM16F (Anoctamin 6, Ano6) in macrophages. ATP activates P2X7R, triggering an influx of Ca 2+ , which activates TMEM16F. This has several consequences: activation of chloride currents, phospholipid scrambling, leading to plasma membrane blebbing and apoptosis. Activation of TMEM16F also supports the migration of macrophages, enhancing the opportunities for phagocytosis.

From [START_REF] Ousingsawat | Anoctamin 6 mediates effects essential for innate immunity downstream of P2X7 receptors in macrophages[END_REF]. out in subunit cavity subunit cavity Janks et al expanded on this work, studying a possible interaction in monocyte-derived human macrophages. In this cell line, YO-PRO-1 and YOYO-1 cationic uptake was observed, but unlike in THP-1 macrophages, no anionic dyes, such as Lucifer yellow and fluorescein, permeated in response to ATP stimulation. Use of general chloride channel blockers, such as TA, DIDS, NPPB and A01 inhibited the uptake of YO-PRO-1, and this dye uptake was also found to be dependent on PLA2 activity, but not on intracellular Ca 2+ . However, again contrary to THP-1 macrophages, siRNA knockdown of TMEM16F had no effect on YO-PRO-1 uptake.

TMEM16F does not thus appear to be implicated in macropore formation in monocyte-derived human macrophages. However, the inhibition observed by chloride channel blockers suggests that another chloride channel may be involved. Interestingly, TA also had an effect on ATPinduced currents, and these effects were different depending on whether the inhibitor was applied pre-or post-facilitation. Significant inhibition was observed when TA was applied following total facilitation, whilst TA applied before facilitation had taken place prevented the development of facilitation with subsequent ATP application (Figure 84). (a) TA (20 µM) applied after full ATP-facilitation (2 mM) of P2X7 currents sharply inhibits current amplitude. (b) TA applied before facilitation has occurred "blocks" the process and maintains currents at similar amplitudes following subsequent ATP stimulation. From [START_REF] Janks | ATP-Gated P2X7 Receptors Require Chloride Channels To Promote Inflammation in Human Macrophages[END_REF] The third example investigating a link between TMEM16F and P2X7 was published by the same group, this time focussing on human microglial cells. Similarly to the previous macrophage study, only cationic dyes were taken up in microglia, in a Ca 2+ -independent manner, with the exception of the larger molecular weight YOYO-1, which could not permeate at all. YO-PRO-1 uptake was blocked by chloride channel blockers TA and DIDS, whereas these inhibitors had no effect on ATP-evoked currents, nor on facilitation (Figure 85). Dye uptake and channel gating therefore seem to be dissociated and independent processes in human microglia. Whilst there is evidence for involvement of TMEM16s in P2X7 channel activity, major differences exist between the conclusions of these three studies. The identity of the P2X7 macropore remains to be definitively determined, and it should be kept in mind that the macropore may have a fluctuating identity according to cell type. 

OBJECTIVES

As discussed above, the phenomena of facilitation and macropore formation represent some of the hallmark characteristics of P2X7R. However, many questions remain as to the mechanisms behind these processes, especially from a molecular point of view.

Facilitation has been characterised by whole cell electrophysiological recordings, but this provides an averaged view of the process, merging currents from the globality of P2X7Rs expressed at the cell surface membrane. As we have seen in chapter two, faciliation involves two populations of P2X7 receptors, differences between which cannot be resolved via the whole cell technique. How are "facilitated" P2X7 receptors characterised on the molecular level? Does cholesterol influence these molecular characteristics? And what are the precise differences between these facilitated receptors, and naïve P2X7Rs?

Considering the potential mechanisms behind these two phenomena, a number of possibilities could feasibly represent common pathways for both processes. An intrinsically dilating pore, although seemingly unlikely given previous work in the literature, could represent a pathway for large organic dyes, whilst also explaining the progressively increasing currents of facilitation. Progressive recruitment of an annexe channel, which would act as the conduit for high molecular weight dyes as well as contributing to the facilitated P2X7 currents would also present a possible scenario. Whilst previous work in the literature has already considered whether macropore formation and P2X7 channel gating may share a common pathway, the relationship between the process of facilitation and pore formation has been much less explored. Thus the question is raised -to what extent, if any, are these two processes linked?

Finally, the connections between facilitation, macropore formation and a possible involvement of TMEM16 channels also remain unclear. Untangling these factors remains a challenge, due to the lack of specific pharmacological tools with which to do so, as well as a high variability between cell types.

This considered, three objectives were identified for the project covered in this chapter. They were the following:

(i) To characterise the sensitised state on the molecular level by way of single channel recordings in the outside-out configuration.

(ii) To investigate whether the permeabilisation phenomenon associated with the P2X7 macropore occurs via the same mechanism as facilitation, or, whether two different pathways are involved in our system of study (rP2X7, HEK293T cells) (iii) To probe further the possibility of a P2X7-TMEM16 complex and its potential role in these phenomena.

method. After 48h of transfection, 1 µg/mL puromycin was applied to select cells for 72h-96h, with medium change every 24h. Then, transfected cells were serial-diluted in 96-well plates to select for single-cell colonies. After 14-21 days, the single-cell colonies were expanded and screened for the absence of hTMEME16F. Verification was carried out by sequencing and Western Blot.

Patch-clamp electrophysiology

Whole-cell recordings were carried out 24h-48h after transfection, and single-channel recordings 24h after transfection. Patch pipettes were pulled from borosilicate glass capillaries antagonist AZ10606120 (dihydrochloride salt, Tocris) was used at a concentration of 1 μM.

MTS-Rhodamine was used at a concentration of 3 µM, and prepared immediately prior to the experiment. Owing to the facilitation effect produced by prolonged agonist exposure, only one cell was patched per coverslip, to ensure that receptors studied are indeed "naïve" upon the first agonist stimulation. For cells and patches treated by methyl-β-cyclodextrin (MCD), coverslips were incubated with 50 µL of 15 mM MCD (Sigma Aldrich) for 15 minutes at 37°C.

For patches having undergone facilitation treatment, perfusion of BzATP (10 µM) was carried out for 30s whilst in the cell attached configuration, before piercing of the membrane and excising of the patch to the outside out configuration, in which recordings were carried out.

Co-immunoprecipitation and western blotting

HEK293T and 16F-null cells, either untransfected or transfected with rP2X7-c-myc and rTMEM16F-c-myc (ratio 1:1) were lysed by incubation with gentle agitation for 80 minutes at 4°C with lysis buffer containing 200 mM Hepes, 100 mM NaCl, 1% Triton-X, 5 mM EDTA, Pierce Protease Inhibitor Tablets (Thermo Fischer). After 10 minutes of centrifugation at 14,000 rpm the supernatant was collected. Input samples were collected at this stage. For coimmunoprecipitations, Protein G Sepharose Fast Flow resin was employed (GE Life Sciences).

After an initial pre-clearing process (see manufacturer's instructions), 3 μg anti-TMEM16F

rabbit antibody was added to the cell lysate and left under gentle agitation for 2 hours at 4°C.

Protein G Sepharose Fast Flow resin was then added and left under gentle agitation for 1h at 4°C. Following this, the resin was washed three times with washing buffer containing 200 mM Hepes, 500 mM NaCl, 1% Triton-X, 5 mM EDTA, Pierce Protease Inhibitor Tablets (Thermo Three further washes with TPBS were carried out before revelation using Amersham ECL Prime Western Blotting Detection Reagent (GE Life Sciences). Chemiluminescence was measured using the Amersham Imager 600.

Fluorescence video microscopy

Fluorescence measurements were carried out using a Leica FW4000 and 40x objective (Platform of Quantitative Imagery, Faculté de Pharmacie, Université de Strasbourg).

Acquisition of fluorescence images is carried out at an interval of every 5 seconds using the software MetaMorph (Molecular Devices). The experiment is divided into two acquisition periods; an initial acquisition of 10 minutes where cells are incubated in NES/YO-PRO-1 solution where YO-PRO is at a concentration of 10 μM (iodide salt, Thermo Fischer). The solution is then gently exchanged for a NES/YO-PRO-1 solution containing BzATP and/or inhibitors for a second acquisition period of 15 minutes. This second solution is prepared immediately prior to application, and concentrations used are the same as those used for electrophysiology. MCD treatment was carried out as for electrophysiology.

Data analysis

For electrophysiological data analysis, FitMaster (HEKA Electronics v2x73x1) and Igor Pro (WaveMetrics, v6.32A) were used. Experiments were repeated several times, over at least two independent transfections. The extent of facilitation is determined by calculating the fold difference between the 8 th agonist-evoked current and initial agonist-evoked current in a series of 8 repeated applications. The current density is calculated as the pA/pF of the 8 th agonistevoked current in a series of 8 repeated applications. For single channel data analysis, TAC and TACFit (Bruxton) were used. Data were re-filtered offline to give a final fc of 100 Hz. In these conditions, the dead time (Td) was equal to 1.8 ms, and consequently events faster than ~2 ms were not observed. Single-channel current amplitudes were determined by all points histograms fitted to Gaussian distributions, using maximum likelihood methods:
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Where f(I) is the total probability density of a given amplitude value I, Ai is the i th channel amplitude, σi is the standard deviation of the i th channel amplitude, and ai is the fraction of the data represented by the i th amplitude. Conductance was determined by dividing current amplitudes by the holding potential (-120 mV).

For mean open time analysis, only patches featuring 3 or fewer channels were analysed, and analysis of stacked events resulting from simultaneous channel openings was less than 5 % of the total events analysed. Detection of events was carried out by using 50 % of the singlechannel current amplitude as the detection threshold. Dwell time histograms were fitted by the minimum number of exponential functions according to the following equation:
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where t is the time, 9i is the time constant, and ai is the relative area (the sum of all areas is equal to 1). The mean open time for a selected state is given by:
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For fluorescence experiment analysis, Fiji and Igor Pro were used.

Statistical analysis

Data are reported as mean values ± SEM. Experiments were repeated several times after, at least, two independent transfections. For statistical analyses, GraphPad Prism software (v8.0.2) was used. The normality of data distribution was tested before selection of an appropriate test of statistical significance and P < 0.05 was considered as significant difference. For electrophysiological data, two-tailed unpaired Student's t-tests were used for statistical analysis. For fluorescence measurements, one-way Kruskal-Wallis analysis of variance (ANOVA) test or Mann-Whitney test was employed, as indicated.

Nota bene:

My contributions to this project are the design of research (with Dr. Thomas Grutter) and the totality of electrophysiological experiments. Fluoresence data was acquired and analysed by Adeline Martz and Fanny Gautherat; CRISPR/Cas9 and co-immunoprecipitation experiments were realised by Adeline Martz.

RESULTS

1.

Molecular characterisation of the rP2X7 facilitated state.

In response to the first objective of this study, we were interested in the molecular characteristics of facilitation. Although well documented in the literature by way of whole cell electrophysiological experiments, a study of this process on the molecular level has never been carried out. With this study, we therefore aimed to carry out a single channel-level biophysical characterisation of rP2X7R in the facilitated state, and reasoned that such a characterisation would also provide information as to the mechanisms through which this state is accessed.

For this study, given that rP2X7 is inhibited by divalent cations (Virginio et al., 1997), we decided to use an adapted extracellular solution (NES), containing reduced levels of Mg 2+ and Ca 2+ , below their IC50 values. Whilst recordings with very low divalent cation concentration have been previously used in the literature [START_REF] Klapperstück | Characteristics of P2X7 receptors from human B lymphocytes expressed in Xenopus oocytes[END_REF], we found that in our conditions, total removal of Mg 2+ and Ca 2+ resulted in spontaneous inwards currents when recording patches from untransfected HEK293T cells in the outside-out configuration. These currents were not observable in whole cell conditions, but are in accordance with a study demonstrating that low divalent cation conditions activated TRPM7 channels in HEK293 cells [START_REF] Nörenberg | TRPM7 is a molecular substrate of ATP-evoked P2X7-like currents in tumor cells[END_REF]. For these reasons, we decided to use BzATP, an ATP analogue which is more potent to P2X7Rs (Surprenant et al., 1996). BzATP can be used at much smaller concentrations to stimulate P2X7 activity (µM range), which limits ATP-chelation of divalent cations in the bath solution and also circumvents the risk of activating endogenous P2Y channels present in HEK293 cells [START_REF] Thomas | HEK293 cell line: A vehicle for the expression of recombinant proteins[END_REF].

We devised a protocol whereby single channel recordings in the outside out configuration were carried out in both naïve patches, containing rP2X7Rs which had never been stimulated by BzATP, and patches containing pre-facilitated rP2X7Rs, having been stimulated by BzATP for 30 seconds prior to recording. This pre-facilitation was carried out by perfusion in the cellattached configuration, before membrane piercing and cytosol dialysis, in order to retain any cellular components and pathways which may be required for facilitation to occur (Figure 86a).

The 30 second prolonged application protocol induced a strong current facilitation (4.2-fold ± 0.5, n = 3, Figure 86c) when probed in whole cell recordings, which was similar to that obtained with eight short repetitive BzATP applications (3.4-fold ± 0.4, n = 10), as has been previously observed in the literature (Robinson et al., 2014).

In rP2X7-expressing, naïve HEK293T excised membrane patches, barely visible events were observed when data were filtered at a corner frequency (fc) of 1 kHz, however, once filtering was increased to 100 kHz, channel openings and closings could be clearly resolved (Figure 86c). Control experiments in untransfected HEK293T membrane patches, as well as rP2X7transfected patches confirmed that these events did indeed originate from P2X7 channel openings and closings, and not from endogenous channel activity induced by low levels of divalent cations (Figure 86d ande).

In control, naïve patches, we observed two, discrete unitary current conductances, which we refer to as O1 and O2. These conductances are not the result of multiple, stacked events, but distinct conductance states, reflecting a dual gating mechanism. This is in close agreement to a previous study, which observed two conductance states, a short-lived state and a long-lived a b c d e state, from hP2X7-expressing oocyte membrane patches when stimulated with ATP (Riedel et al., 2007). We observed both O1 and O2 in the majority of patches (5/6), with the exception of one patch which showed only O2 conductances. All points histogram analysis allowed to determine the unitary conductances of O1 and O2 as 1.89 ± 0.26 pS and 3.39 ± 0.44 pS respectively (Figure 87a andb). We then undertook experiments to determine these same characteristics in pre-facilitated patches. Here also, we found that two discrete unitary conductances were present, and that the values of these conductance states were similar to those found in control, untreated patches. However, we observed a dramatic increase in the mean open times of both O1 (~10-a b c fold) and O2 (~5-fold), (Figure 87c and summarised in Figure 88a). The mean closed time also increased slightly (~1.5-fold). As a result, the open channel probability (NPO) for both conductance states combined also increased by ~2.9-fold, from 0.17 to 0.47, shown in Figure 88c. Of note is that this fold increase is in the same range as that which we observed in whole cell recordings, using either a prolonged or repetitive agonist application (4.2 and 3.5-fold respectively). These results therefore demonstrate that in HEK293T cells, a large increase in the open probability is at the origin of BzATP-evoked facilitation. Following this, we decided to investigate further the molecular basis of facilitation, in particular, the role of cholesterol. Cholesterol has been shown to modulate the process of facilitation, with cells depleted in cholesterol by methyl-β-cyclodextrin (MCD) exhibiting dramatically enhanced initial currents, and little increase with repeated agonist applications, as if already in a facilitated state (Robinson et al., 2014). We therefore decided to carry out these same single channel recordings, this time from patches in which the membrane cholesterol had been acutely depleted by MCD (15 mM, 15 minutes incubation at 37°C). These incubation conditions have previously been shown in the literature to reduce membrane cholesterol by a small but significant amount (Robinson et al., 2014). We first verified that MCD treatment resulted in the expected modulation of current using whole cell recordings, where we found that the first response to agonist in MCD treated cells was indeed of a significantly greater magnitude than that in untreated control cells (137 ± 36 pA/pF for control cells as opposed to 454 ± 220 pA/pF Single channel recordings revealed that this cholesterol-depleting treatment enhanced the mean open times of both conductance states O1 and O2 as compared to control patches (~16fold for O1 and ~3-fold for O2, Figure 87 and Figure 88a). As for pre-facilitated patches, the absolute values of both conductances did not vary significantly from control conditions, as shown in Figure 87b. MCD treatment therefore recapitulates BzATP-induced facilitation, presumably by the dissociation of cholesterol from the receptor.

For MCD-treated patches, we were unable to robustly determine a mean closed time, due to too few events. There are two reasons for this, firstly, MCD-treated patches exhibited a greater level of instability and were more challenging to patch than in control conditions, likely due to heightened fluidity in the cholesterol-depleted membrane which may influence the quality of the seal as well as noise. We therefore obtained less analysable data for this condition.

Secondly, given the increase in activity, channels remained open for longer, and so fewer closed events were detected within the analysable patches.

These results taken together show that the facilitated state of rP2X7 is characterised by a heightened probability of opening, and indicate that this increase in NPO is likely produced as a result of a membrane reorganisation, which induces the dissociation of cholesterol from rP2X7R.

Mathematical kinetic modelling (Dr. Thomas Grutter)

To describe this electrophysiological data quantitatively, we adopted a linear kinetic scheme, as has been previously used to describe P2X2 receptors (Ding and Sachs, 1999). The model describes two discrete conductance states, O1 and O2, directly linked to a common closed channel state. Our data set contained too few experimental events to be able to perform fitting procedures, so instead the rate constants were varied until a realistic set of constants were Both of these residues are pore-lining, and in hP2X7 define the channel gate (Pippel et al., 2017). As observed in the literature (Browne et al., 2013), MTSR provoked a block of the open current in the WT receptor, but this block was fully reversible upon washout and re-application of agonist. We found that at position G345C, MTSR (3 µM) provoked a covalent, non-reversible inhibition of currents in both MCD-treated and naïve, unfacilitated conditions (57.2%, n=3 and 47.5%, n=6 for MCD-treated and untreated cells respectively, Figure 91a). This is in close agreement with Browne et al, who facilitated G345C-expressing HEK293T cells before coapplication of MTSR, and in these conditions found inhibition to be 59%. On the other hand, S339C mutant produced very different profiles upon MTSR application (Figure 92). In untreated cells, we observed a large potentiation of the BzATP current upon MTSR addition, resulting in a 2.85-fold increase in current, which did not return to the baseline upon washout, indicating that MTSR modification at S339C may result in a channel which subsequently remains constitutively open. We also observed this non-return to baseline levels in MCDtreated cells. However, in these cholesterol-depleted cells we did not observe this potentiation, but instead a slight reduction in current upon MTSR application (43.2% inhibition, n=3). S339C position in hP2X7, for example, application of MTSEA + causes a diminution of unitary currents, but simultaneously causes a dramatic increase in the probability of opening, which translates to an overall apparent increase of currents in whole cell recordings (Pippel et al., 2017). Care must be taken, therefore, not to over-interpret such results. Nevertheless, it would be interesting to carry out a more comprehensive cysteine scanning study, with a greater number and variation of cysteine mutants, to probe which positions within the pore may be susceptible to conformational changes. In addition, it could be envisaged to use the 30s BzATP facilitation protocol in the place of MCD treatment, as this condition typically provokes a facilitation of receptors but without the difficulties relating to patch and gigaseal quality, which can render it complicated to obtain analysable traces from MCD-treated cells.

2.

Studies on a possible rP2X7/TMEM16s complex and its implication in facilitation and macropore formation.

The second section of this project investigates the role of TMEM16 channels in rP2X7 activity, in terms of channel gating, facilitation behaviour, and macropore formation.

Probing the regulation of channel gating by an rP2X7/TMEM16 protein complex.

Following characterisation of rP2X7 currents at the single-channel level in both naïve and facilitated states, we questioned whether endogenously present TMEM16 channels could have a regulatory effect on these unitary currents, in light of their suggested involvement in P2X7 activity discussed previously (Chapter three introduction, section 3). We reasoned that if a strong interaction is present between these channels, they will remain in complex even upon membrane excision to the outside-out configuration. As such, rP2X7R unitary currents would be allosterically sensitive to modulators acting on the endogenous channel. To investigate this possible interaction, we decided to use several non-selective CaCC inhibitors (shown in figure

Figure 93): tannic acid (TA), flufenamic acid (FFA) and 9-anthracene-carboxylic acid (9-AC),

which have been previously shown to modulate members of the TMEM16 family when expressed in recombinant systems, specifically, TMEM16A [START_REF] Liu | Characterization of the effects of Clchannel modulators on TMEM16A and bestrophin-1 Ca 2+ activated Clchannels[END_REF][START_REF] Namkung | Inhibition of Ca2+activated Cl-channels by gallotannins as a possible molecular basis for health benefits of red wine and green tea[END_REF], TMEM16B [START_REF] Cherian | Multiple effects of anthracene-9-carboxylic acid on the TMEM16B/anoctamin2 calcium-activated chloride channel[END_REF][START_REF] Namkung | Inhibition of Ca2+activated Cl-channels by gallotannins as a possible molecular basis for health benefits of red wine and green tea[END_REF] and TMEM16F [START_REF] Ousingsawat | Anoctamin 6 mediates effects essential for innate immunity downstream of P2X7 receptors in macrophages[END_REF]. As these compounds have poor selectivity, we have considered whether they may act on rP2X7R itself. TA and FFA have previously been reported in the literature to not exert a direct, inhibitory effect on P2X7 [START_REF] Janks | A central role for P2X7 receptors in human microglia[END_REF][START_REF] Ma | Pharmacological Characterization of Pannexin-1 Currents Expressed in Mammalian Cells[END_REF][START_REF] Ousingsawat | Anoctamin 6 mediates effects essential for innate immunity downstream of P2X7 receptors in macrophages[END_REF].

Nevertheless, with our collaborator Dr. Eric Boué-Grabot (Université de Bordeaux), we decided to test the effects of these inhibitors on BzATP-elicited currents in rP2X7-expressing Axolotl (A. mexicanum) oocytes, which are reported to be void of endogenous CaCCs, at least electrophysiologically [START_REF] Wozniak | The TMEM16A Channel Mediates the fast polyspermy block in Xenopus Laevis[END_REF][START_REF] Schroeder | Expression Cloning of TMEM16A as a Calcium-Activated Chloride Channel Subunit[END_REF]. These experiments demonstrated that FFA and 9-AC had no inhibitory effect on BzATP-evoked currents in CaCCvoid Axolotl oocytes expressing rP2X7 (Figure 95). However, this was not the case for TA, application of which resulted in an inhibition of BzATP current. We cannot confirm, therefore, that TA does not act by directly inhibiting rP2X7 activity. However, this remains unclear, as the previous study of Janks et al demonstrated that TA has no effect on ATP-evoked P2X7 currents in human microglia (Figure 85, [START_REF] Janks | A central role for P2X7 receptors in human microglia[END_REF]). We therefore remain cautious with our interpretation of results from TA inhibition. Despite the uncertainty surrounding the mechanism of TA inhibition, by demonstrating that FFA and 9-AC do not directly act on the rP2X7R, these results reinforce our previous conclusion of an allosteric regulation and a likely protein complex between TMEM16 channels and rP2X7R. Percentage inhibition of BzATP-induced currents (10 µM) in rP2X7-transfected Axolotl oocytes following 60s perfusion of inhibitors TA (20 µM), FFA (100 µM) or 9AC (1 mM). Inhibition is calculated by carrying out four sequential applications of BzATP, followed by inhibitor perfusion and re-stimulation with four sequential BzATP applications. The current density of the fourth BzATP application before inhibitor application is compared with the first BzATP application following inhibitor perfusion. TA treatment results in total inhibition, whilst FFA and 9AC do not exhibit a significant inhibition of currents.
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We then decided to test these same inhibitor compounds in whole cell recordings to probe whether or not TMEM16s are involved in the BzATP-evoked facilitation process of rP2X7. We devised a protocol whereby receptors were pre-facilitated by four short agonist applications, then perfused with the inhibitor of interest for 60s, followed by a second series of four short agonist stimulations, in order to observe the effects of these inhibitors on facilitated rP2X7Rs

(Figure 96). We found that all compounds inhibited facilitated rP2X7 currents, albeit to differing extents.

FFA and 9-AC produced a strong inhibition of currents, 82.2 ± 2.9 % and 80.5 ± 3.4% respectively, which were fully reversible upon washout. TA produced total inhibition of currents, which was non-reversible, even after prolonged washout, and was observed in cells prefacilitated with BzATP (Figure 96a, first trace, blue) or with MCD treatment (Figure 96a, fourth trace, orange). This irreversible abolition of currents by TA highlights that it is likely acting via an alternative mechanism to FFA and 9-AC, as demonstrated by the results from Axolotl oocytes. We further investigated the action of TA by employing different experimental protocols: a repetitive co-application of BzATP and TA, and a repetitive application of BzATP using KCl intrapipette solution supplemented with TA, allowing 5 minutes before recording to allow dialysis to take place and TA to effectively diffuse into the cell (Figure 97b). We found that when co-applied with BzATP, TA also produces a pronounced inhibition of the whole cell currents, as expected given the observed inhibition of unitary conductances (Figure 97a, 65.1 ± 7.9 % over 4 co-applications, n=8). This result, taken together with the total inhibition observed after the 60s inhibitor perfusion protocol (Figure 96), demonstrates that TA inhibits rP2X7 BzATP-induced currents when rP2X7R is in the both the open and closed state.

Repetitive stimulation of cells containing TA within the intrapipette solution, on the other hand, had no inhibitory effect on rP2X7 currents, thus indicating that TA exerts its effect from an extracellularly-facing component and not through inhibition of some cytosolic pathway. How TA inhibits rP2X7R currents remains unresolved; TA is known to inhibit CaCCs, but as we cannot be sure of the extent to which it inhibits directly rP2X7, we remain cautious when interpreting results obtained with TA.

Probing the role of rP2X7/TMEM16 protein complex in macropore formation.

Having probed the role of an rP2X7/TMEM16 complex on rP2X7 channel gating, we then questioned whether such a complex may have implications for macropore formation and dye uptake. To investigate this, we monitored uptake of YO-PRO-1 into rP2X7-transfected HEK293T cells upon BzATP stimulation. We devised a dye-uptake protocol featuring two acquisition periods: an initial period of 10 minutes in which the cells are bathed in NES containing YO-PRO-1 (10 µM) to monitor basal YO-PRO-1 uptake, and a second acquisition period of 15 minutes, during which the cells are bathed in a solution of NES, YO-PRO-1 and BzATP to stimulate rP2X7 activation and dye uptake. a b This dye uptake assay (work of Adeline Martz and Fanny Gautherat) demonstrated that, similar to channel gating, these inhibitors had differing effects on macropore formation. Control conditions showed a significant uptake of YO-PRO-1 upon BzATP application, and interestingly, a heightened basal level of YO-PRO-1 uptake as compared to non-transfected (NT) cells (Figure 98a). The BzATP-induced dye uptake was inhibited strongly by TA (97 % inhibition, Figure 98b), and to a lesser, but still statistically significant extent by 9-AC (37.3 %). FFA, on the other hand, surprisingly had no effect on YO-PRO-1 dye uptake (Figure 98c), which is in sharp contrast to the inhibition of channel gating observed by electrophysiology. Previous work has shown that FFA can serve to discriminate between TMEM16 family members, inhibiting strongly TMEM16A, but not TMEM16F [START_REF] Yang | TMEM16F Forms a Ca2+-Activated Cation Channel Required for Lipid Scrambling in Platelets during Blood Coagulation[END_REF]. These results combined with our previous electrophysiological findings therefore suggest two things: firstly, that TMEM16F may be required for rP2X7-mediated dye uptake, and secondly, that only a small proportion of those complexes responsible for BzATP evoked currents participate in macropore formation and dye uptake.

We also decided to probe macropore formation when rP2X7Rs are in the facilitated state. To do so, we pre-treated cells with MCD before applying the dye uptake protocol. As expected, and in line with previously published observations for rP2X7 and other orthologs (Karasawa et al., 2017;Robinson et al., 2014), YO-PRO-1 dye uptake is sharply increased in cholesteroldepleted cells, indicating that rP2X7 macropore formation is also mediated by cholesterol. We then tested the effect of TA on dye uptake and, as expected, found a significant decrease in YO-PRO-1 incorporation (Figure 98c, far right). We did not test other inhibitors on MCD-treated cells, but given the uncertainty surrounding the mode of action of TA, we plan to repeat these experiments with FFA and 9-AC, in order to conclude definitively whether TMEM16s regulate rP2X7-dependent dye uptake in the facilitated state or not.

Contribution of TMEM16F subtype to rP2X7 activity.

In light of the results we have obtained using pharmacological inhibition of TMEM16s, as well as the previous work of Ousingsawat et al, we suspected that TMEM16F channels may represent all, or part of, the conduit for dye permeation in HEK293T cells. RT-PCR analysis in the literature has shown that mRNA coding for all TMEM16 family members, with the exception of TMEM16G and TMEM16J, is found in HEK293 cells, and that gene expression of TMEM16F is ~4 orders of magnitude greater than that of TMEM16A or B [START_REF] Banerjee | Regulatory Roles of Anoctamin-6 in Human Trabecular Meshwork Cells[END_REF].

TMEM16F protein expression was also detected by Western blot. This supports the possibility that endogenous TMEM16F channels may be implicated an rP2X7-mediated dye uptake. Due to the pharmacological promiscuity of known CaCC inhibitors, not only within the CaCC family but also with regard to other channels, we decided to apply the CRISPR-Cas9 method, in order to genetically mute TMEM16F expression, generating a TMEM16F-deficient HEK293T cell line, which we will refer to as 16F-null (realised by Adeline Martz). Verification by Western blot demonstrated that TMEM16F was indeed no longer expressed in this 16F-null cell line, compared to WT HEK293T cells.

In this 16F-null cell line, we expressed rP2X7 and, using the same protocol as described previously, measured the BzATP-induced uptake of YO-PRO-1 (Adeline Martz). In 16F-null cells, we observed a significant reduction in YO-PRO-1 uptake, of 35 ± 4% (Figure 99a). We then decided to re-transfect 16F-null cells with rTMEM16F (cDNA ratio 0.5:1 rTMEM16:rP2X7), to see whether full dye uptake can be restored by re-expression of TMEM16F. Whilst we did observe a slight increase in dye uptake, this was not significant compared to 16F-null cells transfected solely with rP2X7, suggesting that these expression conditions are perhaps not optimal. Attempts to increase the ratio of transfected DNA resulted in fragilised cells, from which fluorescence acquisitions could not be reliably analysed. We then tested the BzATP-induced dye uptake of this 16F-null cell line in the presence of CaCC inhibitors. As observed in HEK293T cells, co-application of TA strongly inhibited dye uptake in 16F-null cells, whilst FFA did not affect uptake. However, 9-AC no longer inhibited YO-PRO-1 uptake in this 16F-null cell line (Figure 100a), suggesting that 9-AC inhibits specifically TMEM16F in HEK293T cells as opposed to other TMEM16 subtypes. Taken together, these results demonstrate that endogenous TMEM16F channels contribute to rP2X7mediated macropore formation, albeit in a minor way. Our data also show that there is a remaining contribution to dye uptake, which must originate from channels which are insensitive to FFA and 9-AC. To support the suggestion that a rP2X7/TMEM16F complex is at play, we carried out coimmunoprecipitation pull-down assays in HEK293T cells overexpressing both rP2X7 and rTMEM16F, both tagged at the C-terminus with a c-myc tag (Adeline Martz). In line with the work of Ousingsawat et al, the presence of rTMEM16F-c-myc specifically coimmunoprecipitated rP2X7-c-myc, indicating that a physical association occurs between rP2X7 and rTMEM16F (Figure 100b). The two bands observed by Western blot (Figure 100b, left panel) are most likely due to different glycosylated forms. However, when solely rP2X7 is recombinantly expressed, we were unable to observe this co-immunoprecipitation. This is likely due to the fact that endogenous rP2X7/TMEM16F complexes are too few in number and thus under the detection limit of this technique. Contribution of TMEM16F to rP2X7 channel gating.

After investigating the contribution of TMEM16F to macropore formation, we then considered whether TMEM16F may have implications for channel gating properties, including the process of facilitation. We therefore decided to characterise both whole cell and unitary rP2X7 currents in this 16F-null cell line for comparison with HEK293T cells. Whole cell currents obtained from rP2X7 expressed in 16F-null cells exhibited no significant differences to that expressed in HEK293T WT cells (Figure 101d ande). Current density reached after eight short, repetitive applications of BzATP remained similar, at 214 ± 57 pA/pF in 16F-null cells as opposed to 235 ± 29 pA/pF in HEK293T cells. In addition, the extent of facilitation, which was calculated by the fold difference in current measured over eight consecutive BzATP applications, did not change in a statistically significant manner (2.67-fold increase in 16F-null cells as opposed to 3.36-fold increase in HEK293T cells, n=10 -15 cells). From the global, averaged perspective that whole cell recordings allow, channel gating properties do not appear to vary whether TMEM16F is endogenously present or not.

However, when probed on the molecular level using outside-out single channel recordings, two interesting differences were apparent. Firstly, in seven out of the nine total patches analysed, we only observed the O1 conductance state. The remaining two patches also exhibited the O1 conductance state, as well as unitary currents of higher magnitude than those which correspond to the O2 condutance state as observed in HEK293T cells. We named these higher conductances HC, but as they occurred only very occasionally, we could not attribute them definitively. Given the "loss" of the O2 conductance state in these 16F-null cells, we were surprised that the current density observed in whole cell recordings was not reduced. We therefore decided increased as compared to the HEK293T cell line; rP2X7 NPO was determined as 0.32 in 16Fnull cells, compared to 0.17 when expressed in HEK293T cells. This increase in NPO may therefore account for the unchanged current density observed in whole cell which is observed, despite the disappearance of the O2 conductance state.

We then decided to investigate the effects of CaCC inhibitors on rP2X7 currents in the 16Fnull cell line, to see whether inhibition of channel gating is retained. In outside out patches, inhibition of BzATP currents was observed with all inhibitors, although for FFA and 9-AC percentage inhibition was lower than that observed in HEK293T cells (45.7 ± 11.1% for FFA and 47.0 ± 3.4% for 9-AC, compared to 73.8 ± 14.3% and 81.1 ± 4.6% in HEK293T cells respectively).

Whole cell facilitated currents of rP2X7-expressing 16F-null cells were also strongly inhibited by TA, FFA and 9-AC. As in HEK293T cells, TA completely and irreversibly abolished BzATP currents, whilst FFA and 9-AC inhibited to a slightly lower extent (83.6 ± 6.3% and 82.7 ± 7.2% respectively), and in a reversible manner. These data combined indicate that TMEM16F does have indeed an influence on rP2X7

channel gating properties at the microscopic level, but that channel gating properties at the whole cell level are largely conserved even in the absence of TMEM16F.

Study of P451L mutant to probe the link between facilitation and macropore formation.

After obtaining evidence for an rP2X7/TMEM16F complex implicated in both channel gating and macropore formation, we decided to consider whether the process of facilitation and macropore formation are linked by a common pathway. As discussed in the introduction to this chapter, basic channel gating has largely been demonstrated to be decoupled from macropore formation, however, few examples exist whereby facilitation and macropore activity are a b considered together. We, and other studies (Robinson et al., 2014), remark that facilitation and macropore formation are both modulated by cholesterol, and previous work using a Cterminally truncated rP2X7 construct has observed that whilst channel gating properties remain highly similar, macropore formation is not observed, and nor is facilitation of currents upon repetitive agonist application (Surprenant et al., 1996).

We therefore thought it interesting to investigate whether it is possible to delineate facilitation from macropore formation by way of a point mutation. If such a point mutation were to have significant effects on one of these behaviours, without significantly impacting the other, this would provide evidence to suggest that facilitation and macropore formation do not originate from a common mechanistic pathway. We decided to use the P451L mutant construct, which has been identified as a non-synonymous SNP found in mouse P2X7R, associated with reduced pain sensitivity (Sorge et al., 2012). This mutant has previously been shown to exhibit impaired dye uptake activity (Adriouch et al., 2002;Xu et al., 2012;Young et al., 2006), although surface expression remained comparable to that of the WT in both rat and mouse orthologs (Adriouch et al., 2002;Young et al., 2006). In the mouse rP2X7 construct carrying this P451L mutation, facilitation of currents was observed and found to be comparable to that of the WT, but this was not fully quantified and tested for significance (Young et al., 2006).

In our conditions, rP2X7 carrying P451L mutation exhibited robust channel gating, and after eight consecutive applications of BzATP, the observed current densities were 246 ± 61.2 pA/pF and 189 ± 32.3 pA/pF in the WT and P451L mutant respectively, which was not significantly different when tested statistically (Student's t-test, n = 10 -14 cells). Equally, channel gating on the single channel level was found to be very similar to the WT receptor, with two conductances corresponding to O1 and O2 present (Figure 103c, O1 = 1.70 ± 0.11 pS; O2 = 3.39 ± 0.37 pS, n= 4 patches). Only one patch exhibited uniquely the O1 conductance.

We observed a robust facilitation in the P451L mutant, resulting in a 2.27-fold difference compared to 3.36 in the wild type (Figure 103a andb). Nevertheless, this slight reduction (32.5%) in the extent of facilitation did prove to be statistically significant (P=0.018). The impact of the P451L mutation on dye uptake was, however, more pronounced, with a reduction of 68.7 ± 9% observed incorporation of YO-PRO-1, as shown in Figure 103d and e (realised by Fanny Gautherat). Although both processes studied appear to be affected by the mutation P451L, the effects on facilitation are much milder when compared to the severe impairment of dye uptake which we observed. This suggests that facilitation and the P2X7 macropore likely do not occur through a common mechanistic pathway, as if this were the case, we would expect to see a more consistent impact of the mutation towards the two processes. Having determined that TMEM16F contributes to rP2X7-evoked dye uptake, and obtaining strong evidence that this contribution is in the form of an rP2X7/TMEM16F complex, the question can also be raised as to whether the reduced dye uptake observed with the P451L mutant may be the result of impaired rP2X7/TMEM16F complex formation. Interestingly, the P451L mutation has also been shown to reduce phophatidylserine (PS) exposure at the membrane surface, a key marker of scramblase activity (Sorge et al., 2012). At present, we have only tested the effect of the CaCC inhibitor TA on single channel P451L currents, and found that sensitivity to this inhibitor is retained. However, once again due to the uncertainty surrounding the mode of inhibition of TA on rP2X7 activity, this P451L mutant should be tested with FFA and 9-AC, in single channel recordings as well as dye uptake assays, to probe more definitively whether the mutation affects the ability of an rP2X7/TMEM16 complex to form.

A molecular model supporting rP2X7/TMEM16F complex formation.

Finally, we collaborated with Dr. Antoine Taly (IPBC, Paris), to explore whether the physical association of rP2X7 and TMEM16F in a complex can be supported by molecular modelling experiments. Using the recently resolved cryo-EM structures of rP2X7 and mTMEM16F, docking experiments using Monte-carlo methods were carried out to produce two models, one with rP2X7 in the closed state and one featuring the ATP-bound open state. These models reveal a potential association between the ballast of one rP2X7 subunit and the cytoplasmic domain of one mTMEM16F monomer. These models therefore support the possibility of a close physical association between rP2X7 and TMEM16F in complex. (a) Lateral view of rP2X7/mTMEM16F complex modelled by docking experiments, carried out a priori, except for their position in the membrane plane. rP2X7 is shown in blue (PDB: 6U9V) and Ca 2+ -bound mTMEM16F in orange (PDB/ 6QPC). In this complex it can be determined that 9-AC acts to inhibit the TMEM16F component, whilst TA may inhibit both members of the complex. 

DISCUSSION AND OUTLOOK

During this project, we have been able to investigate further the processes of facilitation and macropore formation. One of the principal findings is that both of these hallmark P2X7

phenomena are reliant on rP2X7/TMEM16 protein complexes, which form a "hub", exerting considerable influence over all aspects of P2X7 activity.

Our single channel study on the facilitated state of rP2X7Rs suggests that the dramatic increase of currents observed upon prolonged ATP stimulation originates from a considerable increase in the rP2X7 NPO, which in turn is dependent on the depletion of cholesterol from the membrane. The cellular mechanism through which cholesterol is depleted upon prolonged rP2X7 activity remains to be fully determined, although as we have seen in chapter two, rP2X7 activation has influence over several lipid metabolic pathways with potential consequences for lipid raft domains, where cholesterol is abundant. As approximately half of the rP2X7Rs expressed in HEK293 cells are found in lipid rafts, the depletion of cholesterol from these raft environments and the accompanying increase in rP2X7 open probability represents a very possible source of the dramatic current increases observed upon receptor facilitation. Given that rP2X7 activation has been shown to upregulate ceramide production [START_REF] Lépine | ATP-induced apoptosis of thymocytes is mediated by activation of P2X7 receptor and involves de novo ceramide synthesis and mitochondria[END_REF][START_REF] Raymond | Involvement of de novo ceramide biosynthesis in macrophage death induced by activation of ATP-sensitive P2X7 receptor[END_REF], and ceramide has been shown to selectively displace cholesterol from lipid raft domains [START_REF] Megha | Ceramide Selectively Displaces Cholesterol from Ordered Lipid Domains (Rafts) IMPLICATIONS FOR LIPID RAFT STRUCTURE AND FUNCTION[END_REF], a focused study into the relationships between rP2X7, ceramide and rP2X7-bound cholesterol as a possible facilitation pathway would shed light as to how this facilitated, cholesterol-depleted state is accessed. Another interesting study to mention at this point is one in which single-particle tracking photoactivated localisation microscopy (sptPALM) has shown that ATP regulates the mobility of P2X7Rs at the cell membrane, including those which are found within nanoclusters similar to lipid rafts [START_REF] Shrivastava | Dynamic micro-organization of P2X7 receptors revealed by PALM based single particle tracking[END_REF]. This represents another means as to how the activity of rP2X7 may be regulated by changes in its surrounding lipidic environment brought on by ATP application.

Our study suggests that cholesterol maintains the rP2X7/TMEM16 complex in a low channel activity state, and that, upon prolonged or repetitive channel activation and subsequent dissociation of cholesterol, switching of the channel into a higher activity state occurs. Precisely how cholesterol is associated with rP2X7/TMEM16 complexes, however, remains to be investigated. The study of Karasawa et al using truncated pdP2X7 receptors reconstituted into liposomes of varying lipidic composition has suggested a direct association of cholesterol and rP2X7, most likely through binding to the TM domains (Karasawa et al., 2017), and at least two CRAC motifs have also been identified in the sequence of P2X7 within the C-terminal regions [START_REF] Kopp | P2X7 Interactions and Signaling -Making Head or Tail of It[END_REF]. Several residues within the TM domains have also been shown to modulate receptor sensitisation [START_REF] Jindrichova | Functional characterization of mutants in the transmembrane domains of the rat P2X7 receptor that regulate pore conductivity and agonist sensitivity[END_REF], and may merit further investigation in the context of cholesterol interactions. Whether cholesterol also binds to TMEM16 components of the complex remains to be determined. One possibility is that, in addition to rP2X7 sensitivity to cholesterol, TMEM16F, and other TMEM channels which may be involved in complex formation, are themselves regulated directly by cholesterol. Recent studies indicate that MCD treatment stabilises TMEM16A activity, with a putative cholesterol-binding motif identified in the fifth transmembrane domain [START_REF] Jesús-Pérez | Phosphatidylinositol 4,5-bisphosphate, cholesterol, and fatty acids modulate the calcium-activated chloride channel TMEM16A (ANO1)[END_REF]). An alternative scenario would be that rP2X7 is the only cholesterol-sensitive component of the rP2X7/TMEM16 complex, and that upregulation of P2X7 following cholesterol dissociation is in turn transmitted via cross-talk mechanisms to an upregulation of TMEM16 activity.

Mutagenesis scanning studies of the residues comprising these putative cholesterol binding sites and their effects on facilitation behaviour should be carried out to gain a more precise understanding of the mode of action of cholesterol at rP2X7/TMEM16 complexes.

Our single channel data have also confirmed similarities between the rat and human P2X7

orthologs on the molecular level, in that the presence of two conductance states appears to be a common feature between these species. Our observations are also consistent with those of Riedel et al in that the absolute values of unitary conductances do not change over the course of ATP stimulation (Riedel et al., 2007). No significant difference in unitary conductance was observed between naïve patches or those having undergone BzATP induced facilitation prior to membrane excision. This observation therefore goes against the argument for a pore dilation mechanism being at play, as if the diameter of the P2X7 pore were to change dramatically during the transition to the facilitated state, we would expect to see some alterations in the magnitude of unitary conductances, whereas this is not the case.

We believe that the conductance states O1 and O2 originate from the rP2X7 channel itself, rather than the outwardly-rectifying TMEM16 channels, for which activity is expected to be minimal at the holding potential of -120 mV [START_REF] Adomaviciene | Putative pore-loops of TMEM16/anoctamin channels affect channel density in cell membranes[END_REF][START_REF] Alvadia | Cryo-EM structures and functional characterization of the murine lipid scramblase TMEM16[END_REF][START_REF] Yang | TMEM16F Forms a Ca2+-Activated Cation Channel Required for Lipid Scrambling in Platelets during Blood Coagulation[END_REF]. The experiments carried out in Axolotl oocytes provide evidence that FFA and 9-AC do not act directly on the rP2X7 channel. Therefore, the pharmacological inhibition by these P2X7-inactive CaCC inhibitors, of rP2X7 currents observed at the single channel level, suggests that rP2X7 is closely associated with TMEM16 channels. Whilst we do not know the precise mechanisms behind how the complex may function, these results suggest that a sort of synergistic relationship exists, whereby inhibition of one component of the complex results in a transmitted inhibition of the complex as a whole, in a pharmacological cross-talk mechanism. This possibility is supported by the results of the coimmunoprecipitation experiments, which indicate a close physical association between rP2X7 and rTMEM16F (Figure 100), and molecular modelling experiments which confirm that such a physical association would be energetically feasible.

During this project, we have chosen to focus on the possibility of a rP2X7/TMEM16F complex, in light of the previously discussed work of Ousingsawat et al suggesting that this TMEM subtype may be implicated in P2X7 activity. CRISPR/Cas-9 knock-out of TMEM16F confirms that TMEM16F does indeed exert an influence over several rP2X7 behaviours, one of these being the unitary conductances. In 16F-null cells, the absence of O2, along with the sporadic appearance of a higher conductance state HC, and the increase in mean open time suggests that TMEM16F has a "shaping" influence over unitary currents. The specificities of how this occurs have not yet been investigated, but an influence over the unitary currents of channels by protein partners and auxiliary subunits acting as "molecular switches" with regard to unitary conductances has been documented in the literature [START_REF] Kaulin | The Dipeptidyl-Peptidase-Like Protein DPP6 Determines the Unitary Conductance of Neuronal Kv4.2 Channels[END_REF][START_REF] Wakamori | Auxiliary subunits operate as a molecular switch in determining gating behaviour of the unitary N-type Ca2+ channel current in Xenopus oocytes[END_REF]. If TMEM16F is present in a tight molecular complex with rP2X7, our data suggests that it cannot be the sole TMEM16 variant to be involved. Given that rP2X7 unitary currents are inhibited by TMEM16F-inactive FFA, and that sensitivity to CaCC inhibitors is retained in 16Fnull cells, our data suggests that TMEM16F may associate with other, FFA-sensitive TMEM16 subunit variants within the complex, for example in the form of heteromers. This ability of TMEM16 channels to assemble in a heteromeric manner has been previously been demonstrated, notably between TMEM16F and TMEM16B subtypes [START_REF] Henkel | Coexpression of Anoctamins in Cilia of Olfactory Sensory Neurons[END_REF].

Another possibility to account for our observation that sensitivity to CaCC inhibitors is retained in 16F-null cells, is that gene regulatory networks may exist concerning the expression of TMEM16s, which would be set into action upon deletion of TMEM16F, resulting in altered expression levels of other TMEM16s in order to compensate for this deletion. This could be probed by RT-PCR analysis and comparison between HEK293T and 16F-null cell lines. A particularly interesting possibility to further investigate would be the expression profile of TMEM16E, as this subtype is the closest to TMEM16F within the phylogenetic tree and, like TMEM16F, has been shown to exhibit scramblase activity [START_REF] Di Zanni | Gain of function of TMEM16E/ANO5 scrambling activity caused by a mutation associated with gnathodiaphyseal dysplasia[END_REF][START_REF] Milenkovic | Evolution and functional divergence of the anoctamin family of membrane proteins[END_REF]. In this way we can imagine a wider, combinatorial approach to rP2X7/TMEM16 complexes, whereby in different cell types, according to the expression profile of TMEM16s, the specific characteristics of the rP2X7/TMEM16 complexes are altered. This may also account for the variations observed in dye uptake between cell types.

Aside from the implications of TMEM16s for rP2X7 channel gating activity, our results indicate that TMEM16s also have strong implications for macropore formation and dye uptake activity.

Firstly, our results demonstrate that in HEK293T cells, rP2X7 mediated dye uptake requires additional proteins. In HEK293T WT cells, FFA showed no inhibitory effects on dye uptake (Figure 98). Compared to the electrophysiological results, where FFA inhibits approximately 82% of P2X7 currents, this leads us to conclude that only a minority of rP2X7-embedded complexes are involved in dye uptake (those which are insensitive to FFA). If this were not the case, we would expect to see the same levels of FFA inhibition in both YO-PRO-1 incorporation and channel gating. In 16F-null cells, dye uptake is reduced by 35 -40 %, confirming that TMEM16F is implicated in dye uptake. Interestingly, 9-AC inhibits dye uptake in HEK293T cells by 37%, and this inhibition disappears upon knock-out of TMEM16F in 16F-null cells. These results suggest that in HEK293T cells, 9-AC acts by inhibiting TMEM16F.

In light of these results in 16F-null cells, the remaining contribution to dye uptake has been demonstrated to be insensitive to inhibition by FFA or 9-AC (Figure 99). This therefore raises two possibilities of components which may be behind the remaining dye uptake. Firstly, as we have shown in Axolotl oocytes that rP2X7 is not affected by FFA or 9-AC, the pharmacological profile of dye uptake in 16F-null cells is consistent with an intrinsic dye uptake of rP2X7. This scenario would be consistent with the study of Karasawa et al who determined that YO-PRO-1 dye uptake is an intrinsic property of pdP2X7 truncated receptors reconstructed into liposomes, therefore requiring no additional proteins. However, the recent cryo-EM structure of rP2X7 shows an open state pore diameter of approximately 5Å, and no class average images showing a dilated pore were identified. The minimal cross section of YO-PRO-1, 7Å, exceeds the diameter of the open pore resolved in this structure, suggesting that direct passage of YO-PRO-1 likely occurs at very reduced rates, as has been suggested to be the case for rP2X2Rs (Harkat et al., 2017). Considering the larger dyes for which P2X7-dependent cell permeabilization has been recorded, such as YOYO-1 (763 Da) and TOTO-1 (894 Da) (Figure 81), direct permeation through the P2X7 pore would be most unlikely. For YO-PRO-1 however, this permeation pathway remains a possibility. It would be interesting to probe this possibility further, using an experimental design allowing to selectively block the P2X7 pore, thereby allowing to delineate whether this remaining component of YO-PRO-1 uptake is direct permeation through the P2X7 pore. This could be envisaged with, for example, bulky MTS reagents in conjunction with cysteine mutations in order to block the P2X7 pore, or indeed point mutations within the P2X7 pore to introduce bulky residues within the channel. The latter would be a particularly interesting possibility if a mutation were identified which allowed small inorganic cations to pass as usual, lessening perturbation to channel activity and subsequent downstream pathways, but impacted upon permeation of larger dyes.

The second possibility for this remaining dye uptake component is, as mentioned earlier, that TMEM16 subtypes other than TMEM16F may be involved in dye uptake. Following the pharmacological profile of dye uptake in 16F-null cells, these TMEM16s would be insensitive to FFA and 9-AC. An interesting consideration to discuss at this point is that TMEM16F is primarily a lipid scramblase, effecting the passage of lipids between bilayer leaflets. Recently, it has been shown that a fungal TMEM16 homologue is able to scramble polyethylene glycolconjugated lipids of very high molecular weight (up to 5000 Da) [START_REF] Malvezzi | Out-of-the-groove transport of lipids by TMEM16 and GPCR scramblases[END_REF], which would lend credibility to the possibility that the scramblase activity of TMEM16F confers the ability to transport large molecular weight dyes across the cell membrane. In this scenario, the rP2X7/TMEM16 complexes involved in dye permeation would feature exclusively TMEM16 variants possessing scrambling activities.

In order to test the possible involvement of further TMEM16 variants, a number of future experiments can be envisaged. Firstly, it would be interesting to recombinantly express TMEM16 variants in the Axolotl system, to test directly which subtypes are sensitive, or not, to FFA and 9-AC inhibition. This would identify TMEM16s whose implication in a dyeincorporating rP2X7 complex would be consistent with the pharmacological profile observed in the 16F-null cells. We also plan to carry out further, specific CRISPR/Cas-9 knock-outs of individual TMEM16 channels from HEK293T. Previous work in the literature has found mRNA of all TMEM16 variants, with the exception of TMEM16J, to be endogenously expressed in HEK293 cells [START_REF] Banerjee | Regulatory Roles of Anoctamin-6 in Human Trabecular Meshwork Cells[END_REF]. The experiments in Axolotl oocytes would therefore be judicious to guide us in the decision of which TMEM16s to target in the CRISPR/Cas-9 knockout assay.

Regarding our efforts to delineate macropore formation and facilitation, through the P451L mutant, our data suggest that these two phenomena likely do not share a common pathway.

The fact that our 16F-null cell lines exhibits reduced dye uptake but unchanged facilitation behaviour also provides evidence that these two pathways are not one and the same. It would be interesting to probe further this P451L mutant which exerts such a dramatic effect on dye uptake. One possibility, which would be supported by the molecular docking experiments, is that P451L is a key residue involved in the formation of a physical association between rP2X7 and TMEM16s. Unfortunately, the region containing P451 is unresolved in the cryo-EM structure, so we are unable to uncover through the model exactly which positions within TMEM16F may be in interaction with P451 in rP2X7. However, approximate regions of possible interaction can be identified in this model, not only in the cytosolic regions, which may contain the interaction site of P451, but also in the extracellular domain. These regions should therefore be the object of future mutagenesis scanning experiments which may be able to identify more precisely residues which are indispensable for complex formation. We also plan to continue this part of the project by testing the inhibition of FFA and 9-AC on channel gating and dye uptake of P451L mutant, to determine whether sensitivity to CaCC inhibitors, and thus existence of a rP2X7/TMEM16 complex, is fully retained.

CONCLUSION

To conclude this section, through this study we have been able to shed light on the facilitation phenomenon from a molecular point of view, which, up until now had remained unexplored.

Whilst the pathway through which rP2X7Rs transition to the facilitated state remains to be precisely identified and thoroughly characterised, we confirm the likely involvement of cholesterol and the effects of this on the molecular level.

This study has also allowed us to obtain strong evidence for a rP2X7/TMEM16 complex with numerous implications for both channel gating and macropore formation. More specifically, we have been able to identify that in HEK293T cells, TMEM16F is (one of) the TMEM16 family member(s) to be involved in macropore formation. We propose that the P2X7/TMEM16 complex constitutes a hub, which may be assembled in a combinatorial manner according to the cell type and levels of TMEM16 subtype expression. This kind of assembly would represent a regulatory platform, from which the pleiotropic effects resulting from ATP activation of P2X7 could be mediated, in physiological and pathological states. Activation of the hub would trigger a co-ordinated hive of activity, including not only channel gating processes, such as Ca 2+ , Na + and K + flux, and facilitation upon prolonged agonist exposure, but also macropore formation and downstream signalling pathways resulting in membrane blebbing, interleukin release and phospholipid scrambling (Di Virgilio et al., 2018b). The existence of such a regulating hub is therefore also particularly interesting from a therapeutic viewpoint; P2X7-related diseases may occur following the dysregulation of hub activity. This study now opens a number of new prospects regarding future research into the intimate association of P2X7 and TMEM16 channels, which will hopefully untangle further mechanistic details.

GENERAL CONCLUSIONS

Within this PhD, three principal projects have been undertaken, with the global aim of furthering the comprehension of P2X7R structure and function.

The first of these projects aimed to work towards the resolution of a P2X7R cryo-EM structure.

We rapidly encountered difficulties regarding the aggregation of P2X7R during the extraction and purification process. The recently resolved cryo-EM structure of rP2X7 has overcome these difficulties, and we may speculate that this is by way of including cholesterol, with which P2X7R has been shown to closely interact (Karasawa et al., 2017;Robinson et al., 2014). The inclusion of cholesterol during purification may act, therefore, to stabilize the protein, and future structural resolutions could be envisaged following this protocol. This would be particularly interesting in the case of structures featuring P2X7R in complex with a protein partner.

The second of these projects focused on the use of two original photochemical tools for the study of P2X7R, MEA-TMA and MAM. The application of these tools to P2X7R for robust photocontrol of channel activity proved difficult, underlining the differences between P2X7 and the other P2X family members, for which, photocontrol was readily adaptable. In the case of MAM, tethering to endogenous cysteines and inconsistent photoregulated activity largely hampered the use of this strategy as a means to light-control receptors, and to eludicate information relating to structural movements. In the case of MEA-TMA, optogating was not observed, unless steric hindrance from residue Y343 was removed, in which case weak lightgated openings could be observed. Light-induced channel activity persisted even in the presence of inhibitors, indicating that the molecular motions behind these openings are likely the result of local rearrangements and not, therefore, identical to the global, physiological movements involved in ATP-gating. However, in the context of a photochemical tool with which to probe P2X7 activity, MEA-TMA proved to be of interest. In this case, we applied this tool to the study of the facilitation process, and were able to show that two populations are involved in this phenomenon. Although the precise nature of these two populations remains to be determined, several possibilities have been evoked and merit further study.

In the last chapter of this manuscript, we studied this facilitation phenomenon further. Single channel recordings afforded a molecular-level characterisation of this process, and we determined that facilitated currents result from an increase in the open probability of channels, likely as a result of the dissociation of cholesterol. We also investigated the possibility of a P2X7/TMEM16 complex. We found strong evidence for the existence of such a complex, between P2X7R and the TMEM16F subtype in particular, although it is highly likely that this is not the only TMEM16 subtype involved. This complex has implications not only on macropore formation, probed by dye uptake assays, but also on channel gating, as observed at the single channel level.

The work in particular of this last chapter suggests that a thorough understanding of the molecular mechanisms of P2X7R, therefore, requires not only an isolated consideration of the P2X7R protein itself, but a wider consideration of P2X7 within the networks in which it resides, whether this be the lipidic bilayer and its components, or indeed protein partnerships. This PhD work has hopefully contributed a basis to study several of these P2X7-containing networks further.

On the permeation of large organic cations through the pore of ATP-gated P2X receptors Pore dilation is thought to be a hallmark of purinergic P2X receptors.

The most commonly held view of this unusual process posits that under prolonged ATP exposure the ion pore expands in a striking manner from an initial small-cation conductive state to a dilated state, which allows the passage of larger synthetic cations, such as N-methyl-D-glucamine (NMDG + ). However, this mechanism is controversial, and the identity of the natural large permeating cations remains elusive. Here, we provide evidence that, contrary to the time-dependent pore dilation model, ATP binding opens an NMDG + -permeable channel within milliseconds, with a conductance that remains stable over time. We show that the time course of NMDG + permeability superimposes that of Na + and demonstrate that the molecular motions leading to the permeation of NMDG + are very similar to those that drive Na + flow. We found, however, that NMDG + "percolates" 10 times slower than Na + in the open state, likely due to a conformational and orientational selection of permeating molecules. We further uncover that several P2X receptors, including those able to desensitize, are permeable not only to NMDG + but also to spermidine, a large natural cation involved in ion channel modulation, revealing a previously unrecognized P2X-mediated signaling. Altogether, our data do not support a time-dependent dilation of the pore on its own but rather reveal that the open pore of P2X receptors is wide enough to allow the permeation of large organic cations, including natural ones. This permeation mechanism has considerable physiological significance.

pore dilation | purinergic receptor | photoswitches | YO-PRO uptake | spermidine P 2X receptors are nonselective cation channels activated by adenosine 5′-triphosphate (ATP). They are integral membrane proteins and form a family of trimeric receptors composed of seven subunits (P2X1-P2X7) that are involved in a wide range of physiological and pathological processes, including pain sensation, hearing protection, taste, modulation of neurotransmitter release, hypertension, inflammation, and neuropathic pain (1)(2)(3)(4)(5). P2X receptors have, therefore, attracted attention as promising therapeutic targets (5,6). Supported by recent X-ray structures (7)(8)(9)(10)(11), a functional receptor is composed of three subunits that assemble in the cell membrane as a homo-or heterotrimer to form a central transmembrane pore (12,13). Each subunit comprises two transmembrane helices, named TM1 and TM2, which are linked by an extracellular domain, where the ATP-binding sites are nestled. In response to a short application of ATP, the pore rapidly opens on the millisecond timescale-a process known as gating-to a state that is selective to small inorganic cations, such as Na + , K + , and Ca 2+ ions. The flow of these cations is estimated to occur at relatively high conduction rates, from 6 to 20 × 10 6 ions per second at a given driving force amplitude (14)[START_REF] Evans | Single channel properties of ATP-gated cation channels (P2X receptors) heterologously expressed in Chinese hamster ovary cells[END_REF](16). This rapidly affects the ion balance of the cell and consequently initiates signal transduction. This open state is sometimes referred to as I 1 state (2).

A remarkable feature of P2X receptors is that a longer ATP application causes a striking time-dependent pore dilation of the channel. This process, named pore dilation, is observed only for selected subtypes, notably homomeric P2X2, P2X4, and P2X7 and heteromeric receptors P2X2/3 and P2X2/5 [START_REF] Virginio | Pore dilation of neuronal P2X receptor channels[END_REF][START_REF] Khakh | Neuronal P2X transmitter-gated cation channels change their ion selectivity in seconds[END_REF][START_REF] Rokic | Two open states of P2X receptor channels[END_REF][START_REF] Wei | ATP-induced P2X receptor-dependent large pore formation: How much do we know?[END_REF][START_REF] Compan | P2X2 and P2X5 subunits define a new heteromeric receptor with P2X7-like properties[END_REF]. Different possible mechanisms have been proposed to explain pore dilation [START_REF] Jiang | N-methyl-D-glucamine and propidium dyes utilize different permeation pathways at rat P2X(7) receptors[END_REF][START_REF] Pelegrin | Pannexin-1 mediates large pore formation and interleukin-1beta release by the ATP-gated P2X7 receptor[END_REF], but the most prevailing one posits that the open pore of the initial I 1 state progressively dilates for several seconds to form an enlarged pore, denoted I 2 state, that is permeable to large organic cations such as N-methyl-D-glucamine (NMDG + ) or fluorescent dyes such as ethidium bromide and YO-PRO-1, a carbocyanine DNA binding dye (2). As these cations are larger than small inorganic ions, they are believed to be impermeable to the I 1 state. This belief has been supported by many biophysical studies, including atomic force microscopy (AFM), patch-clamp electrophysiology, fluorescent dye uptakes, and real-time conformational change measurements [START_REF] Virginio | Pore dilation of neuronal P2X receptor channels[END_REF][START_REF] Khakh | Neuronal P2X transmitter-gated cation channels change their ion selectivity in seconds[END_REF][START_REF] Eickhorst | Control of P2X(2) channel permeability by the cytosolic domain[END_REF][START_REF] Fisher | Time-resolved measurement of state-specific P2X2 ion channel cytosolic gating motions[END_REF](26)[START_REF] Chaumont | Patch-clamp coordinated spectroscopy shows P2X2 receptor permeability dynamics require cytosolic domain rearrangements but not Panx-1 channels[END_REF][START_REF] Yan | The P2X7 receptor channel pore dilates under physiological ion conditions[END_REF][START_REF] Shinozaki | Direct observation of ATP-induced conformational changes in single P2X(4) receptors[END_REF][START_REF] Khadra | Gating properties of the P2X2a and P2X2b receptor channels: Experiments and mathematical modeling[END_REF][START_REF] Browne | P2X7 receptor channels allow direct permeation of nanometer-sized dyes[END_REF]. However, the molecular mechanism of pore expansion is still unclear.

Very recently, a study has challenged the pore dilation paradigm [START_REF] Li | Physical basis of apparent pore dilation of ATP-activated P2X receptor channels[END_REF]. The study suggests that the slow transition toward the I 2 state is not caused by a progressive change in the permeability ratio of NMDG + relative to Na + , which is usually determined by measuring the hallmark shift in equilibrium potentials by patchclamp electrophysiology under bi-ionic conditions but rather by a dramatic, unappreciated change of the concentrations of these ions inside the cell. Moreover, this study showed that NMDG + permeability is rapidly activated and can be inhibited when a Significance Unlike many ion channels whose pore conductances remain relatively stable over time, it is thought that prolonged ATP applications to P2X receptors cause a striking increase over time in the permeability of large molecules, a process dubbed pore dilation. However, this mechanism remains poorly understood and highly controversial. Here, we use different methods spanning single-channel recordings, photochemistry, molecular biology, and computations to show that contrary to longstanding view, rapid activation by ATP allows the stable passage of large cations through the P2X pore. We further discover that spermidine, a large natural cation known to modulate other ion channels, is able to transit through many P2X receptors, including those thought to be nondilating. Our data thus reveal an unacknowledged P2X-mediated signaling.

pore-lining cysteine residue is reacted with methanethiosulfonate (MTS) reagents, suggesting that the open state of P2X receptors exhibits measurable and stable permeability to large cations. In line with this work, pore dilation has never been observed at the single-channel level (16,[START_REF] Ding | Ion permeation and block of P2X(2) purinoceptors: Single channel recordings[END_REF], and no crystal structure of a dilated state has been reported to date, making the study of this peculiar state particularly difficult. Finally, the physiological relevance of P2X pore dilation remains unclear, especially due to the unknown identity of the natural molecules that permeate through the dilated state. A recent work has, however, shown that genetically determined P2X7 dilated pore formation regulates variability in chronic pain sensitivity (34). The study revealed that in women having undergone a mastectomy there is a genetic association between lower pain intensity and the hypofunctional His270 (rs7958311) allele of P2RX7 gene, suggesting that selectively targeting P2X pore formation may be a new strategy for individualizing the treatment of chronic pain. The concept of pore dilation of P2X receptors has remained a matter of controversy for almost 20 years, and as such, understanding of this molecular mechanism with new approaches represents a challenging and pertinent issue.

In this paper, we discover the molecular mechanism of permeation of large organic cations in P2X receptors. Contrary to the prevailing assumptions, we provide evidence by single-channel recordings that the pore does not undergo a time-dependent dilation upon opening but rather enters rapidly, in response to ATP binding, a state that allows the stable passage of large organic cations. In addition, we designed and used photo-switchable crosslinkers of different lengths to probe conformational changes of engineered cysteine-substituted P2X2 receptors that are associated with NMDG + and YO-PRO-1 permeability. We demonstrate that the molecular motions leading to the permeation of these large organic cations are very similar to those that drive Na + flow. We further reveal by molecular dynamics (MD) simulations a complex mechanism for NMDG + permeation, which involves both a conformational and orientational selection of the permeating molecules. Finally, we uncover that desensitizing P2X receptors have the capacity to transiently conduct NMDG + ions in response to ATP binding and identify spermidine as a natural large molecule able to permeate selected human P2X pores. Our results underscore a previously unappreciated P2X signaling.

Results

ATP Gates a Pore That Is Immediately Permeable to NMDG + . In a recent study carried out in P2X2 receptors, it has been shown that ATP rapidly gates macroscopic currents in symmetric NMDG + solutions [START_REF] Li | Physical basis of apparent pore dilation of ATP-activated P2X receptor channels[END_REF]. To determine whether this occurs at the level of the single channel, we used the outside-out configuration of the patchclamp technique that enables fast solution exchange at the cell membrane on the millisecond time scale. We used symmetric NMDG + solutions, in which NMDG + is present in both the external (outside) and internal (inside the pipette) solutions (NMDG + out /NMDG + in ) and thus represents the only carrier of cationic currents. To increase seal resistance and patch stability, fluoride ions (F -) were used as internal counterions to NMDG + cations (Materials and Methods). We transiently transfected human embryonic kidney (HEK-293) cells with plasmids encoding the rat P2X2-3T, which is a cysteine-less mutated receptor that retains wild-type P2X2 functionality [START_REF] Li | Gating the pore of P2X receptor channels[END_REF] but displays increased single-channel conductance [START_REF] Habermacher | Photo-switchable tweezers illuminate pore-opening motions of an ATP-gated P2X ion channel[END_REF]. In a first series of experiments, we used excised outside-out patches that contained multiple channels and observed robust inward NMDG + currents that developed rapidly following fast perfusion of 3 μM ATP, while holding the voltage to -120 mV (activation time constant τ NMDG+ = 203 ± 47 ms, n = 9 patches; Fig. 1A Distributions were fit by a sum of four Gaussians for Na + currents and three Gaussians for NMDG + currents (blue lines). Gaussians centered at 0 pA represent closed channels. For this patch, the mean unitary conductance of Na + currents in Na + out /NMDG + in is 43 pS, whereas that of NMDG + currents in NMDG + out /NMDG + in is 4.0 pS.

application. Increasing ATP concentration consistently decreased activation time constants (τ NMDG+ = 36 ± 4 ms, n = 10 patches at 10 μM; Fig. S1B). Consistent with a recent study [START_REF] Li | Physical basis of apparent pore dilation of ATP-activated P2X receptor channels[END_REF], these data show that ATP rapidly gates an NMDG + conductance, which remains stable over time.

We next compared these NMDG + currents to those carried by Na + at the same potential, by rapidly exchanging (less than 1 s) external NMDG + for Na + (i.e., Na + out /NMDG + in ), and then challenging again the same patch with 3 μM ATP. Robust inward Na + currents were recorded that were larger than NMDG + currents (I NMDG+ /I Na+ = 9.7 ± 1.7%, n = 9 patches; Fig. 1A,Right). This enhancement is expected, as the electrochemical driving force is in favor of Na + influx in Na + out /NMDG + in solution. Comparison of normalized ATP-gated Na + currents to ATP-gated NMDG + currents revealed similar onsets of inward currents (Fig. 1B), quantified by similar activation rates (τ Na+ = 235 ± 74 ms at 3 μM ATP, n = 9; Fig. S1 A andB). Increasing ATP concentration also consistently decreased activation time constants (τ Na+ = 27 ± 4 ms at 10 μM, n = 10 patches; Fig. S1B), with no substantial change of the ratio I NMDG+ /I Na+ (11.4 ± 0.6%, n = 9). These results indicate that the ATP-gated P2X2 open pore is simultaneously permeable to both Na + and NMDG + . The similarity of the activation rates determined in both solutions at a given ATP concentration suggests similar gating kinetics and that the difference in the current ratio must be due to different rates of permeation of these ions.

To determine NMDG + permeation rates, we measured unitary conductance of NMDG + current from outside-out patches that contained single channels, using the same protocols as described for patches that contained multiple channels. In NMDG + out /NMDG + in , barely visible single openings and closings were detected following 1 μM ATP application, whereas robust single-channel currents were recorded in Na + out /NMDG + in (Fig. 1C, Top) with a mean conductance of 44 ± 8 pS (n = 7 patches, data filtered at 1 kHz). However, when the same recordings were further filtered at a much lower bandwidth (100 Hz; Materials and Methods), discernable unitary currents were then resolved in symmetric NMDG + solution (Fig. 1C, Bottom). These small unitary currents were always recorded in patches that responded to ATP in Na + out (16 out of 24 examined patches; the remaining 8 patches were unresponsive to ATP and no unitary NMDG + currents were detected), and they were not observed in the absence of ATP (Fig. S1D). All-points histogram analysis revealed that the mean conductance of these unitary currents was 3.3 ± 0.6 pS (mean amplitude of 0.40 ± 0.04 pA, n = 6 patches), which represented 7.5% of the unitary Na + currents, a value that was close to that of the ratio I NMDG+ /I Na+ determined from multichannel currents (Fig. 1D and Fig. S1C). Increasing ATP concentration to 10 or 30 μM did not change the ratio of the mean conductance of NMDG + relative to Na + , suggesting that a near saturating concentration of ATP does not increase NMDG + conductance (Fig. S1C). Compared with recordings carried out in symmetric Na + solution (43 ± 6 pS, n = 4 patches at 1 μM ATP; Fig. S1E), the unitary conductance of NMDG + currents was about 13 times lower than that of Na + currents. From these values, we conclude that NMDG + ions flow through the ATP-gated open pore at extremely low rates (∼2.5 × 10 6 NMDG + ions per second per channel at -120 mV with 132.6 mM NMDG + ) compared with Na + (∼32 × 10 6 Na + ions per second per channel at -120 mV with 132.6 mM Na + ). Given the fact that NMDG + can rapidly transit through the ATP-gated receptor channel, our data demonstrate that the open pore is wide enough to allow its passage on the millisecond time scale.

Molecular Motions Underlying NMDG + Permeation Are Similar to Those Underlying Na + Permeation. We next sought to determine the molecular motions that drive permeation of NMDG + . We used our recent "opto-tweezers" strategy, which enabled us to probe the gating mechanism of P2X2 receptors by using light to open and close the pore [START_REF] Habermacher | Photo-switchable tweezers illuminate pore-opening motions of an ATP-gated P2X ion channel[END_REF]. This strategy entails the use of a synthetic semirigid azobenzene cross-linker, 4,4′-bis(maleimidoglycine) azobenzene, called MAM (named hereafter MAM-3), which is covalently tethered between a pair of engineered cysteine-substituted residues located at an appropriate distance apart. Light stimulation at specific wavelengths can then be used to force parts of the protein to come closer together or move farther apart due to isomerization of the azobenzene between defined trans and cis configurations (Fig. 2 A and B). These light-driven motions provide a faithful readout of the molecular movements induced by ATP [START_REF] Habermacher | Photo-switchable tweezers illuminate pore-opening motions of an ATP-gated P2X ion channel[END_REF][START_REF] Browne | Optical control of trimeric P2X receptors and acid-sensing ion channels[END_REF].

We focused on the region of the pore that is particularly effective for manipulating molecular motions by light-that is, around residues I328 and S345, which can be cross-linked horizontally or vertically relative to the membrane plane by MAM-3 (36) (Fig. 2C). To increase the chance of trapping any incremental change of the pore diameter, we synthesized two shorter, more rigid photo-switchable cross-linkers, named MAM-1 (also known as BMA) [START_REF] Browne | Optical control of trimeric P2X receptors and acid-sensing ion channels[END_REF] and MAM-2, in which the cysteinereactive maleimides are either directly attached to both extremities of the azobenzene core (MAM-1) or indirectly at one of the two extremities by a glycine unit (MAM-2) (Fig. 2A and Figs. S2-S4). As a result, the two end-to-end maleimides are incrementally separated by 2 Å between any two consecutive MAMs in their trans configuration (Fig. S5). The end-to-end distance distributions in the cis configuration were significantly broader and more difficult to interpret. We produced 13 single and double cysteine mutants in the P2X2-3T background that were expressed in HEK-293 cells and individually treated with each photo-switchable cross-linker, giving rise to 42 different combinations, including controls on the P2X2-3T (Fig. 2E). Effects of light on receptor activity were then assayed using whole-cell patch-clamp recordings on 365-nm (80 ms or 2 s, 17.7 mW/mm 2 ), 530-nm (2 or 4 s, 13.3 mW/mm 2 ), or 455-nm (2 s, 39.5 mW/mm 2 ) illumination cycles to elicit photocurrents in symmetric NMDG + solutions. These currents were normalized to those carried by Na + (I NMDG+ /I Na+ ), following the rapid exchange of cells to an Na + out /NMDG + in solution.

The screening revealed four important findings. First, all mutants responded to ATP and were permeable to NMDG + when ATP was used as an agonist, with I NMDG+ /I Na+ ratios that were similar to those recorded in outside-out patches (between 4% and 15%; Fig. 2E, Fig. S6A, and Table S1). In control experiments, no light-gated currents were observed with P2X2-3T incubated with any MAM (Fig. 2E and Fig. S6B). Second, only a few of the cysteine mutants (7 combinations out of 39) showed reliable light-induced NMDG + currents, with a I NMDG+ /I Na+ ratio > 5 (mean 9 ± 3%) that was close to that of ATP controls (Fig. 2E). Indeed, most of the cysteine mutants responded to light following incubation with MAMs (27/39), but control experiments revealed that many of the light-gated currents originating from double mutants (12/19) had activation profiles that were similar to those of one of their single-mutant counterparts (asterisk-labeled boxes in Fig. 2E). In addition, two other combinations-I332C/F346C incubated with MAM-2 or MAM-3which displayed the highest I NMDG+ /I Na+ ratios, were discarded because MAM treatment appeared to dramatically reduce lightgated Na + currents, which, in turn, may introduce uncertainty regarding ratio measurements (Fig. 2 D andE).

Third, two phenotypes were observed in light-induced NMDG + currents: Horizontally cross-linked single mutants (I328C treated with MAM-2 or MAM-3, and I332C treated with MAM-1) were activated in the trans configuration of the azobenzene, leading to an NMDG + permeability, whereas vertically cross-linked double mutants (I328C/S345C treated with any MAMs, and I332C/S345C treated with MAM-2) were activated in the cis configuration (Fig. 2 azobenzene from trans to cis, in the case of horizontally crosslinked mutants, or cis to trans configuration, for vertically crosslinked mutants, closed the pore, and an additional illumination cycle revealed full reversibility of the light-gated NMDG + currents. Supported by intersubunit cross-linking (Fig. S6C), these data demonstrate that the opening of the NMDG + -permeable pore involves two molecular motions: (i) a specific vertical shortening of the distance between extracellular and intracellular ends of adjacent TM2 helices, and (ii) an outward separation of the extracellular ends from two adjacent TM2 helices. Fourth, a clear correlation between light-gated NMDG + and Na + currents was observed, whereby Na + currents were always observed in the case of NMDG + currents, and inversely, no light-gated NMDG + currents were recorded when no light-gated Na + currents were recorded, indicating that the molecular mechanism underlying NMDG + permeation is very similar to that underlying Na + permeation.

Unlike our previous work [START_REF] Habermacher | Photo-switchable tweezers illuminate pore-opening motions of an ATP-gated P2X ion channel[END_REF], we found substantial NMDG + permeability in mutant I328C cross-linked horizontally with MAM-3.

The reason for this discrepancy is unknown, but given that NMDG + permeability had been obtained by measuring E rev from bi-ionic experiments [START_REF] Habermacher | Photo-switchable tweezers illuminate pore-opening motions of an ATP-gated P2X ion channel[END_REF], it remains possible that its permeability was underestimated, further stressing the need to use symmetric solutions to measure direct permeation events.

Occurrence of Partially Open States. The correlation between lightgated NMDG + and Na + currents was, however, not perfect. The results revealed that in 3 out of 11 combinations that displayed sizeable light-gated Na + currents (current density > 3 pA/pF), no or very small light-gated NMDG + currents were recorded (I NMDG+ /I Na+ were equal or close to zero; Fig. 2E). These data were observed in both vertical (I332C/S345C treated with MAM-3) and horizontal (I328C and P329C treated with MAM-1) cross-linking. Of note, increasing the length of the "tweezers" in the horizontal I328C cross-linking from MAM-1 to MAM-2 to MAM-3 increased the ratio I NMDG+ /I Na+ from 0% to ∼7% (Fig. 2D). Likewise, decreasing the length of the tweezers in the vertical I332C/S345C cross-linking from MAM-3 to MAM-2 also increased the ratio For MAM-treated single mutants, cells were briefly preirradiated at 365 nm (80 ms) before recordings. (E) Heat map of NMDG + currents normalized to Na + currents (Left) and of Na + currents density (Right) recorded in indicated conditions. All light-gated currents recorded for single mutants were induced by the trans configuration, whereas all light-gated currents recorded for double mutants were elicited by the cis configuration, except those indicated by asterisks, which responded to the trans configuration, similarly to their single mutant counterparts I328C, P329C, or I332C. Gray boxes indicate that I NMDG+ /I Na+ cannot be determined. In controls, 30 μM ATP, applied on untreated cells, elicited responses that range between 32% and 92% of the maximal response (see Table S2) (for each box, n = 4-7 cells).

I NMDG+ /I Na+ from ∼0.2% to ∼6%. Although we cannot rule out the hypothesis that the presence of MAM is specifically interfering with the bulkier NMDG + , these data suggest the existence of partially, Na + -selective open states that are not permeable to NMDG + .

Light-Induced Motions Gate Dye Uptake in Physiological Conditions.

To further confirm data obtained by patch-clamp electrophysiology, we measured YO-PRO-1 dye uptake in physiological conditions, where Na + replaced NMDG + . We focused on the pair I328C and S345C treated with MAM-2, which gave both the highest I NMDG+ /I Na+ ratio and the most robust light-gated Na + current density. Robust dye uptake following a pulse of 5 s of light at 365 nm was observed for the double mutant I328C/S345C (Fig. 3 A andC). These uptakes were light-dependent and were similar to those induced by 30 μM ATP on the P2X2-3T background (Fig. 3 A and B). In contrast, no dye uptake was observed in cells expressing the single mutant I328C or S345C incubated with MAM-2 that were illuminated at 530 nm, following a brief preirradiation at 365 nm before YO-PRO-1 application to reset the azobenzene in the cis state (Fig. 3 D andE). Although these fluorescence data were in agreement with patch-clamp data, the lack of YO-PRO-1 intake for I328C seemed to be in contrast to the recorded NMDG + permeability. However, a careful analysis showed a rapid inactivation of light-gated currents during and after irradiation of cells expressing the I328C mutant treated with MAM-2, whereas stable light-gated currents were recorded for the double mutant I328C/S345C incubated with the same photo-cross-linker (Fig. S7). The transient light-gated activation of the single mutant likely prevents substantial accumulation of YO-PRO-1 into cells, a hypothesis that readily explains the apparent lack of dye uptake. All together, these results provide evidence that YO-PRO-1 uptake induced by the cis configuration of MAM-2 tethered to the I328C/S345C double mutant occurs in physiological conditions.

MD Simulations of NMDG + Permeation. To obtain insights into the permeation mechanism of large organic cations in P2X receptors, NMDG + conductance was explored by all-atom MD. For this purpose, an atomistic model of the open state of zfP2X4 equilibrated with three MAM-2 vertically cross-linked between I336C and N353C (i.e., equivalent to I328C and S345C in rP2X2) was simulated in the presence of a membrane potential generated by a constant electric field (Materials and Methods). To capture NMDG + permeation events on the simulation time scale (i.e., <50 ns), the ion channel devoid of the extracellular domain was simulated in the presence of a large membrane potential (up to -2 V) in the absence of MAM and with harmonic restraints on the backbone atoms to preserve its openpore conformation. The MD results show that our open-state model of zfP2X4 is permeable to NMDG + (Fig. 4 and Movie S1) with a permeation rate of 7 × 10 7 s -1 , which is approximately one order of magnitude lower than that simulated in the presence of Na + (Table S1). Of note, these results closely match the ratio measured from single-channel recordings, although the absolute values obtained from modeling were largely higher than those determined experimentally. This is likely due to the nonphysiological value of the electrochemical driving force that was used in MD. These simulations reveal that the difference in permeability observed for Na + versus NMDG + is due to a more complex permeation mechanism for the latter, which involves a selection for permeation based on both the molecular conformation and the orientation of the organic cation relative to the pore axis. In fact, by monitoring the end-to-end distance and the orientation of NMDG + along a series of successful permeation events sampled by MD, we found that to be able to cross the constriction point, the organic cation must adopt a fully extended conformation (d > 7.5 Å) and have the charged nitrogen atom facing downward along the electrochemical gradient (θ < -50°) (Fig. 4). In addition, the simulations indicated that before populating a permeable conformation, the flexible NMDG + needs to sample several conformations and orientations, which significantly hinders its permeability, consistent with low unitary conductance of single-channel NMDG + currents. Hence, the simulation results confirm that the open-channel state elicited by MAM is permeable to NMDG + and provide an atomistic picture of the permeation mechanism.

Permeation of YO-PRO-1 was also investigated by MD; however, in sharp contrast to results obtained for NMDG + , no permeation event was sampled under similar simulation conditions (see Table S1). Selected Homomeric P2X Receptors Conduct Large Natural Molecules in Response to ATP. Our data reveal that the permeability to large cations develops within milliseconds upon ATP application, with the same time course as permeability to small cations. We thus asked whether this process is also true for other P2X members, especially for the fast-desensitizing P2X1 and P2X3 receptors, which were presumed to be "nondilating." To this end, we recorded ATP-gated currents in HEK cells transfected with rat P2X1, P2X3, P2X4, P2X5, P2X7, and human P2X2 and P2X3 receptors in symmetric NMDG + solutions (Fig. 5A and Fig. S8). We observed fast and robust NMDG + currents for all these P2X receptors, expect for P2X1, which for unknown reasons was not functional in symmetric NMDG + solution (no ATP-gated current was observed in the control solution Na + out /NMDG + in ). Importantly, we provide evidence that NMDG + can permeate the rat and human P2X3 receptors, demonstrating that these desensitizing P2X receptors do indeed carry the ability to rapidly enter a state that is wide enough to allow the passage of large molecules.

Finally, having shown that rapid activation of P2X receptors allows permeation of NMDG + , we sought to determine which natural compounds can transit through the pore. We focused on positively charged compounds that share a similar size to NMDG + . We selected spermidine, which is a natural polyamine known to modulate many ion channels [START_REF] Guerra | Modulation of learning and memory by natural polyamines[END_REF], and produced symmetric spermidine solutions (Materials and Methods). We observed robust inward spermidine whole-cell currents following rapid application of ATP in cells expressing the human P2X2 and P2X3 receptors while the membrane was held at -60 mV (Fig. 5B). Of note, MD simulations show that the ATP-bound, zfP2X4 open state is also permeable to spermidine (Movie S2). In addition, the simulations indicate that its permeation rate (5 × 10 8 s -1 ) is sevenfold faster than that of NMDG + under the same membrane potential. The symmetrical structure of spermidine in addition to the presence of positive charges at the extremities make both the conformational and orientational barriers for permeation almost vanish, thus drastically enhancing its permeability relative to NMDG + despite their similar size. These data therefore uncover a previously unappreciated P2X signaling in which large molecules can rapidly permeate through the pore in response to ATP binding.

Discussion

In this article we uncover the molecular mechanism underlying the permeability of P2X receptors to large organic cations and identify an important natural ion channel modulator able to flow through the ATP-gated pore. Our data tackle the pore dilation paradigm, which has remained for nearly 20 years one of the most enigmatic features of ionotropic purinergic receptors [START_REF] Rokic | Two open states of P2X receptor channels[END_REF][START_REF] Wei | ATP-induced P2X receptor-dependent large pore formation: How much do we know?[END_REF]. Until recently, the dogma concerning pore dilation was that the channel undergoes a progressive expansion, over time reaching a diameter wide enough to allow permeation of large cations, such as NMDG + and YO-PRO-1. However, a recent study challenged this model by elegantly demonstrating that P2X channels rapidly develop an NMDG + current upon ATP binding and lack the slow phase of pore dilation [START_REF] Li | Physical basis of apparent pore dilation of ATP-activated P2X receptor channels[END_REF]. Our results are consistent with this work, and taken together, these two studies firmly establish that, in striking contrast to earlier beliefs, the open state that is reached in milliseconds following ATP binding is also permeable to large molecules. This important finding raises considerable questions concerning the previously predominant view that suggested that the initial I 1 open state is only selective to small cations, such as Na + , K + , and Ca 2+ . The immediate implication of our results is that the structure of the open pore of the ATP-bound state must be sufficiently wide to accommodate large molecules. From the X-ray structures of the ATP-bound zfP2X4 receptor (8) and very recently the ATP-bound human P2X3 (hP2X3) receptor (10), this seems to be the case, as the minimal cross-section of an extended NMDG + (6 Å × 6 Å × 12.5 Å) is less than the diameter of the open pore (∼7 Å for zfP2X4 and 6.4 Å for hP2X3). However, reliable NMDG + permeation by MD simulations cannot be made on the zfP2X4 X-ray structure because the pore systematically collapses within a few nanoseconds (<5) of equilibration [START_REF] Habermacher | Photo-switchable tweezers illuminate pore-opening motions of an ATP-gated P2X ion channel[END_REF], likely due to the lack of the intracellular domain that was removed for crystallization purposes (8). By using an improved model of the open state of zfP2X4 [START_REF] Habermacher | Photo-switchable tweezers illuminate pore-opening motions of an ATP-gated P2X ion channel[END_REF], which was equilibrated by 50-ns MD in a physiological environment and stabilized by three vertically crosslinked MAM-2 molecules, we provide clear evidence that both NMDG + and the natural cation spermidine may flow through the ion pore of the ATP-bound state. We found, however, that the flow of NMDG + was significantly lower than that of Na + , as the former needs to "snake" through the permeating pathway in a fully linear conformation, with the positively charged nitrogen head group pointing downward along the electrochemical gradient. The conformational confinement to this extended form, along with specific orientational constraints in the narrowest region of the pore, introduces significant barriers that hinder cation permeability, thus revealing a complex mechanism for NMDG + permeation. These molecular requirements therefore cause a decrease in the overall rate of NMDG + flow. This conclusion is fully consistent with the low unitary conductance of single-channel NMDG + currents that we (present study) and others (16,[START_REF] Ding | Ion permeation and block of P2X(2) purinoceptors: Single channel recordings[END_REF][START_REF] Pippel | Localization of the gate and selectivity filter of the full-length P2X7 receptor[END_REF] have measured for P2X2 and P2X7 receptors.

In contrast to NMDG + , we were unable to sample permeation events for YO-PRO-1 in MD simulations. Because the minimal cross-section of the dye (7 Å × 8 Å × 19 Å) reaches the outer limits of the open pore (∼7 Å), it is possible that YO-PRO-1 needs to sample more conformations and orientations before a successful permeation can occur, a process that would take considerably more time. As a result, the flux of this fluorescent dye would be extremely low, likely below that of NMDG + . Such a molecular sampling-limited step may help to explain the apparent delayed entry of fluorescent dyes that were typically used for monitoring dye uptake through P2X receptors.

An important finding of this study is that the molecular motions driving NMDG + conductance are very similar to those that lead to Na + flow. By using our recently reported opto-tweezers approach [START_REF] Habermacher | Photo-switchable tweezers illuminate pore-opening motions of an ATP-gated P2X ion channel[END_REF], we tested the ability of three photo-switchable cross-linkers of different lengths to optically control NMDG + permeability of 13 cysteine mutants. We observed reliable NMDG + permeation with only 7 out of the 39 tested combinations and found a clear correlation between light-gated NMDG + currents and light-gated Na + currents. The specificity of crosslinked residues and the size dependence of the MAMs strengthen the conclusion that the used tweezers do not induce disorder in the protein but rather can be used as mechanical actuators to justly monitor naturally relevant motions. We identified two molecular motions that lead to permeation of large organic cations: a horizontal outward separation of the extracellular ends of TM2 helices and a vertical motion, in which the N and C termini of TM2 helices from adjacent subunits come closer together or change their orientations relative to one another, most likely through a change of the helical structure. Importantly, such similar molecular motions were also identified during channel gating [START_REF] Habermacher | Photo-switchable tweezers illuminate pore-opening motions of an ATP-gated P2X ion channel[END_REF], suggesting that ATP binding drives the rapid opening of a pore that is simultaneously selective to both small and large cations. As we do not have evidence for a time-dependent increase of the permeability of large cations, our data thus support the conclusion that pore dilation is not an intrinsic property of the channel itself. However, we do not rule out the possibility that pore dilation does exist, but if this were the case, it must require a regulatory element that is external to the P2X pore and that would be lost in our experimental conditions.

One intriguing feature of the mechanism revealed by the optotweezers approach is that it raises the possibility to open the channel in a state that is not fully open. We found that an insufficient horizontal outward separation or inappropriate vertical motions of two adjacent TM2 helices failed to open NMDG + conductance but not Na + conductance, suggesting that the pore is partially open. A further variation, by only a few Å, of adjacent helices induced an NMDG + permeation in addition to the Na + flow, thus allowing the pore to become fully opened. The physiological relevance of these partially open states remains unclear, but they might be related to dynamic changes of other biophysical properties of P2X receptors, such as ATP potency and rectification, as reported previously [START_REF] Clyne | Expression level dependent changes in the properties of P2X2 receptors[END_REF][START_REF] Bibliography Abbracchio | Purinoceptors: Are there families of P2X and P2Y purinoceptors?[END_REF]. Another possibility would be that these partially open states might correspond to the actual I 1 state. However, we do not favor this hypothesis because we provide no evidence that ATP binding naturally drives the opening of the channel in partially open states that are only selective to small cations.

Finally, we have identified spermidine as a natural cation able to permeate through the ATP-gated open state. Polyamines are well-known to modulate the activity of many ion channels, including synaptic ligand-gated ion channels [START_REF] Guerra | Modulation of learning and memory by natural polyamines[END_REF]. Importantly, we show that even desensitizing receptors, such as hP2X3, which have been considered thus far as nondilating pores, are able to briefly activate their pores in an open state, allowing for a transient flow of spermidine. This finding has considerable physiological significance because it discloses an unsuspected role of polyamines in P2X signaling and more generally because it raises the possibility that activation of P2X receptors may allow for the exchange of other physiological molecules between cells, such as amino acids. Notably, a recent study exploited the large-pore property of P2X receptors to deliver small membrane-impermeable drugs to diseased retina cells [START_REF] Tochitsky | How azobenzene photoswitches restore visual responses to the blind retina[END_REF]. We thus propose that besides the critical role of the permeation of inorganic cations, the passage of small-sized metabolites, like spermidine, through the ATPgated open P2X pore may contribute to alternative physiological responses. These findings open up new horizons in P2X signaling.

Materials and Methods

Chemical Synthesis. All chemicals were purchased from Sigma-Aldrich, Fluka, Across, or Alfa Aesar in analytical grade. An Agilent LC-MS RRLC 1200SL/ESI QTof 6520 was used for ESI analysis. 1 H NMR and 13 C NMR were run at 400 and 100 MHz, respectively, on an Avance III 400 NMR spectrometer from Brucker. Coupling constants (J) are quoted in Hz and chemical shifts (δ) are given in parts per million (ppm) using the residue solvent peaks as reference relative to tetramethylsilane (TMS).

For MAM-1 synthesis, 498 mg (2.348 mmol) of (E)-4,4'-(diazene-1,2-diyl) dianiline and 462.3 mg (4.715 mmol, 2 eq) of maleic anhydride were mixed in 20 mL of anhydrous THF and left 1 h at 4 °C. The resulting product was centrifuged (4 min, 8,000 g), and the precipitate was resolubilized in 20 mL of anhydrous THF. Then, 0.5 mL (5.324 mmol, 2.3 eq) of acetic anhydride and 50.2 mg of sodium acetate were added. The mixture was heated under microwave conditions (20 min, 110 °C). Distilled water was added (100 mL), and after centrifugation (10 min, 8,000 g), the precipitate was resolubilized in 100 mL of methanol and an orange solid was obtained by slowly adding cold water. After filtration, purification was carried out by Flash-column chromatography (silica) with dichloromethane and ethyl acetate (gradient 100:0 ≥ 95:5). After evaporation of the solvent, the pure MAM-1 was obtained as a bright orange solid (36% yield): NMR 1 H (CDCl 6.88 (4H, s); NMR 13 C (CDCl 3 ):δ (ppm), 169. 16,151.23,134.42,133.72,126.22,and 123.70; For synthesis of intermediate 1, 398 mg (1.875 mmol) of (E)-4,4'-(diazene-1,2-diyl)dianiline and 726.8 mg (4.7 mmol, 2.5 eq) of 2- (2,5-dioxo-2, 5-dihydro-1H-pyrrol-1-yl)acetic acid were solubilized in a mixture of anhydrous DMF/acetonitrile. We then added 1.108 g (4.7 mmol, 2.5 eq) of HATU and 0.65 mL of anhydrous triethylamine (4.7 mmol, 2.5 eq). The mixture was agitated at room temperature for 20 h. After extraction (NaHCO 3 , 3× ethyl acetate), the crude product was washed with acetone. The supernatant was purified by flash-column chromatography (silica) with ethyl acetate and heptane (60:40). An orange product was obtained (compound 1, 51% yield): NMR 1 H (acetone-d 6 ):δ (ppm), 9.66 (1H, s), 7.78 (2H,d,J = 9.3 Hz),7.76 (2H,d,J = 9.3 Hz),7.71 (2H,d,J = 8.9 Hz),7.01 (2H,s),6.78 (2H,d,J = 8.9 Hz),and 4.41 (2H,s); NMR 13 C (DMSO-d6):δ (ppm), 170.64, 165.11, 152.47, 139.70, 138.55, 136.20, 134.95, 128.15, 125.90, 123.50, 122.23, 118.86, 112.85, 112.52, 68.49, 55.81, 32.08, and 29.58. For synthesis of MAM-2, 200 mg (0.5725 mmol) of intermediate 1 was mixed with 112.3 mg (1.145 mmol, 2 eq) of maleic anhydride and heated under microwave conditions (110 °C, 90 min) in acetone. The obtained precipitate was filtered and resuspended in acetone and then heated 5 min at 60 °C with 0.12 mL of triethylamine (0.8588 mmol, 1.5 eq). We then added 0.54 mL of acetic anhydride (5.725 mmol, 10 eq) with a catalytic amount of manganese acetate (III), and the mixture was heated under microwave conditions (90 min, 110 °C). After addition of water and filtration, 46.1 mg of MAM-2 was obtained (19% yield): NMR 1 H (DMSO-d6):δ (ppm), 10.66 (1H,s),7.97 (2H,d,J = 8.8 Hz),7.92 (2H,d,J = 8.8 Hz),7.79 (2H,d,J = 8.8 Hz),7.58 (2H,d,J = 8.8 Hz),7.23 (2H,s),7.16 (2H,s),and 4.34 (2H,s); NMR 13 C (acetone-d6):δ (ppm), 171. 30, 170.38, 166.17, 152.11, 149.51, 142.76, 135.71, 135.60, 135.25, 127.78, 124.83, 123.80, 120.53, and 41.46 ; found, 429.1069. The synthesis of MAM-3 was carried out as previously described [START_REF] Habermacher | Photo-switchable tweezers illuminate pore-opening motions of an ATP-gated P2X ion channel[END_REF].

Molecular Biology. Cysteine mutations were introduced into a rP2X2 receptor background in which Cys9, Cys348, and Cys430 were mutated to threonine (P2X2-3T) [START_REF] Li | Gating the pore of P2X receptor channels[END_REF] using KAPA HiFi HotStart PCR kit (Cliniscience). All mutations were confirmed by DNA sequencing (GATC-Biotech). All P2X encoding genes were subcloned in pcDNA3.1 vector, except that encoding hP2X2, which was subcloned in the vector pCMV6-AC-mGFP (OriGene). hP2X2 contains mGFP at its C terminus.

Expression in Cultured Cells. HEK-293 and TSA-201 cells were cultured and transiently transfected using phosphate calcium procedure with the pcDNA3.1(+) vectors (0.05-0.1 μg for single channel recordings, 0.3 μg for whole-cell recordings, and 10 μg for cell surface cross-linking) and a vector encoding a green fluorescent protein (0.3 μg), as previously described [START_REF] Jiang | A putative extracellular salt bridge at the subunit interface contributes to the ion channel function of the ATP-gated P2X2 receptor[END_REF].

Patch-Clamp Electrophysiology. Single-channel recordings using outside-out configuration were carried out using HEK-293 cells at room temperature 24 h after transfection. Recording pipettes pulled from borosilicate glass (Harvard Apparatus) were coated with Sylgard 184 (Dow Corning Co.) and fire polished to yield resistances of [10][11][12][13][14][START_REF] Evans | Single channel properties of ATP-gated cation channels (P2X receptors) heterologously expressed in Chinese hamster ovary cells[END_REF][16][START_REF] Virginio | Pore dilation of neuronal P2X receptor channels[END_REF][START_REF] Khakh | Neuronal P2X transmitter-gated cation channels change their ion selectivity in seconds[END_REF][START_REF] Rokic | Two open states of P2X receptor channels[END_REF][START_REF] Wei | ATP-induced P2X receptor-dependent large pore formation: How much do we know?[END_REF]. The holding potential was -120 mV. The extracellular solution contained 132.6 mM NaCl or NMDG (Sigma), 0.3 mM CaCl 2 , 0.25 mM MgCl 2 , 10 mM Hepes, pH 7.3, adjusted with NaOH (for NaCl solution) or HCl solution (for NMDG solution). The intracellular solution contained either 132.6 mM NMDG, 9.46 mM Hepes, and 10 mM EDTA, adjusted to pH 7.3, first approximately with a 5% HF solution, then more precisely with 0.5% HF with Polypropylene (PP) pipettes (Dominique Dutscher) or 132.6 mM NaF, 9.46 mM Hepes, and 10 mM EDTA, adjusted to pH 7.3 with NaOH. Osmolarity was adjusted to 290-310 mOsmol•kg -1 with glucose. Data were acquired with a patch-clamp amplifier (HEKA EPC 10) using PATCHMASTER software (HEKA Co.), sampled at 4-10 kHz, and low-pass filtered at 2.9 kHz. For offline analysis, data were refiltered to give a cascaded filter corner frequency (f c ) of either 1 kHz or 100 Hz. For data analyses, FitMaster (HEKA Electroniks, v2 × 73.2) and IGOR PRO (WaveMetrics, v6.37A) softwares were used. Channel events were detected by using TAC software (Bruxton Co.), and conductance levels were measured by all-points amplitude histograms fitted to Gaussian distributions. Fitting procedures to access the time constant were based on the singleexponential decay equation function, I t = I 0 + A exp(-t/τ), where I t is the instantaneous current; I 0 and A are the residual current and maximal amplitude, respectively; t is the time in seconds; and τ is the time constant in seconds.

Whole-cell recordings were performed 24-48 h after transfection in HEK-293 cells. Normal external solution (NES) contained 140 mM NaCl, 2.8 mM KCl, 2 mM CaCl 2 , 2 mM MgCl 2 , 10 mM glucose, 10 mM Hepes, adjusted to pH 7.3 with NaOH. Normal internal solution (NIS) contained 140 mM KCl, 5 mM MgCl 2 , 5 mM EGTA, 10 mM Hepes, adjusted to pH 7.3 with NaOH. For MAMs incubation, cells were incubated before recordings at room temperature with, respectively, MAM-1 (10 μM for 5 min, 1% final concentration of DMSO in NES), MAM-2 (10 μM for 10 min, 1% DMSO in NES), and MAM-3 (3 μM for 20 min, 1% DMSO in NES) and 3 μM ATP. After treatment, cells were washed out with NES. Patch pipettes contained 140 mM NMDG, 10 mM Hepes, and 10 mM EDTA, pH adjusted with HCl to 7.3. To measure NMDG + permeation, extracellular solution contained 140 mM NMDG and 10 mM Hepes, pH 7.3. The solution was then exchanged to NaCl solution containing 140 mM NaCl and 10 mM Hepes, pH 7.3. For control experiments, these solutions were supplemented with 30 μM ATP. For spermidine permeation experiments, whole-cell recordings were performed 24-48 h after transfection. Patch pipettes contained 33 mM spermidine, 10 mM Hepes, and 10 mM EDTA, pH adjusted to 7.3 with HCl. The extracellular solution contained 33 mM spermidine and 10 mM Hepes, pH 7.3, supplemented with 30 μM ATP. Osmolarity of all these solutions was adjusted as described above. Current density was obtained by dividing the current by the cell membrane capacitance.

Cell-Surface Cross-Linking. Cross-linking of cell-surface receptors was performed as follows. TSA-201 cells in dishes were transfected with pcDNA3.1(+) vectors containing the mutant constructs. After 24 h or 48 h, cells in dishes were washed with ice-cold PBS that contained 154 mM NaCl, 2.68 mM KCl, 4.2 mM Na 2 HPO 4 , 1.47 mM KH 2 PO 4 , pH 7.0, supplemented with 1 mM MgCl 2 and 0.4 mM CaCl 2 . Then, cells were incubated under gentle agitation with 50 μM photo-switchable cross-linker in the presence of 3 μM ATP in ice-cold PBS, for 20 min (MAM-3) or 15 min (MAM-1, MAM-2). Quenching of unreacted MAM solution was carried out by a 10-min incubation with 10 mM N-acetyl-L-cysteine methyl ester (Sigma-Aldrich), in ice-cold PBS, pH 8.0. Dishes were rapidly washed with PBS and incubated with a thiol-cleavable, membrane-impermeant reagent sulfosuccinimidyl-2-(biotinamido)ethyl-1, 3-dithiopropionate (Sulfo-NHS-SS-Biotin; ThermoFisher Scientific) in PBS at pH 8.0 for 30 min under gentle agitation. Unreacted Sulfo-NHS-SS-Biotin was quenched by incubation with 20 mM Tris(hydroxymethyl)aminomethane (Biosolve Chemicals) in ice-cold PBS, pH 8.0, for 10 min. Cells were solubilized in lysis buffer, and the supernatant was incubated overnight with neutravidinagarose beads (ThermoFisher Scientific) as previously described [START_REF] Jiang | A putative extracellular salt bridge at the subunit interface contributes to the ion channel function of the ATP-gated P2X2 receptor[END_REF]. Protein samples were separated on 4-15% SDS/PAGE gels in Tris/Glycine/SDS running buffer (Bio-Rad). Samples were transferred to a nitrocellulose membrane as described [START_REF] Jiang | A putative extracellular salt bridge at the subunit interface contributes to the ion channel function of the ATP-gated P2X2 receptor[END_REF], which was then incubated in TPBS (PBS supplemented with 1% nonfat dry milk, 0.5% BSA, and 0.05% Tween 20) to block the membrane. The membrane was incubated in TPBS buffer overnight at 4 °C with mouse anti-c-Myc antibody (ThermoFisher Scientific) diluted at 1:2,500. After three washes with TPBS, the blot was incubated with peroxidaseconjugated sheep anti-mouse antibody for 2 h (dilution 1:10,000; GE Healthcare life Sciences) at room temperature and washed a further three times with TPBS and developed using Amersham ECL Prime Western blotting detection reagent (Dominique Dutscher).

Fluorescence Measurements. Fluorescence was measured using an Olympus IX73 (Olympus LUCPlanFLN 20×/0.45 PH1) with ProgRes MF-cool camera. Images were captured at 0.5 Hz. For each experiment, YO-PRO-1 (ThermoFisher) fluorescence was measured from three single cells per field with excitation at 455 nm (ET-EGFP filter, Chroma). For the double-mutant I328C/S345C, cells were first incubated with 10 μM MAM-2 in the presence of 3 μM ATP for 10 min and washed with NES buffer. Then, cells were incubated with 10 μM YO-PRO-1 (4-[(3-methyl-1,3-benzoxazol-2(3H)-ylidene)methyl]-1- [3-(trimethylammonio)propyl]quinolinium diiodide) in NES, and following 10 min of incubation, cells were irradiated at 365 nm for 5 s. For singlemutant I328C and S345C, the same protocol was carried out, except that activation was achieved by 530 nm irradiation and that cells were briefly preirradiated at 365 nm before YO-PRO-1 incubation to reset the azobenzene in the cis state. In control experiments with the P2X2-3T, the incorporation of 10 μM YO-PRO-1 was measured in response to 30 μM ATP.

Molecular Modeling. The end-to-end distances for the free MAM-1 and MAM-2 molecules in solution (∼10,000 atoms with water molecules) were obtained from all-atom MD simulations performed with ACEMD [START_REF] Harvey | ACEMD: Accelerating biomolecular dynamics in the microsecond time scale[END_REF]. Eight 100 nslong unrestrained MD simulations were computed in the NVT ensemble at 310 K for the cis and trans configurations and for the R/R, S/R, R/S, and S/S stereoisomers. The mean distances between the S-S atoms were computed by averaging over the four stereoisomers for a total of n = 200,000 per cis or trans configuration. Normalized probability distributions of the S-S distance were obtained by clustering all distance values using a bin width of 0. NMDG + , YO-PRO-1 2+ , and spermidine 3+ in P2X was explored by all-atom MD simulations starting from a relaxed open-state model of zfP2X4 stabilized by three vertical MAM-2 photo-switchable cross-linkers fused at the positions I336C/N353C in cis configuration. The latter model (∼138,000 atoms) was produced following the procedure described previously [START_REF] Habermacher | Photo-switchable tweezers illuminate pore-opening motions of an ATP-gated P2X ion channel[END_REF], with a few differences: (i) Three MAM-2 (instead of MAM-3) cross-linkers were fused to zfP2X4 with the glycine unit placed downward near N353C; (ii) the 2-ns equilibration MD was followed by a production of 50 ns with no positional restraints; (iii) in addition to the distance restraints mimicking the internal TM1/TM2 Cd 2+ binding site (45), the symmetry of the P2X trimer was loosely controlled by using the "Symmetry Restraints" command in NAMD with force constants of 0.25 and 1.0 kcal•mol -1 •Å -2 for the extracellular and the transmembrane domains, respectively; and (iv) the side chain of L351 involved in the new TM2-TM2 interface was simulated using four noninteracting copies [START_REF] Roitberg | Modeling side chains in peptides and proteins: Application of locally enhanced sampling and simulated annealing methods to find minimum energy conformations[END_REF] together with the R/R, R/S, S/R, and S/S stereoisomers of MAM-2.

For the MD simulations of cation permeation, two modifications were introduced in the resulting model of the P2X open state. First, the MAM-2 linkers were removed (while keeping the mutated residues into cysteines) to mimic the physiological conditions. Second, the extracellular domain of the receptor was deleted to reduce the size of the system and to enhance the sampling of permeation events on the simulation timescale. This modification was done by introducing a peptide bond between D59 and F333 at the top of the transmembrane domain. The resulting structure was energy-minimized for 5,000 steps with NAMD 2.11 (47) using the CHARMM force-field version 36 [START_REF] Best | Optimization of the additive CHARMM all-atom protein force field targeting improved sampling of the backbone φ, ψ and side-chain χ(1) and χ(2) dihedral angles[END_REF]. NMDG + , YO-PRO-1 2+ , and spermidine 3+ parameters were obtained from the CHARMM general force field [START_REF] Vanommeslaeghe | CHARMM general force field: A force field for druglike molecules compatible with the CHARMM all-atom additive biological force fields[END_REF]. During all simulations, harmonic restraints (5 kcal•mol -1 •Å -2 ) on the backbone atoms of the protein were applied to preserve the configuration of the transmembrane domain as in the MAM2-equilibrated model. The receptor was then embedded into a pre-equilibrated 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipid bilayer, solvated with TIP3P water molecules and NaCl at 0.15 M or 1 M concentration using VMD [START_REF] Humphrey | VMD: Visual molecular dynamics[END_REF]. To study permeation of large organic cations, Na + ions were replaced by NMDG + , YO-PRO-1 2+ , or spermidine 3+ [START_REF] Onasch | The interactions between nucleic acids and polyamines. III. Microscopic protonation constants of spermidine[END_REF]. All simulations were performed with periodic boundary conditions and Particle Mesh Ewald long-range electrostatics. The system (∼90,000 atoms) was minimized during 5,000 steps, briefly thermalized (600ps) to 300K, and equili-brated for 2 ns in the NPT ensemble at 1 atm pressure. Production runs were performed in NVT ensemble imposing a membrane potential to increase the ion permeation probability on the simulation timescale. The membrane potential V m was generated by introducing a constant electric field E z on all atoms along the z axis perpendicular to the membrane plane ( 52), E z = V m /L z , where L z is the size of the simulated system in the z direction. The membrane potential was set to the following voltages: -2, -1.5, and -1 V. Analysis of ion permeation was done using Tcl scripting in VMD, whereas the pore profiles were computed by the program HOLE [START_REF] Smart | HOLE: A program for the analysis of the pore dimensions of ion channel structural models[END_REF]. The End-to-End distance of permeant NMDG + was computed at each simulation step as the distance between the two terminal carbons. To compute the horizontality, we selected a vector from the center of mass of the molecule to the terminal carbon linked to the nitrogen, and then the complement of the polar angle was computed. The z coordinate of the center of mass of permeant NMDG + was plotted as a function of the two previous observables. Data Analysis. All experiments were performed at least four times from at least two transfections, and values are presented as mean ± SEM. For modeling, values of distribution of cis and trans configurations are presented as mean ± SE. The number of cells or patches used for the experiments is provided in the text or corresponding figure legends.

INTRODUCTION

For most ion channels, ion selectivity remains stable over time once the pore has opened, allowing small metal ions, such as Na + , K + and Ca 2+ to flow across the cell membrane. However, a few channels, namely TRPV1 [START_REF] Chung | TRPV1 shows dynamic ionic selectivity during agonist stimulation[END_REF], TRPV2 [START_REF] Nabissi | Triggering of the TRPV2 channel by cannabidiol sensitizes glioblastoma cells to cytotoxic chemotherapeutic agents[END_REF][START_REF] Zubcevic | Conformational plasticity in the selectivity filter of the TRPV2 ion channel[END_REF], TRPA1 [START_REF] Banke | Dynamic changes in the TRPA1 selectivity filter lead to progressive but reversible pore dilation[END_REF], acid-sensing ion channels (ASICs; [START_REF] Lingueglia | A modulatory subunit of acid sensing ion channels in brain and dorsal root ganglion cells[END_REF][START_REF] De Weille | Identification, functional expression and chromosomal localisation of a sustained human proton-gated cation channel[END_REF] and ATP-gated P2X receptors (Khakh and Lester, 1999;Virginio et al., 1999a) exhibit a striking increase in their permeability to larger cations, such as fluorescent dyes or synthetic organic molecules. This phenomenon was initially thought to occur through a time-dependent change of their ion selectivity upon repeated stimulation, a process known as ''pore dilation.'' However, recent advances have challenged the idea of a slow dynamic change in ion selectivity [START_REF] Puopolo | Permeation and block of TRPV1 channels by the cationic lidocaine derivative QX-314[END_REF]Li et al., 2015). In the case of P2X receptors, for which this phenomenon was first described several decades ago, pore dilation has failed to be unanimously accepted due to the increasing emergence of conflicting studies, and alternative mechanisms have been tentatively suggested (Jiang et al., 2005;Rokic and Stojilkovic, 2013;Wei et al., 2016). Given the importance of these ligand-gated ion channels in various physiological and pathological processes, including inflammation and neuropathic pain [START_REF] Khakh | P2X receptors as cell-surface ATP sensors in health and disease[END_REF][START_REF] Abbracchio | Purinergic signalling in the nervous system: an overview[END_REF]Khakh and North, 2012;Lemoine et al., 2012;[START_REF] Bernier | P2X receptor channels in chronic pain pathways[END_REF], a clear and detailed understanding of this unusual process at the molecular level is of utmost importance.

First cloned in 1994 (Brake et al., 1994;Valera et al., 1994), the family of P2X receptors is comprised of seven different subunit subtypes (P2X1-P2X7). A functional receptor is composed of three subunits, which are assembled as homoor heterotrimers (Saul et al., 2013). Each subtype monomer shares a common architecture: two transmembrane domains (named TM1 and TM2) linked by a large, multi-glycosylated and disulfide bridge-containing extracellular domain, and intracellular C-and N-termini (Kawate et al., 2009; Figure 1). There are three ATP-binding sites which are found within the extracellular domain, positioned in cavities at the interface of adjacent subunits (Chataigneau et al., 2013;Habermacher et al., 2016a). In response to ATP binding, P2X receptors cycle between a number of different allosteric conformational states for which X-ray structures are now available (Kawate et al., 2009;Hattori and Gouaux, 2012;Mansoor et al., 2016; Figure 1). Initial ATP binding to the resting, closed channel state triggers a conformational change, resulting in the displacement of all six transmembrane helices and subsequent opening of the transmembrane pore (Li et al., 2008;Kracun et al., 2010). This transition (termed ''gating'') usually takes place on the millisecond time scale and allows the small metal cations Na + , K + and Ca 2+ to pass through the open pore (sometimes called I 1 state) according to their electrochemical gradient (North, 2002). Sustained application of ATP then leads to the inactivation of the pore (with the exception of P2X7), a process called desensitization, in which ion flux is terminated despite the fact that ATP remains bound to the receptor. ATP dissociation from these states reverts the pore to the initial closed state, from which the receptor is able to undergo further gating cycles upon re-activation (Figure 1).

To account for the gradual increase of permeability to larger cations, several mechanistic pathways linked to the P2X gating cycle have been proposed (Jiang et al., 2005;Rokic and Stojilkovic, 2013;Wei et al., 2016). For one of these routes, a putative dilated state (called I 2 state) corresponding to a progressive pore expansion of the open I 1 state following sustained ATP application has been suggested (Khakh and Lester, 1999;Virginio et al., 1999a; Figure 1). However, recent studies have seriously challenged this pore dilation hypothesis, by demonstrating that this phenomenon is rather an artifact of the method used to measure ion permeability change. In this review, we will discuss briefly the historical emergence of the controversial dilated state in the P2X family, as well as the recent important advances in the methodology employed that have led to the reconsideration of pore dilation. Finally, we will open the discussion to new physiological and therapeutic perspectives.

BRIEF HISTORY OF THE INCREASE OF PERMEABILITY

The ability of ATP to permeabilize membranes from different cells, such as mast cells, macrophages and transformed fibroblasts, was first discovered in the late 70s by demonstrating that the membrane permeability of cells gradually increases with increasing concentrations of ATP (Cockcroft and Gomperts, 1979). Besides small inorganic cations, larger organic molecules, such as carboxyfluorescein (376 Da), ethidium bromide (394 Da), lucifer yellow (444 Da) and fura-2 (636 Da) were also shown to be able to cross membranes following ATP application. However, solutes of higher molecular weight, such as Trypan Blue (872 Da), Evans Blue (961 Da) and inulin (more than 5000 Da) did not permeate the membrane (Steinberg et al., 1987;Steinberg and Silverstein, 1989), suggesting that molecules exceeding a certain radius cannot pass. At this point in time, the protein responsible for this behavior was unknown, and additionally, the observed ''pore formation'' features largely varied according to the cellular subtypes studied [START_REF] Heppel | Permeabilization of transformed cells in culture by external ATP[END_REF].

Following these observations, and the discovery of ATP-activated purinergic receptors (P2X and P2Y; [START_REF] Burnstock | Overview. Purinergic mechanisms[END_REF], the passage of such large molecules across cell membranes was attributed to the fact that those cell types, in particular immune cells, express an unusual P2 receptor with an apparently non-selective pore. This was initially classified as the P2Z receptor: the ''pore-forming'' protein was thus named (Gordon, 1986;[START_REF] Abbracchio | Purinoceptors: are there families of P2X and P2Y purinoceptors?[END_REF]. P2Z receptors were then extensively studied for their ability to allow the permeation of large organic molecules into macrophages through a ''macropore'' (Nuttle and Dubyak, 1994), leading to cytolysis [START_REF] Virgilio | The P2Z purinoceptor: an intriguing role in immunity, inflammation and cell death[END_REF]. The link with a putative P2Xrelated mechanism arose from the identification of the close proximity between P2Z receptor and P2X family receptor sequences. This similarity led to the re-classification of P2Z as the P2X7 receptor subtype (Surprenant et al., 1996). A few years later, two seminal articles reported that other P2X subtypes, the P2X2 and P2X4, also exhibit a striking increase in the permeability of large cations following several seconds of ATP application (Khakh et al., 1999;Virginio et al., 1999b). The concept of P2X ''pore dilation'' was born and multiple research groups have since confirmed and extended the concept to homomeric and heteromeric receptors (e.g., P2X2/3 and P2X2/5) expressed either in recombinant systems or in native tissues (Khakh et al., 1999;Virginio et al., 1999b;Yan et al., 2008;[START_REF] Compan | P2X2 and P2X5 subunits define a new heteromeric receptor with P2X7-like properties[END_REF]Browne et al., 2013). However, certain P2X subtypes, namely P2X1 and P2X3 which are fast desensitizing receptors, were classified as ''non-dilating'' channels as there was no evidence for an apparent increase in the permeability to large cations. Moreover, distinctive behaviors have been observed for P2X7 receptor splice variants, of which there are nine in humans, classified from P2X7B to P2X7J, and four in rodents (P2X7B, P2X7C, P2X7D and P2X7K); P2X7A is the full-length common P2X7 subunit (Rassendren et al., 1997;Cheewatrakoolpong et al., 2005;[START_REF] Sluyter | The P2X7 receptor[END_REF]. Some of these variants show an altered permeability for large cations. For instance, P2X7B, a variant bearing a largely truncated C terminus, is considered ''non-dilating'' (Cheewatrakoolpong et al., 2005;Adinolfi et al., 2010). On the contrary, P2X7K, which features a modified TM1 sequence as well as a more lipophilic N terminus, has been shown to be constitutively and immediately dilated (Nicke et al., 2009;Xu et al., 2012).

METHODS AND INTERPRETATIONS LEADING TO THE CONTROVERTED DILATED STATE

Two main experimental approaches have been used to monitor the apparent gradual increase in large cation permeability. In the first approach, the cellular uptake of fluorescent dyes, such as YO-PRO-1 or ethidium bromide, is observed as a function of time. Dye uptake usually develops several seconds after ATP application. As these cationic dyes become fluorescent when bound to DNA, this method is a simple and direct read-out of the passage of large molecules following P2X activation. Studies involving cysteine reactive compounds, such as methanethiosulfonate (MTS) reagents, have also shown the ability of larger sized molecules to pass into the cell (Browne et al., 2013). This method has been employed for P2X2, P2X4 and P2X7 receptors (Khakh et al., 1999;Virginio et al., 1999a,b;Yan et al., 2008).

In the second approach, the permeability of large cations is measured by patch-clamp electrophysiology (Khakh et al., 1999;Virginio et al., 1999b). In this indirect method, reversal potentials (E rev ) are measured in bi-ionic solutions, where N-methyl-Dglucamine (NMDG + ), a synthetic large organic cation, is the sole permeating ion present outside the cell (NMDG + out ) and Na + is the sole permeating cation present inside the cell (Na + in ). According to the Goldman-Hodgkin-Katz voltage equation, a shift in E rev signals a change in membrane permeability to one or both cations provided the concentrations of ions on either side of the membrane remain unchanged. The gradual and positive shifts in E rev measured during long applications of ATP have been interpreted as a time-dependent change in the relative permeability of NMDG + relative to Na + (P NMDG + /P Na + ). At the beginning of extracellular ATP application, the agonist opens a pore that is initially more permeable to Na + than NMDG + , but during sustained activation of the channel, E rev shifts towards less negative values that signify a dramatic increase in the permeability to NMDG + (Khakh et al., 1999;Virginio et al., 1999b). This method has been extensively employed to probe shifts in E rev for many P2X receptors, such as P2X2, P2X2/3, P2X2/5, P2X4 and P2X7 (Khakh et al., 1999;Virginio et al., 1999a,b;[START_REF] Compan | P2X2 and P2X5 subunits define a new heteromeric receptor with P2X7-like properties[END_REF].

The fact that shifts of E rev and dye uptake occur on the same time scale has led to the belief that a common mechanism would be at work. Two main hypotheses have then emerged (Figure 1). One hypothesis involves the recruitment of an auxiliary protein by P2X receptors. This protein is pannexin-1 (Panx-1), a hemichannel that is responsible for the passage of larger molecules. This hypothesis is supported by the observation that P2X permeability to large cations is inhibited when inhibitors of Panx-1 are applied (Pelegrin and Surprenant, 2006). In addition, colchicine, a drug that disrupts the cytoskeleton, has been shown to affect YO-PRO-1 uptake into cells transfected with P2X2 or P2X7 subtypes, but not the permeability for small cations. This would indicate that these two types of permeability result from different pathways (Marques-da-Silva et al., 2011).

On the other hand, a second hypothesis postulates the existence of an intrinsic ''pore dilation'' mechanism, whereby the P2X pore itself undergoes a slow conformational change. This would lead to a physical expansion in the diameter of the P2X ion pore from the I 1 state to the putative I 2 dilated state, allowing the passage of larger molecules. This ''pore dilation'' mechanism has been extensively studied by site-directed mutagenesis, patchclamp electrophysiology, fluorescent dye uptake and use of chemical reagents (Khakh et al., 1999;Virginio et al., 1999a,b;Eickhorst et al., 2002;Khakh and Egan, 2005;Browne et al., 2013). Moreover, it has been shown that cells which do not express Panx-1 nonetheless exhibit ''dilating'' properties and, in agreement with this hypothesis, overexpression or inhibition of Panx-1 by carbenoxolone does not affect dilation of P2X2 receptors expressed in HEK-293 cells (Chaumont and Khakh, 2008;Yan et al., 2008).

As evidence has been found both in support of and against each hypothetical pathway, the question has been raised as to whether these two distinct mechanisms may in fact co-exist (Jiang et al., 2005;Cankurtaran-Sayar et al., 2009). One mechanism would be dedicated to NMDG + permeability and the other to larger molecules such as YO-PRO-1 and even occasionally the permeation of organic anions (Browne et al., 2013). Moreover, interactions with other proteins may play a role. For instance, cytoskeletal proteins have been described as important for pore dilation in P2X7 receptor subtype (Kim et al., 2001;[START_REF] Gu | Extracellular ATP dissociates nonmuscle myosin from P2X 7 complex: this dissociation regulates P2X 7 pore formation[END_REF]. In addition, characterization of the apparent ''pore dilation'' has been shown to be dependent on cell types used for experiments as well as expression levels of receptors [START_REF] Fujiwara | Density-dependent changes of the pore properties of the P2X 2 receptor channel[END_REF]. Of greatest importance is the fact that dynamic changes of unitary conductance following prolonged ATP application have never been observed at the single channel level (Ding and Sachs, 1999;[START_REF] Riedel | Influence of extracellular monovalent cations on pore and gating properties of P2X 7 receptor-operated single-channel currents[END_REF], thus bringing into question the reality of an intrinsic ''pore dilation''.

CHANGING THE PARADIGM

In 2015, the team of K. Swartz offered an alternative explanation of the change in E rev measured in bi-ionic NMDG + out /Na + in solutions (Li et al., 2015). The authors elegantly demonstrate in the P2X2 receptor that shifts in E rev , although very real, are not caused by a time-dependent change in channel permeability, but rather by a dramatic and unappreciated change of the intracellular ion concentrations, which may vary by more than 100 mM throughout the course of the experiment. Combining electrophysiology and mathematical modeling, the authors were able to convincingly demonstrate that prolonged ATP activation leads to a depletion of intracellular Na + , from 140 mM to around 20 mM, and accumulation of NMDG + , from 0 mM to over 200 mM. They further showed that physical parameters such as channel densities, pore conductance, cell volume, and access resistance (R access ) between the cell and the pipette electrode, may directly change ion concentrations inside the cell following sustained exposure to ATP. Because of these changes, the Goldman-Hodgkin-Katz voltage equation cannot be used to reliably determine the relative permeability of ions. This study therefore proved that the time-dependent shift in the E rev measured in bi-ionic solutions is an artifact of the method employed, and that extreme caution must be taken when measuring permeability changes during whole-cell patch-clamp recordings. This outstanding article seriously challenges the pore dilation paradigm which held true for almost two decades. However, it is important to emphasize that the study did not question the ability of NMDG + to permeate through the activated P2X pore, as initially suggested by the seminal articles (Khakh et al., 1999;Virginio et al., 1999b), but that this NMDG + permeation occurs soon after ATP activation. As a direct proof of this assumption, Li et al. (2015) showed that whole-cell currents carried by NMDG + using symmetrical solutions (whereby both intracellular and extracellular solutions contain NMDG + ) developed immediately following ATP application. These observations indicate that a gradual pore dilation mechanism is not necessary to account for NMDG + permeation.

A NEW MECHANISTIC POINT OF VIEW

The publication of Li et al. (2015) opens an appealing hypothesis: the dimensions of the pore itself may be directly adequate for the direct passage of NMDG + following several milliseconds of ATP application. From a mechanistic point of view, the I 1 state would represent the most parsimonious hypothesis, provided the diameter of the narrowest part of its open pore is sufficiently wide to allow the passage of such large molecules. We have investigated this possibility by combining single-channel recordings, molecular modeling and the use of photo-switchable tweezers (Harkat et al., 2017), a recently developed technology that allows identification of the molecular motions involved in channel activation [START_REF] Habermacher | Photo-switchable tweezers illuminate pore-opening motions of an ATP-gated P2X ion channel[END_REF]. By covalently tethering synthetic azobenzene cross-linkers to a pair of selected engineered cysteine residues, these ''molecular tweezers'' are capable of pulling or pushing on gating elements once azobenzene isomerization is triggered by light irradiation. To provide a read-out of the large cation permeation, we used symmetric NMDG + solutions, where NMDG + was the sole permeating ion. A rapid solution exchange of the extracellular solutions from an NMDG + -containing to a Na + -containing solution allowed direct comparison of molecular motions involved in pore opening and permeation of NMDG + and Na + . We screened several positions near a flexible region of TM2 in the P2X2 receptor, as well as a region of the pore surrounding a kink that was previously identified in channel gating [START_REF] Habermacher | Photo-switchable tweezers illuminate pore-opening motions of an ATP-gated P2X ion channel[END_REF]Mansoor et al., 2016). Firstly, we identified two types of molecular motions involved in the permeation of large cations: a horizontal expansion of the upper end of TM2 helices and a vertical flexing of the extremities of two adjacent TM2 helices. Surprisingly, we observed no NMDG + permeation for mutants bearing no permeability to Na + , suggesting that none of the molecular motions that we monitored can produce a pathway dedicated exclusively to NMDG + permeation. Secondly, for the motions that allowed the passage of both NMDG + and Na + , the ratio of the current I NMDG + /I Na + was around 10%, suggesting that NMDG + follows the same pathway as Na + across the P2X pore but is not able to permeate as easily.

To further support this observation, we recorded ATP-induced single-channel currents from outside-out patches using symmetrical NMDG + solutions (Figure 2A). We not only showed that P2X2 receptors are NMDG + -permeable channels, activated on the millisecond timescale, with kinetics similar to those observed when Na + is the primary permeating ion, but we also established the first measurements of the unitary conductance of NMDG + currents (around four pS for several ATP concentrations). This is approximately 10 times lower than that of Na + currents. We further confirmed these experimental data by molecular dynamic simulations carried out on a model of ATP-bound P2X receptors. These computations represent a step forwards in the understanding of the molecular mechanism of NMDG + permeation, which is the result of a conformational and orientational selection process (Harkat et al., 2017). We further validated our methodology by measuring YO-PRO-1 uptake in cells expressing engineered receptors, to discount the presence of possible artifacts caused by the use of non-physiological media for electrophysiological recordings. For the mutants exhibiting light-induced motions leading to a ''desensitizinglike'' phenotype, we were not able to show fluorescence uptake, but for those associated with a stable opening induced by light, YO-PRO-1 was successfully incorporated into cells, suggesting that desensitization may hinder dye accumulation into cells. However, no YO-PRO-1 uptake was observed during molecular dynamic simulations, which brings back the possibility of two distinct mechanisms for YO-PRO-1 and NMDG + uptake.

Alternatively, this could be the result of a limitation of the method used, as it is possible that the sampling time for computations may not have been sufficient to observe the passage of low-conductance YO-PRO-1. Altogether, our data support that the open I 1 state likely represents the main route for both small and large cations (Figure 2B).

In agreement with data obtained from P2X2 receptors, two recent reports carried out on P2X7 receptors further support an instantaneous permeation of large cations upon ATP activation (Karasawa et al., 2017;Pippel et al., 2017). In the first study, a rigorous and thorough analysis of single-channel currents demonstrate that the unitary conductance of the human P2X7 channel remains stable over time following prolonged ATP application (up to 30 min; Riedel et al., 2007a,b;Pippel et al., 2017). Interestingly, the authors even showed that chemical modification of engineered cysteine side chains with charged MTS reagents increased dramatically the open probability of the channel, with no sign of apparent pore dilation (Pippel et al., 2017). In the second study, the biophysical properties of the ''macropore'' feature of P2X7 channel have been scrutinized in a synthetic system, in which the functionality of the P2X7 protein has been monitored in the absence of other protein cellular components (Karasawa et al., 2017). To do so, a purified, yet truncated, version of the giant panda P2X7 receptor (pdP2X7-∆NC) was reconstituted into manufactured liposomes. To distinguish channel activity (I 1 state) from ''macropore'' formation (I 2 state), proteoliposomes encapsulated either Fluo-4, a Ca 2+ -sensing fluorescent probe, or DNA, to which binding of YO-PRO-1 enhances dye fluorescence emission. The authors elegantly and convincingly showed that pdP2X7-∆NC was not only permeable to YO-PRO-1, but also to Ca 2+ with the same apparent kinetics, suggesting a common pathway for both small and large cations (Karasawa et al., 2017). Therefore, in a reconstituted system, the purified P2X7 receptor is able to form an intrinsic and immediate dye-permeable pore with no apparent time-lag, a finding that is apparently not compatible with the slow and progressive process of pore dilation.

IS THE CONCEPT OF PORE DILATION DEAD?

As stated above, recent data now support the hypothesis that the open I 1 state would be sufficiently wide to allow the passage of relatively large molecules, without the need for an ATP-induced pore dilation. However, comparison of the structure of the largest permeating molecules with recent X-ray structures of the ATP-bound, open state casts doubt on the fact that the open I 1 state truly represents the sole ion pathway (Figure 3). This is particularly true for P2X7 receptors, for which MTSrhodamine, a nanometer-sized dye, was shown to penetrate the open channel and block at a cysteine-substituted residue located deeply in the pore (Browne et al., 2013), whereas the structure of the open pore derived from the human P2X3 receptor (the structure of P2X7 open pore is not yet determined) appears to be too narrow to accommodate such a molecule. Interestingly, molecules of similar size, such as Texas Red-MTSEA, cannot enter the P2X2 pore (Li et al., 2015) suggesting that the P2X7 receptor, when activated by ATP, can reach a diameter that is larger than that of the P2X2 receptor (Figure 3). Other routes specifically dedicated to the permeation of such very large molecules may also exist. As stated above, Panx-1 is a candidate, as close proximity between Panx-1 and P2X7 channels has been established in human and mouse macrophages cells (Pelegrin and Surprenant, 2006). Alternatively, there is still a possibility that P2X7 receptors do indeed dilate under certain conditions that remain to be determined.

A finding which may reconcile P2X7 (and perhaps other P2X subtypes) with the concept of ''pore dilation'' comes from recent studies that emphasize the importance of the lipid composition of the membrane for the passage of large cations through the P2X pore. Although lipids, such as phosphoinositides (Bernier et al., 2008a,b) and cholesterol (Murrell-Lagnado, 2017), (Harkat et al., 2017) suggests that molecules of similar size to these cations should also permeate the P2X open pore. For slightly larger molecules, such as YO-PRO-1, for which their dimensions reach those of the open pore, we propose that such molecules follow the same pathway as Na + across the P2X pore but are not able to permeate as easily. For the largest molecules, such as Texas Red-MTSEA, there is evidence that they cannot enter the P2X2 pore (Li et al., 2010). However, methanethiosulfonate (MTS)-rhodamine, which has a size that is similar to that of Texas Red-MTSEA, has been shown to directly permeate the P2X7 pore (Browne et al., 2013), suggesting the P2X7 open pore is larger than that of P2X2. From a structural point of view, the open state of the P2X3 receptor seems too narrow to allow the passage of MTS-rhodamine. Therefore, either the structure of P2X7 open state is different from that of the P2X3 receptor or other routes specifically dedicated to the permeation of such very large molecules in P2X7 receptors exist. Carbon atoms are indicated in orange; nitrogen atoms in blue, oxygen atoms in red; phosphorus atoms in yellow, and hydrogen atoms in white.

seem to be important for the regulation of allosteric states of P2X receptors, this factor has been underestimated in ''dilation'' studies thus far. However, Kawate and co-workers (Karasawa et al., 2017) have very recently demonstrated in reconstituted liposomes that sphingomyelin and phosphatidylglycerolcontaining membranes facilitate pdP2X7-∆NC-dependent dye uptake, whereas the presence of cholesterol rather inhibits this process. It is thus conceivable that the lipid composition may have a direct impact on the physical diameter of the P2X7 open channel state that would allow the passage of very large molecules (up to 900 Da). Alternatively, a conformational plasticity in the selectivity filter of the P2X pore may allow the passage of large molecules, as very recently shown on TRPV2 ion channel [START_REF] Zubcevic | Conformational plasticity in the selectivity filter of the TRPV2 ion channel[END_REF]. Although appealing, these hypotheses need convincing evidence; in particular the structure of the P2X7 open channel state (and also other P2X subtypes) solved in a lipid bilayer will certainly advance this issue.

PHYSIOPATHOLOGICAL ROLE OF LARGE CATION PERMEATION

Now that there is no doubt that P2X receptors are permeable to large cations, is there any link between this feature and pathological states? Evidence exists indicating a possible link at least involving the P2X7 receptor, which is arguably of most therapeutic interest due to its implication in a large variety of diseases. Expressed in a range of immune and microglial shared by many, if not all members of the P2X family (Figure 2C).

Spermidine is a natural, ubiquitously distributed polyamine that is vital for the cell (Guerra et al., 2016;[START_REF] Madeo | Spermidine in health and disease[END_REF]. It is formed intracellularly and is involved in several important cellular functions, such as growth, division and proliferation. Spermidine is also recognized as an allosteric modulator of many ion channels, including ionotropic glutamate receptors, nicotinic acetylcholine receptor, potassium channels, ASICs and TRPV1 channels (Table 1). For some of these channels, spermidine must exit the cell through dedicated pathways to reach the targeted extracellular sites. One of these such pathways may be the vesicular polyamine transporter (VPAT) that stores polyamines in secretory vesicles in astrocytes and mast cells [START_REF] Hiasa | Identification of a mammalian vesicular polyamine transporter[END_REF][START_REF] Takeuchi | Vesicular polyamine transporter mediates vesicular storage and release of polyamine from mast cells[END_REF]. As we provide evidence that spermidine permeates through the open pore of P2X receptors (Figure 2C), we propose that P2X receptors may represent an alternative polyamine pathway that is under the control of ATP. Given the importance of spermidine for the function of several other ion channels, as well as the known interactions of P2X receptors with such channels (Khakh et al., 2005;[START_REF] Stanchev | Cross-inhibition between native and recombinant TRPV1 and P2X 3 receptors[END_REF]Pougnet et al., 2014;[START_REF] Boué-Grabot | Modulation of central synapses by astrocyte-released ATP and postsynaptic P2X receptors[END_REF][START_REF] Stephan | The ASIC3/P2X3 cognate receptor is a pain-relevant and ligandgated cationic channel[END_REF], the question is now raised as to what extent can P2X receptors be the physiological mediator of spermidine transit.

By discovering spermidine permeation through P2X receptors, our results uncover a possible overlooked P2X signaling pathway that may be extended to other natural large molecules. Earlier work provided strong evidence that P2X7 receptors are sites of release of important molecules, such as ATP and excitatory amino acids (Duan et al., 2003;Pellegatti et al., 2005;[START_REF] Suadicani | P2X 7 receptors mediate ATP release and amplification of astrocytic intercellular Ca 2+ signaling[END_REF]Di Virgilio et al., 2018). It now remains to determine whether these signaling molecules are physically able to cross directly through the P2X7 open pore. Identification of the mechanisms involved will undoubtedly advance the biology of P2X receptors and their role in pathological states.

COULD P2X RECEPTORS ACT AS A PATHWAY FOR THERAPEUTIC APPLICATIONS?

P2X receptors can act as a pathway for the entry of large molecules into cells-to what extent can this property be exploited for therapeutic applications? Two examples of P2X receptors being used as pathways for the passage of azobenzenebased molecules have been published by the team of R. Kramer. The first example is related to the control of nociception, by manipulation of neurons involved in pain signaling via voltage-gated ion channels [START_REF] Mourot | Rapid optical control of nociception with an ion-channel photoswitch[END_REF]. This was carried out by the incorporation of QAQ, an azobenzene-based photoswitch bearing two quaternary ammonium moieties, into cells through the P2X pore. Control of nociception is based on the activation/deactivation process of local voltage-gated ion channels (calcium, potassium, sodium), which is provided by the geometrical switching between trans and cis isomers of QAQ. The route responsible for the entry of QAQ, which is otherwise a membrane-impermeable molecule, can be TRPV1 or alternatively P2X7 receptors [START_REF] Mourot | Rapid optical control of nociception with an ion-channel photoswitch[END_REF]. In 2016, they further developed this concept of P2X-mediated membrane passage in order to resurrect light-sensitivity of retinal ganglion cells of degenerated retina in blind mice. They employed the same methodology: a charged photoswitchable molecule based on an azobenzene moiety is applied to cells and permeates the membrane via P2X receptors. This molecule is then able to act on voltage-gated ion channels, restoring the responsiveness of retinal-ganglion cells to light [START_REF] Tochitsky | How azobenzene photoswitches restore visual responses to the blind retina[END_REF].

As stated above, the presence and implication of P2X7 in many diseases could inspire new approaches, whereby the permeability of the receptor to large cations may be utilized to therapeutic effect, in the delivery of biological effectors to P2X7-expressing cells. Equally, P2X7 has been found in over-expressed levels in several types of cancers, such as chronic B lymphocytic leukemia [START_REF] De Marchi | P2X7 receptor as a therapeutic target[END_REF] and thyroid papillary cancer [START_REF] Solini | Increased P2X 7 receptor expression and function in thyroid papillary cancer: a new potential marker of the disease?[END_REF]. One could envisage the exploitation of these high expression levels in conjunction with the permeability of P2X7 to large molecules, to deliver anti-cancer drugs through the P2X7 pathway.

CONCLUSION

For some time now, there has been much controversy surrounding the passage of large cations through the P2X pore, and a clear explanation on the mechanism of this particular permeation pathway has remained highly elusive. However, recent advances in experimental technique allow a more just study of large cation permeation. Equally, new information showing the highly sensitive nature of P2X7 function to lipid membrane composition, which can vary between cellular types, may be considered in future studies probing the permeability of P2X7 to large cations.

New important features of P2X receptor permeability are now being brought to light. First, it is important to reconsider the structure of the open state, which exhibits an immediate extended permeability, and to consider more closely the critical role of the membrane lipid environment in order to fully understand the functionality of these proteins. Secondly, their physiological importance must also be reconsidered, with the new information that they are able to allow the passage of important physiological modulators. A final interesting point is to look further into the potential application of P2X receptors as pathway for drug delivery.

Introduction

Among the different transmembrane proteins involved in ionic transfer, the ligand-gated ion channels (LGICs) form an essential superfamily owing to the fact that they possess a number of key physiological roles, most notably the mediation of neuronal signalling [START_REF] Albuquerque | Mammalian nicotinic acetylcholine receptors: from structure to function[END_REF][START_REF] Bardoni | ATP P2X receptors mediate fast synaptic transmission in the dorsal horn of the rat spinal cord[END_REF][START_REF] Lalo | P2X receptor-mediated synaptic transmission[END_REF][START_REF] Paoletti | NMDA receptor subunit diversity: impact on receptor properties, synaptic plasticity and disease[END_REF][START_REF] Taly | Nicotinic receptors: allosteric transitions and therapeutic targets in the nervous system[END_REF]. The binding of a ligand in the extracellular domain triggers conformational changes that open the pore and allow the passage of ions along their electrochemical gradients.

LGICs comprise three families of receptors, differing primarily in their oligomeric assemblies (Khakh and North, 2006;Lemoine et al., 2012). Among these, trimeric P2X receptors, which are activated by extracellular ATP [START_REF] Burnstock | Historical review: ATP as a neurotransmitter[END_REF]North, 2002), are implicated in a diverse range of physiological and pathological processes, including pain sensation (Wirkner et al., 2007;Zhuo et al., 2011), inflammation (Idzko et al., 2014), taste [START_REF] Kinnamon | A taste for ATP: neurotransmission in taste buds[END_REF] and modulation of neurotransmitter release (Khakh and North, 2012;[START_REF] Lalo | P2X receptor-mediated synaptic transmission[END_REF]. These receptors are therefore promising therapeutic targets (Lemoine et al., 2012;North and Jarvis, 2013).

Thus far, seven different P2X subunits (P2X1-7) have been found in mammals, which assemble together in a homomeric and/or heteromeric fashion to form trimeric ion channel structures. Each subunit has several unifying features: C-and N-termini are located intracellularly, linked by two membrane-spanning segments (TM1 and TM2) and a large extracellular domain (ectodomain), where the ATP-binding sites are nestled (Fig. 1A). In response to the binding of extracellular ATP, these receptors switch between different conformational states (Browne et al., 2010;[START_REF] Giniatullin | Desensitization properties of P2X3 receptors shaping pain signaling[END_REF][START_REF] Jiang | Moving through the gate in ATP-activated P2X receptors[END_REF]Moffatt and Hume, 2007). Initial agonist binding causes the receptor to progress from a closed, resting state to an open, conducting state (named I1), allowing the flow of Na þ , K þ and Ca 2þ across the membrane (Egan and Khakh, 2004). Prolonged exposure to ATP leads to the formation of a desensitized state, a temporary inactivation that terminates ion flux despite the fact that ATP remains bound to the receptor. The kinetics of desensitization vary between P2X subtypes e fast desensitization is observed only with P2X1 and P2X3 receptors, whereas slow desensitization is observed for P2X2, P2X4 and P2X5. In contrast, P2X7 receptors exhibit no apparent desensitization (North, 2002). Dissociation of ATP from the desensitized state, in turn, reverts the channel to the initial closed, resting state, in which it is able to be activated once again. This process is known as resensitization. A second conducting state (I2) is also found for selected P2X subtypes, whereby a dilation of the pore occurs, rendering the channel progressively permeable to larger cations and dyes (Khakh et al., 1999a;Virginio et al., 1999) (For a recent review see (Rokic and Stojilkovic, 2013)).

The recent determination of the crystal structures of the zebrafish P2X4 receptor (zfP2X4) in both an apo, closed-channel state (Kawate et al., 2009) and in an ATP-bound, presumably open-channel state (Hattori and Gouaux, 2012) represented a landmark achievement in the understanding of the molecular architecture of these receptors. These structures allowed the confirmation of a wealth of biochemical and electrophysiological research previously carried out to probe the structure and function of P2X receptors. In addition to this, comparison of structures in the apo and ATP-bound states has enabled identification of the extracellular motions which follow ATP binding, thus providing us with a plausible mechanism for channel activation. However, in addition to these advances, the X-ray structures have also raised a number of intriguing questions. In particular, the molecular mechanism involved in the opening of the transmembrane pore itself still remains unclear and under debate. This may be due, in part, to the fact that the intracellular domains, known to be of critical importance for P2X function (Allsopp and Evans, 2011;[START_REF] Allsopp | P2X receptor chimeras highlight roles of the amino terminus to partial agonist efficacy, the carboxyl terminus to recovery from desensitization, and independent regulation of channel transitions[END_REF][START_REF] Boue-Grabot | A protein kinase C site highly conserved in P2X subunits controls the desensitization kinetics of P2X(2) ATP-gated channels[END_REF]Robinson and Murrell-Lagnado, 2013;[START_REF] Schwarz | Alternative splicing of the N-terminal cytosolic and transmembrane domains of P2X7 controls gating of the ion channel by ADP-ribosylation[END_REF]Xu et al., 2012), were removed for crystallization purposes. Additional factors, such as crystal packing and the presence of detergents for solubilisation, may also contribute to these uncertainties. This review will provide a summary of functional studies in the context of the post-structure era, aiming to clarify our understanding of the way in which P2X receptors function in response to ATP binding, as well as the mechanism by which allosteric modulators are able to regulate receptor function.

Global architecture

General topology of the ion channel

The concept of purinergic receptors was first proposed by Burnstock in the early seventies (Burnstock, 1972) but sustained studies in this field only began in 1994 following the first molecular identification of P2X receptors (Brake et al., 1994;Valera et al., 1994). As P2X receptors had no sequence homology with other known ion channels, molecular and biochemical studies were first used to extensively explore the molecular structure. The general pattern of hydrophobicity suggested the presence of two domains of sufficient length to span the membrane (Brake et al., 1994;Valera et al., 1994) and complementary approaches such as N-glycosylation site tagging (Newbolt et al., 1998) provided early evidence of the intracellular location of both the N-and C-termini. Substitutions of residues of the putative transmembrane domains to tryptophan [START_REF] Silberberg | Secondary structure and gating rearrangements of transmembrane segments in rat P2X4 receptor channels[END_REF], cysteine (Jiang et al., 2001;Rassendren et al., 1997) or alanine [START_REF] Li | Gain and loss of channel function by alanine substitutions in the transmembrane segments of the rat ATP-gated P2X2 receptor[END_REF]) highlighted a relative periodicity compatible with an alpha-helical organization. The peripheral location of TM1 was suggested by calcium permeability studies [START_REF] Samways | Acidic amino acids impart enhanced Ca 2þ permeability and flux in two members of the ATP-gated P2X receptor family[END_REF][START_REF] Samways | On the role of the first transmembrane domain in cation permeability and flux of the ATP-gated P2X2 receptor[END_REF], whilst methanethiosulfonate (MTS) accessibility of residues mutated to cysteine (Jiang et al., 2001;Li et al., 2008) showed that TM1 has a limited contribution to the ion conduction pathway. In terms of global receptor structure, the stoichiometry of these receptors was for a long time debated (for a detailed review see [START_REF] Hausmann | Key sites for P2X receptor function and multimerization: overview of mutagenesis studies on a structural basis[END_REF]). A trimeric assembly was first proposed following immunohistochemical studies using aldehydecontaining reagent-crosslinked receptors for P2X1 and P2X3 (Nicke et al., 1998), engineered concatemeric receptors of P2X2 (Stoop et al., 1999) and disulphide bond experiments on cysteinesubstituted heteromeric P2X2/3 receptors [START_REF] Jiang | Subunit arrangement in P2X receptors[END_REF]. Moreover, functional studies based on Hill slopes obtained from ATP doseeresponse curves and single-channel recordings (Ding and Sachs, 1999), along with low resolution structures of the receptor by atomic force microscopy and electron microscopy (Barrera et al., 2005;Mio et al., 2005Mio et al., , 2009;;Nakazawa et al., 2005;Shinozaki et al., 2009), further supported the originally proposed trimeric assembly of P2X receptors. The determination of crystal structures of a truncated zebrafish P2X4 receptor (DzfP2X4), firstly in 2009 resolved at 3.1 Å in the absence of ATP (Kawate et al., 2009) and subsequently in 2012 bound to ATP at a resolution of 2.8 Å (Hattori and Gouaux, 2012), definitively confirmed this stoichiometry, as well as the global architecture of P2X receptors. These structures revealed the precise three-dimensional organization of the receptor and the folding of each subunit (Fig. 1AeC). The overall shape of each individual subunit is likened to that of a dolphin, consisting of a body, head, tail, dorsal fin and left and right flippers (Fig. 1C). This comparison allows a clear distinction of structurally differing regions. The large glycosylated ectodomain represents the body of the dolphin, and is composed of highly conserved residues, organized into a rigid b-sheet structure and stabilized by five disulphide bonds. Branching out from this core body region are four more structurally flexible domains: the head, dorsal fin, left and right flippers (Fig. 1C). The transmembrane domains, likened to the dolphin tail, were confirmed to be organized into alpha-helices. TM1 is positioned peripherally to TM2 and the ion conducting pore is lined primarily by the association of three TM2 helices, angled at 45 from the normal of the membrane plane (Fig. 1A andB). The gate of the channel is defined by the hydrophobic region between L340 and A347, centred at the residue A344, approximately halfway down the length of the TM2 helix. The structure of the zfP2X4 receptor solved in the absence of ATP, presumably in the closed state, reveals inter-and intra-subunit interfaces with extensive interactions in the upper body, each monomer twisting around its neighbours. Two potential pathways through which ions can access the pore were identified: a central pathway, whereby ions enter the channel vertically via three connected vestibules positioned along the central axis of the receptor, or alternatively, a lateral pathway, whereby ions enter the channel through three fenestrations located above the gate region. However, MTS accessibility studies and electrostatic free energy calculations (Kawate et al., 2011;Samways et al., 2011) strongly suggest that extracellular ions use the lateral pathway, entering the channel preferentially through the fenestrations before flowing through the ion pore itself.

Location of the ATP sites

Systematic site-directed mutagenesis coupled with electrophysiology provided much of the information crucial for locating the ATP binding sites. Several recent reviews focused on this aspect of P2X function (Browne et al., 2010;Chataigneau et al., 2013;[START_REF] Evans | Orthosteric and allosteric binding sites of P2X receptors[END_REF]. Briefly, a combination of several studies revealed that there are eight highly conserved residues critical for ATP binding (K70, K72, N96, F188, T189, F297, R298 and K316, zfP2X4) insofar as substitutions at these homologous positions inhibit ATP currents in different P2X subtypes [START_REF] Ennion | The role of positively charged amino acids in ATP recognition by human P2X(1) receptors[END_REF][START_REF] Fischer | Conserved lysin and arginin residues in the extracellular loop of P2X(3) receptors are involved in agonist binding[END_REF]Jiang et al., 2000;[START_REF] Roberts | Cysteine substitution mutagenesis and the effects of methanethiosulfonate reagents at P2X2 and P2X4 receptors support a core common mode of ATP action at P2X receptors[END_REF][START_REF] Wilkinson | Role of ectodomain lysines in the subunits of the heteromeric P2X2/3 receptor[END_REF][START_REF] Yan | Participation of the Lys313-Ile333 sequence of the purinergic P2X4 receptor in agonist binding and transduction of signals to the channel gate[END_REF][START_REF] Zemkova | Role of aromatic and charged ectodomain residues in the P2X(4) receptor functions[END_REF]. Evidence that the formation of a ligand-binding site requires the involvement of two subunits was provided by co-expression of rP2X3 with mutated K69A/K308A rP2X2 (a non-functional, "dead" subunit) [START_REF] Wilkinson | Role of ectodomain lysines in the subunits of the heteromeric P2X2/3 receptor[END_REF], in addition to SDS-page gels of K69C/F289C rP2X2 receptor in both presence and absence of ATP [START_REF] Marquez-Klaka | Inter-subunit disulfide cross-linking in homomeric and heteromeric P2X receptors[END_REF]. Many strategies were also employed to determine the specific residues which are involved in binding ATP. Among them, charge-dependent effects induced by MTS labelling of cysteine introduced at position I67 (Jiang et al., 2000) and activation of the receptor following ADP-ribosylation at position R125 (P2X7) (Adriouch et al., 2008) suggested that these particular residues are in close proximity to the bound agonist. A strategy of sitedirected affinity labelling was developed by Jiang et al., using a thiol-reactive probe (8-thiocyano-ATP, NCS-ATP) to demonstrate the involvement of two residues (N140 and L186 in rP2X2) in the coordination of the adenine ring of ATP [START_REF] Jiang | Agonist trapped in ATP-binding sites of the P2X2 receptor[END_REF]. Voltageclamp fluorometry (VCF) experiments coupled with site-directed fluorescence labelling allowed Lorinczi et al. to successfully orientate the ribose moiety of the ATP molecule in the binding cavity of rP2X1 [START_REF] Lorinczi | Involvement of the cysteine-rich head domain in activation and desensitization of the P2X1 receptor[END_REF].

The crystal structures of zfP2X4 confirm the implication of residues previously identified to bind ATP (Hattori and Gouaux, 2012). These residues form a tight cluster, located within an intersubunit cavity and surrounded by the head and left flipper of one subunit and by the dorsal fin of another (Fig. 1D). Several unanticipated interactions were also revealed: briefly, the residue L217 is involved in the recognition of the solvent-accessible ribose ring, the residues K70, K72, K316, N296 and R298 stabilize the triphosphate tail in an unusual U-shaped structure, K70 and T189 form hydrogen bonds with the adenine base, whilst L191 and I232 coordinate this adenine by means of hydrophobic interactions.

Structural point of view of the gating mechanism

Following the resolution of the crystal structures, a key issue for current research is the investigation into how ATP-binding can open the channel. In 2009, Shinozaki et al. provided the first timelapse imaging of P2X4 receptor's structural changes in response to ATP application using fast-scanning atomic force microscopy (AFM) (Shinozaki et al., 2009). In the presence of ATP, individual subunits were observed, which draw away from one another to form the central pore. Since this study, several functional studies using the substituted-cysteine accessibility method (SCAM) (Samways et al., 2014), engineered disulphide bonds (Du et al., 2012;Jiang et al., 2001;Kawate et al., 2011;[START_REF] Kowalski | Conformational flexibility of the agonist binding jaw of the human P2X3 receptor is a prerequisite for channel opening[END_REF][START_REF] Roberts | Agonist binding evokes extensive conformational changes in the extracellular domain of the ATP-gated human P2X1 receptor ion channel[END_REF][START_REF] Stelmashenko | Ectodomain movements of an ATP-gated ion channel (P2X2 receptor) probed by disulfide locking[END_REF][START_REF] Zhao | Relative motions between left flipper and dorsal fin domains favour P2X4 receptor activation[END_REF] or VCF [START_REF] Lorinczi | Involvement of the cysteine-rich head domain in activation and desensitization of the P2X1 receptor[END_REF] have provided scattered information, giving a glimpse into the gating mechanism. The resolution of an ATPbound state thus represented a major advance, as it provided an unrivalled picture of an open channel. In silico modelling of the two structures provided a basis for further investigations, and a plausible model of gating gradually began to take shape, which can be dissected into 5 key steps: ATP binding, tightening of the so-called binding "jaw", flexing of the lower body regions, expansion of the lateral fenestrations and subsequent pore opening. ATP binding provokes a global structural movement, whereby subunits bend outward and rotate, inducing an expansion in the lower body region. As the lower body is directly connected to the transmembrane domain, this movement in turn induces a displacement of the outer ends of the TM helices, opening the pore in an iris-like motion (Browne et al., 2010). Here, we will focus on molecular changes in key domains during gating.

Movement of the binding jaw

Reorganization of the binding loops following ATP binding

The ATP binding site, located in an inter-subunit cavity between the head domain of one subunit, and the dorsal fin of another, is often referred to as the "binding jaw". Evidence that the closure of this binding jaw plays an important initial role in the gating process has been provided by multiple recent studies. First, the presence of a zinc-binding site, naturally formed by residues H120 and H213 in the rP2X2 receptor, was exploited to display this closing motion of the binding jaw's two lips. ATP-currents on the double cysteine mutant H120C/H213C (rP2X2) are dramatically decreased and DTT treatment rescues a high sensitivity state, indicating that these residues are found in close proximity [START_REF] Nagaya | An intersubunit zinc binding site in rat P2X2 receptors[END_REF]. However, the distance between these positions as predicted by the closed structure is too great (15 Å) to form a zinc-binding site in the WT receptor or disulphide bridge in the double cysteine mutant, which implies that the head and the dorsal fin domains must come closer together during activation. Whilst this hypothesis readily supports zinc potentiation, it appears that a different mechanism must take place to explain data obtained from the double cysteine mutant. In the latter case, the disulphide bridges may block ATP responsiveness, most likely by locking the receptor in a state for which ATP binding is considerably reduced. VCF experiments coupled with fluorescence labelling of G115C and G124C (hP2X1) also revealed that agonist binding induces a movement of the head domain of P2X1 receptor [START_REF] Lorinczi | Involvement of the cysteine-rich head domain in activation and desensitization of the P2X1 receptor[END_REF], a finding which was further supported by electron microscopy experiments [START_REF] Roberts | Agonist binding evokes extensive conformational changes in the extracellular domain of the ATP-gated human P2X1 receptor ion channel[END_REF]. Engineered histidine bridges formed between residues of the head domain and the right-flipper connecting loop (Jiang et al., 2012a), or disulphide bridges formed between the top of the lower body and the right flipper (hP2X1 190C-284C), or between residues of the head region from two different subunits (hP2X1 138C-181C) [START_REF] Roberts | Agonist binding evokes extensive conformational changes in the extracellular domain of the ATP-gated human P2X1 receptor ion channel[END_REF] highlighted the critical role of these segments in ATP function. Finally, using the closed state structure with ATP docked in its binding site according to the results of NCS-ATP labelling [START_REF] Jiang | Agonist trapped in ATP-binding sites of the P2X2 receptor[END_REF], two different sets of data were produced by normal mode analysis (NMA) (Du et al., 2012;Jiang et al., 2012a), both suggesting that a decrease in the distance between residues of the binding jaw located in two adjacent subunits occurs following ATP binding. These data combined thus demonstrate that ATP-induced tightening of the binding jaw correlates precisely with an opening of the channel.

Although no structure with a competitive antagonist bound to the receptor has been resolved to date, several studies suggest that antagonists act by binding to the upper jaw and thus impairing jaw closure. The position K138 of hP2X1 was first identified to be crucial in the binding of suramin [START_REF] Sim | Ectodomain lysines and suramin block of P2X1 receptors[END_REF]. The use of hP2X1/ DdP2X and hP2X1/hP2X2 chimeras subsequently allowed identification of a cluster of positively charged residues (KAKRK), including K138, in the head domain which contribute to suramin sensitivity [START_REF] El-Ajouz | Molecular basis of selective antagonism of the P2X1 receptor for ATP by NF449 and suramin: contribution of basic amino acids in the cysteine-rich loop[END_REF]. Moreover, the N140C mutant labelled with the NCS-ATP affinity probe displays decreased ATPinduced currents [START_REF] Jiang | Agonist trapped in ATP-binding sites of the P2X2 receptor[END_REF] and binding of TNP-ATP, a presumably competitive P2X antagonist, blocks movement of the binding jaw (Jiang et al., 2012a). A recent study which uses NMA, principal component analysis (PCA) and short molecular dynamics (MD) simulations suggests the presence of at least three sites able to recognize the adenine group of ATP and thus three distinct recognition modes [START_REF] Huang | Inherent dynamics of head domain correlates with ATP-recognition of P2X4 receptors: insights gained from molecular simulations[END_REF]: the first mode being similar to that found in the ATP-bound crystal structure, the second featuring the adenine group buried in the interface of the rigid lower body domains and finally a third mode whereby adenine is positioned near the base of the head domain, which could explain the previous results obtained by engineered site-directed affinity labelling. Interestingly, only the first recognition mode can promote an effective downward motion of the head domain, whereas the other two modes are only able to induce outward or upward motions of the head. Jaw tightening therefore seems to be an essential step of the gating mechanism. Other movements following ATP binding which occur in the loop regions surrounding the binding site were also identified as being critical for the initiation of pore opening. In particular, it has been shown that the left flipper must be pushed outward from the ATP binding pocket simultaneously to the cleft closure between the head and dorsal fin domains (Fig. 2A). To this end, Zhao et al. introduced cysteine or histidine residues on the left flipper (e.g. V288C rP2X4) and dorsal fin (e.g. T211C rP2X4) and observed an inter-domain disulphide bond or zinc bridge respectively, which impaired channel gating by preventing the relative motion of the two domains [START_REF] Zhao | Relative motions between left flipper and dorsal fin domains favour P2X4 receptor activation[END_REF]. They predict, by MD simulations, that ATP binding may destroy the hydrophobic interactions between the left flipper and dorsal fin domains, induces repelling of V291 (zfP2X4) from the ribose of ATP and provokes closing motions of K193, L217 and I208 around the molecule of ATP, thus causing the downward motion of the left flipper and upward movement of the dorsal fin [START_REF] Zhao | Relative motions between left flipper and dorsal fin domains favour P2X4 receptor activation[END_REF]. Other studies have probed the reorganization of the binding pocket by using disulphide bond engineering to restrict movement between the upper body and right flipper domains (N284C/K190C hP2X1) or between the head domain and the adjacent subunit (K138C/E181C hP2X1), revealing that a counter-clockwise rotation of the subunits may occur after ATP binding [START_REF] Roberts | Agonist binding evokes extensive conformational changes in the extracellular domain of the ATP-gated human P2X1 receptor ion channel[END_REF]. These results are consistent with MD simulations, which show a leftward motion of the loop F139-G146 (zfP2X4), situated within the head domain, and a rightward movement of the loop P169-A183 (zfP2X4) (Fig. 2A), which is covalently linked to the head [START_REF] Huang | Inherent dynamics of head domain correlates with ATP-recognition of P2X4 receptors: insights gained from molecular simulations[END_REF]. In agreement with these movements, recent work has suggested that during ATP activation of the P2X2 receptor, a significant rearrangement of residues E167 and R290, which interact electrostatically in the closed state ATP binding site, enables R290 to form a new, strong ionic interaction with the g-phosphate oxygen of ATP, thus breaking the original salt bridge [START_REF] Hausmann | Salt bridge switching from Arg290/Glu167 to Arg290/ATP promotes the closed-to-open transition of the P2X2 receptor[END_REF]. This electrostatic switch appears to be a critical step that leads to channel opening.

Intermediate activation states

Some recent works have suggested the existence of intermediate states in P2X receptors which precede pore opening. The idea of such primed states in P2X receptors was first introduced by Moffat and Hume who incorporated a so-called "flipped" intermediate state into the simple allosteric model to explain the delay between ATP-binding and the observation of ionic currents (Moffatt and Hume, 2007). This assumption was later confirmed by two crucial studies. The first of these showed that the agonist NCS-ATP tethered to L186C in rP2X2 receptor in which an allosteric reporter mutation, T339S, was introduced to observe spontaneous channel openings, does not lock the channel in the open state, but instead allows the channel to open in response to zinc (Jiang et al., 2012b), indicating that NCS-ATP actually may trap an intermediate state that precedes channel opening. A second study provides evidence that BzATP tethered in one of the three intersubunit ATP binding sites of P2X7 receptor induced conformational changes in the remaining sites, causing these sites to lose their high selectivity for ATP and to bind other pyrimidine and diphosphate nucleotide analogues (CTP, UTP and ADP) with greater efficiency (Browne and North, 2013).

The molecular movements underlying such primed states remain unclear, but recent works suggest that movements of the head domain may be able to occur not only as a result of ATPbinding, but equally in the absence of agonist. Normal mode analysis of zfP2X4 and molecular dynamics experiments [START_REF] Huang | Inherent dynamics of head domain correlates with ATP-recognition of P2X4 receptors: insights gained from molecular simulations[END_REF][START_REF] Zhao | Relative motions between left flipper and dorsal fin domains favour P2X4 receptor activation[END_REF] showed a possible spontaneous downward motion of the head domain, resulting in the closure of the jaw in the absence of ATP binding. This observation was confirmed by the spontaneous formation of a disulphide bond between residues of the dorsal fin and head domain (K113C and K201C, hP2X3), which impaired binding of a fluorescent ATP derivative, BODIPY-TR ATP [START_REF] Kowalski | Conformational flexibility of the agonist binding jaw of the human P2X3 receptor is a prerequisite for channel opening[END_REF]. Such spontaneous movements of the binding jaw may therefore be related to the progress of the receptor towards these intermediate states.

It is known that strong cooperativity operates between the three binding sites of P2X receptors [START_REF] Bhargava | Allosteric nature of P2X receptor activation probed by photoaffinity labelling[END_REF][START_REF] Jiang | Subunit arrangement in P2X receptors[END_REF][START_REF] Yan | Experimental characterization and mathematical modeling of P2X7 receptor channel gating[END_REF], and that ATP association rates increase with the sequential binding of ATP. Experiments from heterotrimeric receptors and concatenated constructs (Stelmashenko et al., 2012) demonstrated that two molecules of agonist seem sufficient to open the channel. If this conclusion also stands true for NCS-ATP, one may speculate that the lack of irreversible trapping of the pore in the open state is due to the irreversible binding of only one NCS-ATP molecule. In this case, the binding of NCS-ATP to one of the three ATP-binding sites would allow the receptor to convert from the closed state to an intermediate state, and subsequent binding of a second molecule would eventually result in the full opening of the channel. Other experiments are needed to further clarify this issue.

ECD flexibility

The domains which form the ATP binding pocket are structurally coupled to the rigid body domain (Browne et al., 2010). As such, their movements are transmitted across the protein as a whole. But which residues in particular are essential in the gating mechanism? Among studies which explored the orthosteric sites, single-channel recordings revealed a difference in the role of K69 and K308 (rP2X2). Whilst the spontaneous opening of the K69A/T339S receptor was no different than that seen in T339S, this spontaneous activity disappeared in the mutant K308A/T339S [START_REF] Cao | Thr339-toserine substitution in rat P2X2 receptor second transmembrane domain causes constitutive opening and indicates a gating role for Lys308[END_REF] suggesting a critical role for K308 in channel gating. Interestingly, K308 (rP2X2) is located on the upper ends of b14, a b strand located in the body domain, which is directly connected to TM2 (Fig. 1C). Du et al. also suggested a crucial role of this b strand and, following NMA simulations, proposed that the upper ends of b strands b14 and b1 of adjacent subunits undergo rotation in opposite senses, demonstrated by a decrease in the distance between K70 and K316 residues (zfP2X4). This rotation also causes the lower ends of these b strands to be pulled further apart from one another, a motion which in turn encourages the outward movements required for channel opening (Du et al., 2012).

Other studies have also demonstrated the necessity of this rotational motion of b1 and b14 strands of neighbouring subunits:

the formation of disulphide bridges between I62C/D320C (hP2X1) [START_REF] Roberts | Agonist binding evokes extensive conformational changes in the extracellular domain of the ATP-gated human P2X1 receptor ion channel[END_REF], E59C/Q321C (rP2X2) (Kawate et al., 2011) or S65C/D315C (rP2X2) [START_REF] Stelmashenko | Ectodomain movements of an ATP-gated ion channel (P2X2 receptor) probed by disulfide locking[END_REF] results in the inhibition of ATP-currents, which can be restored upon application of DTT. Moreover, in the lower part of the body domain, bridging of b1 and b8, which are connected to TM1, in the same subunit causes a decrease in gating [START_REF] Stelmashenko | Ectodomain movements of an ATP-gated ion channel (P2X2 receptor) probed by disulfide locking[END_REF], which suggests that the lower body region is involved in expansion movements not only between subunits but also within the subunits themselves (Fig. 2B). The flexibility of this region seems to be essential in the gating mechanism, and has been further illustrated by several studies. First, Jiang et al. showed the role of an extracellular salt-bridge between b1 and b12 strands (E63/ R274 rP2X2) in stabilizing the closed state [START_REF] Jiang | A putative extracellular salt bridge at the subunit interface contributes to the ion channel function of the ATP-gated P2X2 receptor[END_REF].

Second, it has been demonstrated that the segment spanning G316eI333 (rP2X4) is essential in transmitting the signal for channel opening from the ATP binding site to the TM domains (Rokic et al., 2013). The residue G316 (rP2X4) is crucial for the flexibility of the lower body: an alanine substitution at this position, which rigidifies the structure, results in a decrease of ATP sensitivity as well as slower activation and desensitization kinetics, whereas a proline mutation causes only a variation in kinetics [START_REF] Yan | Participation of the Lys313-Ile333 sequence of the purinergic P2X4 receptor in agonist binding and transduction of signals to the channel gate[END_REF].

From the crystal structures, it can be seen that no large conformational changes occur in the upper body domain. However, all of the vestibules located in the central part of the trimeric assembly can be seen to expand, whilst the interface of the upper and the central vestibules, near P95 (zfP2X4), is kept relatively narrow. Previous SCAM studies had also suggested the expansion of the central and extracellular vestibules (Allsopp et al., 2011). Interestingly, mutation of F95 to leucine in hP2X7, a residue equivalent to zfP2X4 I94, results in an altered modulation of the ATP response by the allosteric modulator GW791343, and also favours the opening of the channel [START_REF] Michel | Identification of regions of the P2X(7) receptor that contribute to human and rat species differences in antagonist effects[END_REF].

Transmembrane motions and pore opening

As previously discussed, combined movements of the head domain, dorsal fin and left flipper cause the rotation and outward flexing of the lower body domains, located near the membrane and connected to the TM helices, which, in turn, induce substantial expansion of the extracellular vestibule and pore opening (Hattori and Gouaux, 2012).

Prior to the publication of the apo and ATP-bound structures, multiple mutagenesis studies focused on the characterization of TM1 and TM2. Extensive SCAM studies provided information about the location of the gate in the TM domain, despite some discrepancies on the exact position of the narrowest point in the channel (for a complete review see (Samways et al., 2014)). From the crystal structures, the gate region can be determined to measure 8 Å in length, spanning from just below L340-N341 on the extracellular side to L346-A347 (zfP2X4) on the intracellular side. SCAM studies were also able to suggest a reorganization of the transmembrane domain, which likely involves extensive repacking and motions of both TM helices. Application of ivermectin (IVM), an allosteric modulator of selected P2X receptors, to mutants obtained by tryptophan scanning mutagenesis provided preliminary information about changes occurring in the interactions of TM1 and TM2 residues during gating, and the results led to the hypothesis that TM1 may rotate relative to TM2 [START_REF] Silberberg | Ivermectin interaction with transmembrane helices reveals widespread rearrangements during opening of P2X receptor channels[END_REF]. Following single-channel recordings of TM2 mutants, Cao et al. suggested a counter-clockwise rotation of several tens of degrees and separation of the TM2 helices [START_REF] Cao | Polar residues in the second transmembrane domain of the rat P2X2 receptor that affect spontaneous gating, unitary conductance, and rectification[END_REF]. Structural constraints obtained from functional studies predicted conformational rearrangements. The expansion of TM1 and TM2 in the extracellular side was suggested by the inhibition of channel opening resulting from disulphide bond formation between V48C and I328C (rP2X2) [START_REF] Jiang | Subunit arrangement in P2X receptors[END_REF](Jiang et al., , 2001)). In addition, by engineering metal bridges Li et al. proposed that the TM2 helix does not undergo large rotations, but instead, a relative straightening of TM2 occurs during gating, suggesting that the inner part of the TM2 domain must move toward the central axis of the pore during gating (Li et al., 2010). Moreover, using concatemeric channels carrying one, two or three T339K mutations in rP2X2 receptor, Browne et al. demonstrated that each subunit contributes symmetrically to the opening of the pore [START_REF] Browne | P2X receptor channels show threefold symmetry in ionic charge selectivity and unitary conductance[END_REF]. From the crystal structures, it can be observed that TM1 and TM2 rotate by ~10 and ~55 , respectively, counterclockwise about the central pore axis, perpendicular to the membrane plane, and increase their tilt angle by ~8 and ~2 , respectively, about an axis parallel to the membrane plane. This implies an iris-like movement, which leads to the opening of a 7 Å-wide pore. However, the large distance separating residues V343 or D349 is not compatible with data from metal bridge experiments in the inner section of the channel, which indicated that these residues should be found in close proximity to one another.

Furthermore, the structure revealed unexpectedly large intersubunit crevices within the transmembrane domain (Fig. 1A). The physiological relevance of these gaps remains unclear, but recent molecular dynamic simulations performed with the ATP-bound state structure indicated that lipids may diffuse into these gaps, thereby blocking the pore, suggesting that these crevices are inconsistent with ion conduction (Heymann et al., 2013).

The lack of cytosolic domain, which was truncated for crystallogenic purposes, may cause the local destabilization of the structure, as well as the absence of intersubunit interactions. A recent study proposes an improved model of the channel in the open state, generated by small rotations and a translation of TM2 toward the central axis, which decreases the size of the crevices and brings the intracellular ends of the TM helices closer together, narrowing the gaps between them. This new packing model restores intersubunit interactions between TM2 helices including the metal bridge formed at the threefold axis by V343C (rP2X2), and intrasubunit interactions between TM2 and TM1 helices (Heymann et al., 2013). These data suggest that the crystal structure most likely does not represent a native, functional open state.

Allosteric modulation of P2X receptors

There are many allosteric modulators that regulate P2X function. These modulators can be as small as protons, metals or larger molecules such as IVM, neurosteroids, ethanol, phospholipids and kinases (Coddou et al., 2011a(Coddou et al., , 2011b;;[START_REF] Evans | Orthosteric and allosteric binding sites of P2X receptors[END_REF]. Here, we will consider only three examples of allosteric modulators that act on three different loci: the ectodomain, transmembrane domain and intracellular domain. The reader is referred to other extensive reviews for further details (Coddou et al., 2011a(Coddou et al., , 2011b;;[START_REF] Evans | Orthosteric and allosteric binding sites of P2X receptors[END_REF][START_REF] Huidobro-Toro | Trace metals in the brain: allosteric modulators of ligand-gated receptor channels, the case of ATP-gated P2X receptors[END_REF].

Allosteric regulation within the ectodomain: the case of zinc

Zinc is the second most abundant trace metal in the body after iron and consistently plays a major role in enzymatic reactions [START_REF] Huidobro-Toro | Trace metals in the brain: allosteric modulators of ligand-gated receptor channels, the case of ATP-gated P2X receptors[END_REF]. In the blood plasma, the concentrations of trace metals including zinc reach 15 mM, and in the brain, zinc concentrations are as high as 100e150 mM. Zinc is co-released with neurotransmitters at some synapses and can act on several post-synaptic targets such as LGICs to modulate neuronal activity (reviewed in [START_REF] Huidobro-Toro | Trace metals in the brain: allosteric modulators of ligand-gated receptor channels, the case of ATP-gated P2X receptors[END_REF], [START_REF] Sensi | Zinc in the physiology and pathology of the CNS[END_REF]).

Extracellular zinc modulates the function of some P2X receptors. It has a biphasic allosteric modulatory effect: at low concentrations (under 100 mM), pre-incubation with zinc has a potentiating effect on ionic currents flowing through rP2X2, rP2X3, rP2X4 and rP2X5 receptors, whereas at higher concentrations, in the millimolar range, zinc mainly has an inhibitory effect (Coddou et al., 2011b;[START_REF] Wildman | Sensitization by extracellular Ca(2þ) of rat P2X(5) receptor and its pharmacological properties compared with rat P2X(1)[END_REF][START_REF] Wildman | Zn2þ modulation of ATP-responses at recombinant P2X2 receptors and its dependence on extracellular pH[END_REF]Wildman et al., , 1999a, b), b). In rP2X1 and rP2X7 receptors, zinc exerts a purely concentration-dependent inhibitory effect [START_REF] Acuna-Castillo | Differential role of extracellular histidines in copper, zinc, magnesium and proton modulation of the P2X7 purinergic receptor[END_REF][START_REF] Liu | Identification of key residues coordinating functional inhibition of P2X7 receptors by zinc and copper[END_REF]Virginio et al., 1997;[START_REF] Wildman | Sensitization by extracellular Ca(2þ) of rat P2X(5) receptor and its pharmacological properties compared with rat P2X(1)[END_REF]Wildman et al., , 1999b)). The inhibitory allosteric effect is dependent upon a preincubation period, especially for rP2X2, rP2X3 and rP2X1.

The biphasic effect has been interpreted as a result of the existence of at least two distinct allosteric sites for zinc, one with a high affinity responsible for the potentiating effect and one with a low affinity involved in the inhibitory control of P2X receptors (Coddou et al., 2011b). Site-directed mutagenesis has been used to solve the role of specific amino acid residues involved in these modulatory effects. It has been observed that the residues H120 and H213 participate primarily to the allosteric metal binding site of rP2X2 receptor responsible for the potentiating effect of zinc [START_REF] Clyne | The role of histidine residues in modulation of the rat P2X(2) purinoceptor by zinc and pH[END_REF][START_REF] Lorca | Extracellular histidine residues identify common structural determinants in the copper/zinc P2X2 receptor modulation[END_REF][START_REF] Nagaya | An intersubunit zinc binding site in rat P2X2 receptors[END_REF][START_REF] Tittle | A histidine scan to probe the flexibility of the rat P2X2 receptor zinc-binding site[END_REF]. In contrast to the potentiating effect observed on the rat P2X2, zinc inhibits the human P2X2 receptor activity with an IC 50 in the micromolar range [START_REF] Tittle | Opposite effects of zinc on human and rat P2X2 receptors[END_REF], highlighting striking opposite effects between rodents and humans. Analysis of the sequences indicated that only one of the two histidines essential for zinc potentiation in rP2X2 is present at the homologous position to rat H120 in hP2X2 (H132), with the position homologous to rat H213 instead having an arginine (R225). As zinc is likely coordinated directly by the two histidines in rodents, its ability to make such an interaction is abolished in humans because of the presence of the positively charged arginine residue. Notably, mutating R225 to cysteine was sufficient to confer zinc potentiation onto the human orthologue [START_REF] Tittle | Opposite effects of zinc on human and rat P2X2 receptors[END_REF], suggesting that zinc potentiation uses the same mechanism as that in the wild-type rP2X2 receptor. In the crystal structures, residues homologous to H120 (P125 in zfP2X4) and H213 (H219 in zfP2X4) belong to two adjacent subunits and are located, respectively, in the head and dorsal fin domains (Fig. 3A andB), positions which correspond to the two 'lips' of the ATP-binding jaw. In agreement with previous works (Jiang et al., 2012a) and with the recent crystal structure solved in the presence of ATP (Hattori and Gouaux, 2012), ATP binding promotes tightening of the two lips of the binding jaw and zinc stabilizes the conformation of closed jaws through coordination of the two histidine residues (Fig. 3B).

In addition, other histidines (H192 and H245) from rP2X2 (corresponding to R197 and V251 in zfP2X4, respectively) were also identified as potentially participating to the allosteric potentiating effect of zinc, although to a lesser extent than H120 and H213 [START_REF] Lorca | Extracellular histidine residues identify common structural determinants in the copper/zinc P2X2 receptor modulation[END_REF]. However, mapping of the equivalent residues in the crystal structure shows that these residues are not close to each other and are far away from the established potentiating site involving H120 and H213 (Fig. 3A andB). The mechanisms of potentiation involving H192 and H245 thus remain to be clarified.

The location of the zinc inhibition sites also remains unclear. In rP2X2, neither the extracellular histidines nor glutamates or aspartates are required for low affinity zinc inhibition [START_REF] Clyne | The role of histidine residues in modulation of the rat P2X(2) purinoceptor by zinc and pH[END_REF][START_REF] Friday | Contribution of extracellular negatively charged residues to ATP action and zinc modulation of rat P2X2 receptors[END_REF]. By contrast, mutating H204 and H209 to alanine in the hP2X2 receptor (corresponding to R197 and N202 in zfP2X4, respectively) has been shown to significantly reduce zinc inhibition, and mutating to cysteine restored wild-type inhibition [START_REF] Tittle | Opposite effects of zinc on human and rat P2X2 receptors[END_REF]. However, the fact that the double alanine mutant was no more deficient than either single mutant, along with the fact that MTS reagents carrying opposite charges were nearly equipotent in affecting zinc effects in cysteine mutants, suggest that H204 and H209 are not directly involved in zinc inhibition. These data reveal the complexity of zinc modulation, since an equivalent position (rP2X2 H192; hP2X2 H204) is involved in either potentiation or inhibition depending on the species.

Additional residues from other P2X subtypes have been identified to be critically involved in zinc allosteric effects. For instance, in rP2X4 receptor, the residue C132 is involved in the potentiating allosteric effect of zinc, whereas D138 and H140 have been determined to participate in the inhibitory allosteric effect of zinc [START_REF] Coddou | Dissecting the facilitator and inhibitor allosteric metal sites of the P2X4 receptor channel: critical roles of CYS132 for zinc potentiation and ASP138 for copper inhibition[END_REF][START_REF] Coddou | Histidine 140 plays a key role in the inhibitory modulation of the P2X4 nucleotide receptor by copper but not zinc[END_REF]. When mapped on the zfP2X4 crystal structure, D138 and H140 are close to each other and one may infer that zinc binding to these residues may restrict head domain mobility, and thus may block the ATP-induced response in an allosteric manner. Supporting this hypothesis, a recent NMR study of the structure of the rat P2X4 receptor head domain demonstrated that D138 and H140 are directly involved in the binding of zinc and copper, another modulator of the P2X4 receptor [START_REF] Igawa | Solution structure of the rat P2X4 receptor head domain involved in inhibitory metal binding[END_REF]. However, clear structural interpretation of the zinc potentiation involving the C132 residue is not easy, because this residue [START_REF] Igawa | Solution structure of the rat P2X4 receptor head domain involved in inhibitory metal binding[END_REF], and its equivalent in zfP2X4 (Hattori and Gouaux, 2012;Kawate et al., 2009), is already engaged in a naturally occurring disulphide bond. Additional investigations should be carried out in order to understand the specific role of C132 in zinc potentiation in rP2X4 receptor. In rP2X7 receptor, the inhibitory effect of zinc was abolished in H219A and H267A mutants, suggesting a major role of these two amino acids [START_REF] Acuna-Castillo | Differential role of extracellular histidines in copper, zinc, magnesium and proton modulation of the P2X7 purinergic receptor[END_REF]. As these residues are not conserved among P2X subtypes, these data suggest that P2X7 has undergone a separate adaptation to trace metal coordination [START_REF] Huidobro-Toro | Trace metals in the brain: allosteric modulators of ligand-gated receptor channels, the case of ATP-gated P2X receptors[END_REF].

Allosteric regulation within the transmembrane domains: the case of ivermectin

Ivermectin (IVM) is a semi-synthetic macrocyclic lactone used as an antiparasitic in humans and animals [START_REF] Silberberg | Ivermectin interaction with transmembrane helices reveals widespread rearrangements during opening of P2X receptor channels[END_REF]. It is a positive allosteric modulator of P2X4 receptors from several different species [START_REF] Agboh | Functional characterization of a P2X receptor from Schistosoma mansoni[END_REF]Khakh et al., 1999b;[START_REF] Priel | Mechanism of ivermectin facilitation of human P2X4 receptor channels[END_REF] as well as the human P2X7 receptor, but not murine P2X7 receptor [START_REF] Norenberg | Positive allosteric modulation by ivermectin of human but not murine P2X7 receptors[END_REF]. It acts only when applied from the extracellular side of the cell membrane but not from the inside, suggesting that it does not bind to intracellular domains [START_REF] Norenberg | Positive allosteric modulation by ivermectin of human but not murine P2X7 receptors[END_REF][START_REF] Priel | Mechanism of ivermectin facilitation of human P2X4 receptor channels[END_REF]. Consistent with its lipophilic character, the effects of IVM are slow to develop, suggesting that it might need first to partition into the membrane before reaching its binding sites, which are likely close to the extracellular face of the membrane. A detailed kinetic analysis suggested that IVM binds to separate sites in hP2X4 receptors. Binding to the higher affinity site increases current amplitude by reducing channel desensitization, whilst binding to the lower affinity site slows the deactivation of the current mainly by stabilizing the open channel state [START_REF] Priel | Mechanism of ivermectin facilitation of human P2X4 receptor channels[END_REF]. Chimeras made between IVM-sensitive P2X4 receptor and IVM-insensitive P2X2 receptors first confirmed the critical role of the transmembrane domain. It has been initially found that chimeras of the ectodomain of P2X4 with helices and intracellular domains of rP2X2 are not sensitive to IVM [START_REF] Jelinkova | Identification of P2X4 receptor-specific residues contributing to the ivermectin effects on channel deactivation[END_REF]. In contrast, chimeras of the two transmembrane segments of rP2X4 receptor into rP2X2 receptor are sufficient to confer IVM sensitivity [START_REF] Silberberg | Ivermectin interaction with transmembrane helices reveals widespread rearrangements during opening of P2X receptor channels[END_REF], indicating a major role of both transmembrane segments of P2X4 receptor in the positive allosteric effect of the modulator. Consistent with a transmembrane location, site-directed mutagenesis analysis of residues located in the putative TM domains [START_REF] Jelinkova | Identification of P2X(4) receptor transmembrane residues contributing to channel gating and interaction with ivermectin[END_REF][START_REF] Popova | Tryptophan 46 is a site for ethanol and ivermectin action in P2X4 receptors[END_REF][START_REF] Silberberg | Ivermectin interaction with transmembrane helices reveals widespread rearrangements during opening of P2X receptor channels[END_REF] indicated that V28, Q36, I39, L40, Y42, V43, V47, W50 (TM1) and N338, G340, G342, L345, L346, V348, A349, I356 (TM2) in rP2X4 are involved in IVM sensitivity of the channel [START_REF] Jelinkova | Identification of P2X(4) receptor transmembrane residues contributing to channel gating and interaction with ivermectin[END_REF][START_REF] Silberberg | Ivermectin interaction with transmembrane helices reveals widespread rearrangements during opening of P2X receptor channels[END_REF]. A recent study confirmed the importance of some of these residues (L40, V43, V47 and W50) in the effect of IVM on deactivation in rP2X4, and further identified new ones (W46, G53, F330, D331, I332 and I337) [START_REF] Zemkova | Allosteric regulation of the P2X4 receptor channel pore dilation[END_REF]. The mutation to tryptophan of the homologous residues of Y42 and V43 in human P2X4 receptor also reduced the allosteric effect of IVM [START_REF] Samways | Allosteric modulation of Ca 2þ flux in ligand-gated cation channel (P2X4) by actions on lateral portals[END_REF]. Although these results do not firmly IVM potentiation (in red) in the ATP-bound state of DzfP2X4. Amino acid residues mapped on the structure of DzfP2X4 are indicated in brackets immediately after the equivalent residues of the indicated P2X4 species that are listed in the text: rP2X4 Q36 (Q39); rP2X4 I39 (V42); rP2X4 L40 (I43); rP2X4 Y42, hP2X4 Y42 (Y45); rP2X4 V43, hP2X4 V43 (V46); rP2X4 W46 (Y49); rP2X4 V47 (V50); rP2X4 W50 (Y53); hP2X4 E51 (N54); rP2X4 G53 (G56); rP2X4 F198 (F201); rP2X4 F200 (F203); rP2X4 W330 (F333); rP2X4 D331 (N334); rP2X4 I332 (I335); rP2X4 I333 (I336); rP2X4 I337 (L340); rP2X4 N338 (N341); rP2X4 G340 (G343); rP2X4 G342 (G345); rP2X4 L345 (L348); rP2X4 L346 (L349); rP2X4 V348 (L351); rP2X4 A349 (V352) and rP2X4 I356 (I359). Note that residue rP2X4 V28 is located out of the truncated crystal structure and therefore cannot be mapped. Each subunit is coloured differently.

demonstrate that these residues contribute directly to IVM binding sites, they support the conclusion that these residues are critically involved in the functional effect of IVM. Interestingly, mapping of the corresponding residues in the zfP2X4 crystal structure bound to ATP reveals that most of them are located on the putative transmembrane helices at the subunit interfaces, with their side chains facing one another (Fig. 3C). This suggests that IVM may indeed bind to these interfaces.

In support of this hypothesis, mutations of the amino acid W46 to other aromatic residues (tyrosine or phenylalanine) in heterologously expressed rP2X4 receptor did not modify IVM-induced potentiation of ATP-dependent currents, whereas substitution with non-aromatic residues (leucine, valine, alanine, asparagine, lysine or aspartate) switched the potentiation to inhibition [START_REF] Popova | Tryptophan 46 is a site for ethanol and ivermectin action in P2X4 receptors[END_REF]. Therefore, it has been suggested that the presence of an aromatic group at position 46 is a critical determinant of IVMinduced allosteric effects, most probably by means of a cationep interaction [START_REF] Popova | Tryptophan 46 is a site for ethanol and ivermectin action in P2X4 receptors[END_REF]. It was previously suggested that the interaction between W46 and M336 participates in a binding pocket for IVM [START_REF] Asatryan | Ivermectin antagonizes ethanol inhibition in purinergic P2X4 receptors[END_REF]. However, whilst both individual W46A and M336A mutations as well as the double mutation significantly reduced the inhibitory effect of ethanol, only the mutation W46A (or the combined mutation) modified the positive allosteric effect of IVM [START_REF] Popova | Tryptophan 46 is a site for ethanol and ivermectin action in P2X4 receptors[END_REF]. Finally, the analysis of a new molecular model based on the ATP-bound structure of zfP2X4 suggested a prominent role of the amino acid Y42 of rP2X4 receptor, confirmed by the mutation Y42F which also switched the potentiating allosteric effect of IVM to inhibition [START_REF] Popova | Tryptophan 46 is a site for ethanol and ivermectin action in P2X4 receptors[END_REF]. This is probably due to the lack of a hydrogen bond between IVM and the phenolic OH group of Y42 in the mutation. Interestingly, in another study, the mutation Y42A of rP2X4 receptor mimicked the allosteric action of IVM by decreasing the deactivation rate of the current [START_REF] Zemkova | Allosteric regulation of the P2X4 receptor channel pore dilation[END_REF]. It has also been shown that removal of the fixed negative charge of the acidic amino acid E51 of hP2X4 receptor, by the mutation E51Q, markedly reduces the allosteric effect of IVM on current intensity and relative permeability to Ca 2þ [START_REF] Samways | Allosteric modulation of Ca 2þ flux in ligand-gated cation channel (P2X4) by actions on lateral portals[END_REF]. As this amino acid is located at the lateral entrance to the transmembrane pore, it has been hypothesized that IVM may change the topology of these lateral portals [START_REF] Samways | Allosteric modulation of Ca 2þ flux in ligand-gated cation channel (P2X4) by actions on lateral portals[END_REF].

In agreement with this hypothesis, the allosteric effect of IVM on current deactivation was significantly attenuated by the mutation of F198 and F200, two residues located in the fenestrations (Fig. 3C), whereas the effect was increased by the mutation F330A/S, another amino acid of the region [START_REF] Gao | Roles of the lateral fenestration residues of the P2X4 receptor that contribute to the channel function and the deactivation effect of ivermectin[END_REF].

Finally, a recent work investigated the role of IVM on P2X pore dilation [START_REF] Zemkova | Allosteric regulation of the P2X4 receptor channel pore dilation[END_REF]. In this study, the influence of IVM on pore dilation was studied in both wild-type rP2X4 receptor and transmembrane domain receptor mutants. IVM-induced receptor dilation in the presence of ATP was reduced or lost in L40A, V43A, W46A, V47A, W50A, G53A, F330A, D331A, I332A, I333A and I337A mutants [START_REF] Zemkova | Allosteric regulation of the P2X4 receptor channel pore dilation[END_REF]. The results established that the IVM-induced rescue of rP2X4 receptor from desensitization temporally coincides with pore dilation.

Altogether, these data highlight the notion that there are multiple sites of interaction for IVM in P2X4 receptors [START_REF] Popova | Tryptophan 46 is a site for ethanol and ivermectin action in P2X4 receptors[END_REF]. IVM binding sites are believed to be close to the lateral fenestrations found at the membrane interface [START_REF] Gao | Roles of the lateral fenestration residues of the P2X4 receptor that contribute to the channel function and the deactivation effect of ivermectin[END_REF][START_REF] Jiang | Moving through the gate in ATP-activated P2X receptors[END_REF]. It is thus tempting to speculate that IVM acts by insertion between adjacent transmembrane helices, which are located just below these fenestrations, perhaps by slightly moving apart adjacent helices (Fig. 3C). This mechanism would be consistent with the slight increase of single-channel conductance observed for the lower affinity site and with the slow onset and washout of the effects of IVM [START_REF] Priel | Mechanism of ivermectin facilitation of human P2X4 receptor channels[END_REF]. Crystal structures of IVM bound to the receptor in the presence of ATP would definitively resolve this issue.

Allosteric regulation within the intracellular C-terminus domain: the regulatory effects of phospholipids

The particular allosteric regulation exerted by phospholipids at the carboxy terminal is considered as a post-translational mechanism of regulation of P2X receptor activity. The effects of phosphoinositides (PIPn) on P2X receptors have been reviewed recently [START_REF] Bernier | Post-translational regulation of P2X receptor channels: modulation by phospholipids[END_REF]. PIPn increase P2X currents, most likely through a conformational change of the receptor, leading to an alteration of the gating [START_REF] Bernier | Post-translational regulation of P2X receptor channels: modulation by phospholipids[END_REF].

There are several important features in the regulatory effect exerted by PIPn on P2X receptors which have been mostly revealed by functional assays using the patch-clamp technique and/or by the binding of GST-fusion proteins containing the C-terminal domains of P2X receptors to PIPn coated on nitrocellulose membranes (PIP strip assays) [START_REF] Bernier | Post-translational regulation of P2X receptor channels: modulation by phospholipids[END_REF]. From these studies, it has been shown that PIPn exert a direct effect on P2X1, P2X2 and P2X4 receptors as well as on the heteromeric P2X1/5 and P2X2/3 receptors (Bernier et al., 2008a[START_REF] Bernier | Direct modulation of P2X 1 receptor-channels by the lipid phosphatidylinositol 4,5-bisphosphate[END_REF][START_REF] Bernier | A dual polybasic motif determines phosphoinositide binding and regulation in the P2X channel family[END_REF][START_REF] Fujiwara | Regulation of the desensitization and ion selectivity of ATP-gated P2X2 channels by phosphoinositides[END_REF]. These studies further identified a dual polybasic cluster motif in the C-terminal region of certain P2X subtypes, in which positively charged residues such as K359 and K364 in rP2X1 [START_REF] Bernier | Direct modulation of P2X 1 receptor-channels by the lipid phosphatidylinositol 4,5-bisphosphate[END_REF], K365 and K369 in rP2X2 [START_REF] Fujiwara | Regulation of the desensitization and ion selectivity of ATP-gated P2X2 channels by phosphoinositides[END_REF]) and K362, K363, K370 and K371 in P2X4 (Bernier et al., 2008a[START_REF] Bernier | A dual polybasic motif determines phosphoinositide binding and regulation in the P2X channel family[END_REF] play a major role in the binding of PIPn. These adjacent polybasic amino acid clusters, with a net positive charge, are assumed to electrostatically interact with PIPn, which are anionic phospholipids [START_REF] Bernier | A dual polybasic motif determines phosphoinositide binding and regulation in the P2X channel family[END_REF]. These clusters are located close to the plasma membrane (3 residues from TM2 in the cytosolic region of the C terminal) in close vicinity to the negative phosphate head groups of PIPn in the membrane [START_REF] Bernier | A dual polybasic motif determines phosphoinositide binding and regulation in the P2X channel family[END_REF].

The two polybasic clusters are not completely conserved among P2X receptors; in particular, this microdomain is lacking in P2X3, P2X5 and P2X7 subunits [START_REF] Bernier | A dual polybasic motif determines phosphoinositide binding and regulation in the P2X channel family[END_REF]. However, it has been shown that P2X3 and P2X7 are functionally modulated by PIPn, suggesting that either an indirect regulation mechanism must take place for these receptors [START_REF] Bernier | A dual polybasic motif determines phosphoinositide binding and regulation in the P2X channel family[END_REF][START_REF] Zhao | PIP(2) regulates the ionic current of P2X receptors and P2X(7) receptor-mediated cell death[END_REF] or these receptors interact with PIPn through other yet unidentified residues. Furthermore, mammalian P2X5 receptors are not sensitive to PIPn regulation [START_REF] Ase | Modulation of heteromeric P2X1/5 receptors by phosphoinositides in astrocytes depends on the P2X1 subunit[END_REF], but negative-to-positive mutations (through mutating negatively-charged residues into positively-charged ones) in the twin clusters were sufficient to confer PIPn-binding and positive regulatory effect on the engineered receptor [START_REF] Bernier | A dual polybasic motif determines phosphoinositide binding and regulation in the P2X channel family[END_REF]. The identification of the three-dimensional location of these residues is hindered by the lack of intracellular domain structure. Determination of the structure of a full-length receptor, including the intracellular domain, will, therefore, certainly advance in atomic detail the precise molecular mechanism underlying PIPn allosteric regulation.

Optogating of P2X receptors

It is clear that a combination of the previously discussed studies, using a range of techniques and methods, has been able to advance our understanding of the molecular structure of P2X receptors and its relationship to their function. And yet, despite the numerous important discoveries made over the years, there are many aspects of P2X structure and function which remain unclear, in particular, the precise mechanism of the gating process and the implications of gating at a molecular level. Progress in these areas is hindered by a lack of pharmacological tools which can be implemented for more in-depth study.

However, new approaches based on optogenetic pharmacology principles may offer innovative, alternative ways of probing the structure and function of these ion channels. Optogenetic pharmacology, which involves the use of a synthetic photoisomerisable ligand covalently attached to a genetically modified ion channel, has given rise to a number of strategies which allow lightcontrolled gating of LGICs, such as nAChRs (Tochitsky et al., 2012), GABA A receptor [START_REF] Lin | Engineering a light-regulated GABAA receptor for optical control of neural inhibition[END_REF] and iGluR6 (Volgraf et al., 2006). Azobenzene-containing reagents are typically employed, as the azobenzene group is well characterised in its photoisomerisation behaviour e isomerisation from trans to cis occurs upon irradiation of a particular wavelength, l 1 , and irradiation at a different wavelength, l 2 , or alternatively thermal relaxation, leads to isomerisation back to the thermodynamically favoured trans isomer (Fig. 4A). The azobenzene group also offers a number of advantages for biological applications (Mourot et al., 2013): cis e trans isomerisation takes place on the picosecond scale, causes a significant change in geometry of the molecule, and the absorption spectra of the two isomers are sufficiently different to ensure that only one isomer is mostly (but rarely completely) obtained upon irradiation at the required wavelength. Using light as a stimulus for ion channel activation is particularly attractive, as it can be applied with high spatial and temporal precision, and is considered as an orthogonal stimulus unable to trigger other biological processes. Recently, several strategies have also been developed to allow lightcontrolled gating of P2X receptors.

The first of these is the optogating method, developed by Lemoine et al. in 2013. This strategy uses P2X2 receptors carrying a genetically encoded cysteine residue in the TM domain, to which is covalently tethered the photoswitchable reagent. In this case, the photoswitch employed is MEA-TMA, comprising a maleimide moiety for tethering to the cysteine, the central azobenzene segment and a positively charged trimethyl ammonium extremity, vital for efficient labelling (Fig. 4C). Irradiation in the visible or near UV region of light, causes the tethered MEA-TMA to undergo isomerisation to the trans or cis isomer respectively, which in turn induces an opening or closing of the channel (Fig. 4D) (Lemoine et al., 2013). The exact mechanism of optogating remains unknown, but it can be reasonably assumed that the movement involved in this isomerisation process causes a change in the interactions between TM helices, resulting in the gating of the channel (Fig. 4C).

Depending on the exact position at which the tethering cysteine is introduced, the channel may be opened by the molecule in the cis or trans isomer, giving rise to "cis-opener" and "trans-opener" positions. The position found to offer the most robust and stable lightinduced currents is I328C, a trans-opener (Fig. 4D).

An important characteristic of this system is the bistability of the bound MEA-TMA, which ensures a stable photoactivation, sustained in the absence of irradiation. As shown in Fig. 4D, optogated currents induced by isomerisation to the trans isomer following irradiation at 525 nm remain stable even when irradiation is ceased and the system left in the dark over the course of 20 s. Only upon irradiation at 365 nm and isomerisation back to the cis isomer is a closing of the channel observed. This is particularly pertinent property when considering the possible extension of optogating to in vivo systems, as it means that only a transient irradiation would be required, therefore limiting any photodamage to the surrounding tissue.

A second method for achieving light-controlled P2X gating was developed by Browne et al. This strategy, whilst similar to optogating in the choice of an azobenzene compound, BMA, as the photoswitch, differs in that the photoswitch contains two maleimide moieties at the extremities and is thus able to cross-link to two anchoring points of the receptor complex, on different subunits (Fig. 4C). A mechanism of light-induced activation different to that of optogating is therefore at play, whereby light controlled toggling between cis and trans BMA isomers acts to bring the subunits closer or further apart, thus closing or opening the channel (Fig. 4E) (Browne et al., 2014). Of note, is that this method has been developed using the tethering position P329C, just one residue down from I328C, the position for which the most robust light-gated currents were observed with the optogating strategy (Fig. 4B). This area, located toward the upper end of the TM2 helix, may therefore represent a point in the channel region particularly effective for manipulating the molecular motions involved in channel opening.

As the photoswitches employed here are intrinsically devoid of pharmacological activity, there is the possibility to extend these strategies not only to other P2X variants, but also to other LGICs, offering a flexibility over previously developed optogenetic pharmacology based methods, where photoswitches must feature a pharmacologically active ligand (agonist, antagonist or allosteric modulator) specific for each receptor in question. This has been demonstrated with the BMA system, shown to control gating in P2X3, P2X2/3 heteromers as well as the structurally related ASIC1a channel. Both strategies have also been successfully implemented in P2X2 channels carrying the K69A mutation (Browne et al., 2014;Lemoine et al., 2013), which are known to be rendered unresponsive to their endogenous ligand ATP (Jiang et al., 2000). These systems therefore present the opportunity to study P2X receptors with an exquisite spatiotemporal control, where the only channel activity observed originates from the application of light.

It would be desirable to extend these strategies further, in particular, to the P2X4 and P2X7 subtypes, which have been found to play an important role in a number of disorders such as neuropathic pain [START_REF] Beggs | P2X4Rþ microglia drive neuropathic pain[END_REF] and chronic inflammation [START_REF] Virgilio | Purinergic signaling in the immune system[END_REF]. An eventual goal which can be envisaged for this work would be the development of systems suitable for use in vivo, allowing elucidation of the precise pathological contribution of P2X activation in models of such diseases.

Conclusion

In this review, we provided a summary of functional and structural studies on P2X receptors. Although the determination of X-ray structures provided an unprecedented insight into the understanding of the molecular operation of P2X receptors, there are still many questions which are left unanswered. In particular, what is the structure of the intracellular domain and how does it contribute to the function of the receptor? How do the various allosteric modulators regulate the response to ATP? What are the mechanisms of allosteric transition? And how may the pore dynamically change its permeability to cations? Elucidation of the answers to these intriguing questions will better define the functional role of P2X receptors in normal and pathological states.

« ballast », propre au sous-type P2X7. Ces travaux apportent des informations précieuses concernant la structure et des modifications post-traductionnelles des récepteurs rP2X7.

Pour ces raisons, nous avons décidé d'interrompre momentanément ce projet, mais qui dans le futur continuera en collaboration avec l'équipe de Dr. R. Wagner (ESBS), en se servant du système d'expression de levure, P. pastoris.

Utilisation des molécules photoactivables pour étudier le rP2X7

Un autre axe de recherche dans notre laboratoire est l'utilisation des molécules photoactivables pour étudier de manière structurale et fonctionnelle l'activité des récepteurs P2X, en utilisant la lumière en tant que stimulus spécifique et précis. Cette technique repose sur l'incorporation d'un photoswitch par réaction de Michael entre un groupement maléimide et le thiol d'une cystéine sur la protéine cible, introduite préalablement au point d'ancrage souhaité par modification génétique. Deux photoswitches ont été développés au laboratoire, portant un azobenzène central, qui permet l'isomérisation entre deux formes isomères, cis et trans, de géométrie distinctes, en utilisant des longueurs d'onde différentes (Figure 1a). Le premier de ces photoswitches, nommé MAM, a été développé au laboratoire pour étudier les mouvements moléculaires impliqués dans le processus de gating du récepteur P2X2. 10,11 Les deux points d'ancrage créent des agrafes moléculaires, capables d'éloigner ou de rapprocher des paires de résidus, pour révéler des mouvements impliqués dans l'ouverture du canal, sans induire des mouvements non-naturels forcés. Le but de ce travail était donc de mettre au point l'utilisation des MAMs de longueurs différentes (MAM-1 à 4) pour étudier et comparer les mouvements moléculaires du récepteur P2X7 et de comparer ces mouvements à ceux du récepteur P2X2.

L'utilisation des MAMs sur des récepteurs rP2X7 exprimés dans des cellules HEK293T a montré que plusieurs positions permettent de sonder les mouvements impliqués dans le gating du P2X7. En revanche, une faible photorégulation du récepteur type sauvage (sans introduction de cystéine) est également observée, ce qui complique l'interprétation des résultats. Malgré des efforts pour identifier la cystéine endogène qui réagit avec le MAM, la forte implication de ces cystéines dans le fonctionnement du récepteur limite la possibilité de les muter pour empêcher cette réaction d'avoir lieu. La fixation du MAM-4 dans une position non définie (ailleurs que le point d'ancrage souhaité) limite donc l'utilisation rigoureuse de cet outil pour étudier le sous-type P2X7.

Le deuxième photoswitch utilisé est le MEA-TMA (Figure 1b, en haut). Cette molécule, portant un seul groupement maléimide ainsi qu'une extrémité chargée positivement, se fixe à un seul point d'ancrage dans la partie transmembranaire du récepteur P2X2, et permet d'ouvrir le canal par déstabilisation des interactions entre les hélices (Figure 1b, en bas). 12 Une modulation des courants produits par l'ATP est également possible en isomérisant le photoswitch pour créer un blocage physique dans le canal ou « optoblock ». Cette technique a permis de contrôler optiquement l'ouverture de tous les soustypes P2X, à l'exception du sous-type P2X7. Nous avons donc exploré la mise au point de cet outil pour étudier le récepteur P2X7. Un criblage du deuxième segment transmembranaire a montré qu'aucune position d'ancrage ne permet d'ouvrir le canal de manière robuste en utilisant le MEA-TMA. Par contre, une modulation des réponses ATP par l'effet optoblock est possible sur plusieurs positions. On a donc employé cet optoblock pour étudier le phénomène de la facilitation, où nos résultats indiquent l'implication de deux populations distinctes qui évoluent de manière différente au cours de la facilitation.

Etude des phénomènes de facilitation et « pore formation »

Deux caractéristiques qui font que le récepteur P2X7 est unique dans la famille P2X sont les phénomènes de la facilitation et la « pore formation » ou perméabilisation. La facilitation décrit une augmentation importante de courant produite par une application prolongée ou répétée d'ATP, et qui est connu pour être modulée par le cholestérol membranaire. 13 La formation du macropore quant à elle concerne une perméabilité aux molécules de taille de l'ordre du nanomètre (<900 Da) à travers la membrane cellulaire suite à l'activation du récepteur P2X7. Le mécanisme de ce dernier processus a été longtemps disputé dans la littérature, en partie dû à une variabilité entre des types cellulaires différents. La possibilité qu'une protéine partenaire serait impliquée à ce phénomène a également été invoquée. Récemment, un lien fonctionnel a été suggéré entre le récepteur P2X7 et le TMEM16F, un membre de la famille de TMEM16s, des canaux chlores activés par le Ca 2+ . 14 Ces deux phénomènes sont souvent confondus, avec des mécanismes moléculaires peu résolus. Dans ce projet, qui constitue la majeure partie de mon travail de thèse, nous avons voulu aborder les questions suivantes : quels sont les déterminants moléculaires qui caractérisent l'état facilité ? Les probabilité d'ouverture des canaux P2X7, probablement en conséquence de la dépletion de cholestérol.

Ensuite nous avons pu établir que les courants P2X7 sont inhibés par des inhibiteurs non-spécifiques des canaux chlores, tels que l'acide tannique, dans la configuration cellule entière ou « whole-cell » ainsi qu'en canal unique (Figure 3). Cette inhibition touche également aux récepteurs facilités. Que cette inhibition soit conservée dans des patchs membranaires excisés montre qu'une interaction forte et stable entre ces deux protéines existe. La présence d'une telle interaction est soutenue par des expériences de biochimie, qui démontrent une co-immunoprécipitation du récepteur rP2X7 par le rTMEM16F quand ces deux protéines sont co-exprimées dans des cellules HEK293T.

Pour étudier plus précisément le rôle de TMEM16F, nous avons établi une lignée de cellules HEK293T dépourvue de TMEM16F endogène (16F-null) en utilisant le système de CRISPR/Cas9. Une combinaison de mesures électrophysiologiques ainsi que des expériences d'incorporation de YO-PRO-1 a démontré que l'absence du TMEM16F n'a aucune incidence sur la facilitation observée en patch clamp, mais mène à une réduction significative de l'incorporation de YO-PRO-1 (Figure 3 ac).

Ces résultats montrent que i) le TMEM16F contribue au phénomène de la formation du macropore, et non au phénomène de la facilitation, ce qui suggère des voies mécanistiques différentes de ces deux processus et ii) le TMEM16F n'est pas le seul TMEM16 à être impliqué dans le complexe P2X7/TMEM16.

Nous avons également identifié une mutation, P451L, de type Single-Nucleotide Polymorphism (SNP) dans l'extrémité C-terminale du récepteur P2X7, qui permet de séparer mécanistiquement une fois de plus les deux phénomènes.

Ces résultats permettent donc d'éclairer les mécanismes moléculaires de la facilitation et la formation du macropore. Malgré ces deux mécanismes différents, les deux processus sont modulés par un complexe entre le P2X7/TMEM16, y compris le TMEM16F, dans des cellules HEK293T. Ce travail a été soumis dans un journal à fort impact. 
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  ABBREVATIONS

Figure 1 .

 1 Figure 1. Ligand gated ion channel superfamily.Schematic representations of the LGIC superfamily, comprising three subfamilies, classed according to their oligomeric organisation: trimeric P2X receptors, tetrameric glutamate receptors and pentameric "cys-loop" receptors. P2XR = P2X receptors, NMDAR = N-methyl-D-aspartate receptor, AMPAR = α-amino-3-hydroxy-5methyl-4-isoxazoleprionic acid receptor, KainateR = kainate receptor, nAChR = nictotinic acetylcholine receptor, 5-HT3R = 5-hydroxytryptamine (serotonin) receptor, GABAAR = γ-aminobutyric acid receptor, GlyR = glycine receptor, ZAC =zinc activatec channels, GluCl = invertebrate glutamate-gated chloride channels, GLIC = gleobacter ligand gated ion channel, ELIC = Erwinia chrysanthemi ligand gated ion channel.

Figure 2 .

 2 Figure 2. Different modes of patch clamp electrophysiology. Schematic representation of the four principal configurations used in patch clamp electrophysiology, and how they are accessed.

Figure 3 .

 3 Figure 3. Chemical structure of ATP in its protonated form.

Figure 4 .

 4 Figure 4. The "purinergic world". Schematic representation of the key entities and interactions involved in purinergic signalling pathways. ATP is synthesised in the cell, primarily by oxidative phosphorylation in the mitochondria, but also by anaerobic glycolysis. Different pathways exist for the release of ATP into extracellular space: lytic release pathways (cell death due to apoptosis or necrosis), secretory release by vesicle exocytosis and conductive release pathways, through channels such as pannexins and connexions. ATP is metabolised by a network of enzymes, CD39 = ecto-nucleoside triphosphate diphosphohydrolases, CD73 = ecto-5'-nucleotidases and PNP = purine nucleoside phosphorylases. ATP and its metabolic derivatives have differing targets: ATP activates ionotropic P2X and metabotropic P2Y receptors, ADP equally activates P2Y receptors, adenosine activates P1 receptors, and adenine activates the newly classed P0 AdeR receptors. P2Y receptors are also activated by UTP and UDP (not shown here).

Figure 5 .

 5 Figure 5. P2X receptors. Schematic representation of P2X receptor topology in their monomeric (a) and trimeric (b) forms, showing the direction of ion permeation upon ATP-activation (ATP indicated by red spheres). In typical physiological conditions, Ca 2+ and Na + flow into the cell, whilst K + transits outwards.

Figure 6 .

 6 Figure 6. Relationship of P2X subunit variants to one another.(a) Dendogram to show relatedness of 29 selected P2X receptor subunits. h = human, r = rat, c= chicken, m = mouse, gp = guinea pig, zf = zebrafish, f = fugu. Adapted from(North, 2002).

Figure 7 .

 7 Figure 7. Desensitisation kinetics in homomeric P2XRs.Desensitisation as a result of short (top, 2s) or prolonged (bottom, 60s) ATP application, in homomeric rat P2XRs, stimulated with 30 µM ATP (P2X1 -P2X5) or 1 mM (P2X7) compared for homomeric rat P2X receptors. Adapted from(North, 2002).

Fig. 5 .

 5 Fig. 5. Fast (top) and slow (bottom) desensitization compared for homomeric rat P2X receptors. Note 10 fold difference in time scale. Fast desensitization is observed only with P2X1and P2X3: brief applications (2 s duration) of ATP (30 μM, except 1 mM for P2X7). Slow desensitization is observed for P2X2 and P2X4: more prolonged applications (60 s duration) of ATP (30 μM, except 1 mM for P2X7). HEK293 cells were transfected with 1 μg/ml cDNA (each in pcDNA3.1) 48 h before these whole cell recordings were made. In all cases except P2X7, the response shown is that seen for the first application of ATP to that cell. For P2X7, one 2 min application of ATP had been made before the application shown. (Figure kindly provided by A.Surprenant.) 

  adenosine 5'-triphosphate; IP5I, diinosine pentaphosphate; KN-62,1-[N,O-bis(5-isoquinoline-sulfonyl)-N-methyl-L-tyrosyl]-4-phenylpiperazine.

Figure 8 .

 8 Figure 8. Neuromodulatory role of P2XRs: synaptic scaling.Release of noradrenaline (NA) and glutamate from pre-synaptic sources causes an IP3-mediated release in Ca 2+ of astrocytes, following recognition at mGluR (glutamate) and α1-adrenergic (NA) receptors. This triggers glial release of ATP, which acts upon P2XRs in posysynaptic dendritic spines, causing an influx of calcium, activation of PI3K and subsequent promotion of postsynaptic AMPA insertion. Recreated from(Khakh and North, 2012).

Figure 9 .

 9 Figure 9. Purinergic receptor involvement in vasodilation and vasoconstriction.Schematic representation of the purinergic receptor involvement in vasodilation (left, vasorelaxation) and vasoconstriction (right). Vasodilation: Shear stress and hypoxia results in the release of ATP, enzymatically converted to ADP, and release of UTP and UDP. These act as agonists at various P2 receptors, inducing an increase in intracellular Ca 2+ , triggering co-release of NO, EDHF and PGI2, all of which have vasodilating effects. ATP can also be metabolised into adenosine, able to act on A2A/B receptors, also implicated in vasorelaxation, and present in endothelial cells and smooth muscle cells. Vasoconstriction: ATP and NA released form variscosities activate P2X1Rs and α-1 adrenoreceptors respecitvely in smooth muscle cells. Neuropeptide Y (NPY) and the NPY receptor may also be involved. At injury sites, platelets may also be a source of released ATP. Collectively, this results in an increase in intracellular Ca 2+ in the smooth muscle cells, ultimately triggering vasoconstriction. Adipokines released from the perivascularadipose tissue (PVAT) surrounding blood vessels may modulate neurotransmission in these sympathetic perivascular regions. From[START_REF] Ralevic | Purinergic transmission in blood vessels[END_REF].

Figure 10

 10 Figure 10. Implication of P2X4 in light touch and nociceptive signal transmission via keratinocytes.Mechanical stimulation (through touch or noxious stimuli) induces keratinocytes to release ATP, which is activates P2X4Rs on sensory neurons found within the epidermis, resulting in action potential firing in the neurons and downstream effects leading to touch perception. This is the case for several different nerve fibers: C, Aβ and Aδ. From[START_REF] Moehring | Keratinocytes mediate innocuous and noxious touch via ATP-P2X4 signaling[END_REF] 

  the resolution of P2X crystal structures, a large amount of experimental data had succeeded in elucidating the key architectural features of P2X receptors. Whilst the stoichiometry of P2XRs remained unknown, several studies revealed vital details regarding the topology of individual subunits. Sequence analysis following the initial cloning of P2XRs suggested intracellular N-and C-termini, two putative transmembrane domains and a large hydrophilic, cysteine-rich ectodomain. Experiments probing the glycosylation profile of P2X2R

Figure 11 .

 11 Figure 11. Crystallographic structures of zfP2X4. View of the truncated zfP2X4 receptor in the apo closed state (a) and ATP-bound open state (b). ATP is shown in sphere representation (red), and zfP2X4 is shown in cartoon representation with surface partly transparent, each subunit is coloured differently. TM1 and TM2 are indicated, as is the position of the membrane bilayer. Upper panel: view along the 3-fold axis from the extracellular side.middle panel: lateral view along the membrane plane, lower panel: view along the 3-fold axis from the intracellular side. PDB: 4DW0 (closed) and 4DW1 (open).(Hattori and Gouaux, 2012; Kawate et al., 2009) 

Figure 12 .

 12 Figure 12. Individual monomer of zfP2X4. Individual monomer subunit of zfP2X4 in the apo state, labelled according to the leaping dolphin analogy proposed by Kawate et al. PDB: 4DW0.

  are directly coupled to the transmembrane helices, and their outwards flexing motion induces an iris-like rotation of TM1 and TM2 to open an ion permeable pore measuring approximately 5 Å (Figure 11b, lower panel).

Figure 13 .

 13 Figure 13. ATP binding site of zfP2X4. ATP lodged in its binding site. The domains of each subunit involved in the formation of the binding site (A or B indicates different subunit monomers) are indicated. Black dashed lines indicate hydrogen bonding. From(Hattori and Gouaux, 2012).

Figure 14 .

 14 Figure 14. Ion conduction pathway of P2XRs. (a) 2 monomer units of the ATP-bound open state zfP2X4 structure shown in cartoon and surface representation, clipped to show the vestibules where ions may gather. The lateral fenetrations are indicated with an orange arrow. (b) Pore lining surfaces of the apo closed structure and (c) ATP-bound structure. Each colour indicates a different radius range from the pore centre (red: <1.15 Å, green: 1.15 -2.3 Å, and purple: >2.3 Å).From(Hattori and Gouaux, 2012).

  It was not until 2013, when the group of Gouaux resolved the crystal structure of hP2X3 in the apo, ATP-bound open and ATP-bound desensitised states, that we gained an insight into the structure of the intracellular domains of P2XRs. This structure revealed the presence of a socalled "cytoplasmic cap", a highly intertwined structural motif present only in the open state of hP2X3Rs, presumably becoming disassembled in apo and desensitised states (Mansoor et al., 2016). The cap is formed by domain-swapping of the N-and C-termini of all three protomers: the C-terminal β-sheet of each monomer interacts with the N-terminal β-sheets of each of the remaining two monomers. This network of β-sheets is suggested to stabilise the open state structure, effectively locking it into place.

Figure 15 .

 15 Figure 15. Crystallographic structure of ATP-bound hP2X3: TM domains and cytoplasmic cap. Shown in (a) surface representation and (b) cartoon representation with transparent surface, each monomer coloured differently. The cytoplasmic fenestration is outlined as a triangle and the approximate ion egress pathway indicated by an arrow. PDB: 5SVK.

Figure 16 .

 16 Figure 16. Principal allosteric conformational states of P2XRs. Allosteric conformational states accessible to P2XRs: upon ATP binding, a transition occurs from the resting closed state to an open channel state. Certains subtypes may exhibit the desensitised state, whereby channel closure occurs despite the presence of bound ATP.Cycling between these states is dynamic. PDB: 5SVJ, 5SVL, 5SVK.(Mansoor et al., 2016) 

  intermediate states, undocumented by the crystallographic structures. Single channel recordings revealed "flickering" behaviour, reflecting rapid conformational fluctuations between open and closed states in the presence of ATP, whilst rare glimpses of sub-conductance states

Figure 17 .

 17 Figure 17. Cryo-EM structure of rP2X7R. Key architectural features and dimensions are indicated. Structures are presented with each protomer coloured differently, and just one protomer coloured blue, to highlight the intertwining interactions between subunits. Left: in the resting, apo state, PDB: 6u9v. Right: in the ATP-bound open state, PDB: 6u9w.

Figure 18 .

 18 Figure 18. ATP binding site of rP2X7 as compared to hP2X3. The extracellular domain viewed in surface representation featuring the ATP binding site, shielded by a channel formed between the head domain and left flipper of the same protomer (coloured), in (a) rP2X7, measuring 11 Å and (b) hP2X3, measuring 17 Å. From (McCarthy et al., 2019).

Figure 19 .

 19 Figure 19. TM domains and pore of rP2X7R. (a) View from above, along the three-fold symmetry axis, of the transmembrane domains and ion pore in the apo resting state (red, left) and the ATP-bound, open state (green, right), with key residues labelled. (b) Ion permeation pathway in the apo resting state (red, left) and the ATP-bound state (green, right), with distances indicated by different colours: <1.15 Å; green, between 1.15-2.30 Å; purple, >2.30 Å. Key residues and features are labelled, the N-terminus and ballast region have been removed for clarity. (c) Plot of pore radius as a function of distance along the pore axis for the apo state (red) versus the open state (green) of rP2X7. From (McCarthy et al., 2019).

  of interesting and unexpected structural features. The first of these concerns the cytoplasmic cap, a feature previously observed in the hP2X3 crystallographic structure, proposed to stabilise the open channel state. In rP2X7, this cytoplasmic cap is equally present. However, in stark contrast to hP2X3, whose cytoplasmic cap is disassembled in the closed state, rP2X7 features an intact cap in both the apo and ATP-bound states, making it a permanent structural scaffold. Within this cytoplasmic cap motif, is a sequence of 18 amino acids rich in cysteine a b c residues, named here the Ccys anchor, which is unique to P2X7. Within this region, at least four cysteine residues are palmitoylated, C362, C363, C374 and C377, as well as one serine, S360 and one N-terminal cysteine, C4 (Figure20a and b). These palmitoyl groups extend into the membrane bilayer, effectively anchoring the cytoplasmic cap in place and restricting structural movements in these lower domains. This is thought to be at the origin of the lack of desensitisation at P2X7; the cytoplasmic cap, an open state stabilising motif, is locked into place via the Ccys anchor, preventing cap disassembly and desensitisation as observed in hP2X3.

Figure 20 .

 20 Figure 20. Ccys anchor and lipid binding site of rP2X7. Strucutre of rP2X7 in surface representation with key features zoomed in for detail, (a) the Ccys region with sites of palmiotlyation labelled, (b) Ccys region with the palmitoyl groups visible (c) the putative phospholipid binding site. From (McCarthy et al., 2019).

Figure 21 .

 21 Figure 21. The rP2X7 ballast region. (a) The ballast region viewed laterally, along the membrane plane (left) and along the three-fold axis from the intracellular side (right), in surface representation with one protomer highlighted in blue and in cartoon representation. GDP and Zn 2+ are represented as spheres and indicated. (b) the cystoplasmic plug, formed from the association of three α9 helices. (c) the Zn 2+ dinuclear binding site and cysteines residues which are involved. (d) views of the GDP binding site, with those residues involved shown in stick representation and labelled. From (McCarthy et al., 2019)

Figure 22 .

 22 Figure 22. Possible pathways for P2X7 macropore-mediated large molecule permeabilisation.(a) Scenario whereby small inorganic cations, linked to basic channel gating activity, pass through the P2X7 pore, whilst large molecules permeate the cell membrane via a recruited annexe channel. (b) Scenario whereby intrinsic pore dilation occurs and all permeating cations, small and of large molecular weight, pass through the P2X7 pore. (c) Scenario whereby the macropore identity is a combination of the scenarios outlined in (a) and (b).

Figure 23 .

 23 Figure 23. Sensitisation of P2X7. Sensitisation of rP2X7 currents when stimulated with BzATP, either by a prolonged application (left) or repetitive applications (right).

Figure 24 .

 24 Figure 24. Permeating characteristics of hP2X7R at the single channel level. (a) single-channel conductances (γ) recorded under asymmetric conditions (Cs + intrapipette solution) from outsideout Xenopus oocyte patches exposed to different extracellular cations. (b) Slope conductance (γ) of single hP2X7 channels versus the effective ionic diameter of each cation. 1MA = monomethylammonium, 2MA= diethylammonium, 3MA = trimethylammonium, 4MA = tetramethylammonium, Tris = tris-(hydroxymethyl)aminomethane, NMDG = N-methyl-D-glucamine, 4EA =tetraethylammonium, all monovalent cations. From[START_REF] Riedel | Influence of extracellular monovalent cations on pore and gating properties of P2X 7 receptor-operated single-channel currents[END_REF].

Figure 25 .

 25 Figure 25. P2X7 agonists: ATP analogues.

Figure 26 .

 26 Figure 26. Non-competitive and competitive antagonists in complex with P2X7Rs.(a) TNP-ATP in complex as a competitive antagonist with ckP2X7. The head domain and dorsal fin of adjacent subunits, which comprise the blocked binding jaw, are indicated. PDB: 5XW6 (b) Crystallographic structure of pdP2X7 in complex with non-competitive antagonist AZ10606120 (orange, sphere representation), bound in the P2X7-unique allosteric binding pocket. PDB: 5U1W.

Figure 27 .

 27 Figure 27. Coding exons of P2RX7. Schematic representation of P2RX7 gene, located on the 12q24.31 chromosome, with the approximate positions resulting in selected, common SNPs shown. Green indicates a gain-of-function mutation, yellow indicates neutral mutations and red indicates loss-of-function mutations.

Figure 28

 28 Figure 28. P2X7R in the NLRP3 inflammasome. Schematic representation of the key steps within the NLRP3 inflammasome, involving P2X7.Taken from(Di Virgilio et al., 2017).

Figure 30 .

 30 Figure 30. Overview of the principal steps of protein structure determination. Images taken from Servier, PNG repo, GE Healthcare and McCarthy et al. (McCarthy et al., 2019)

Figure 31 .

 31 Figure 31. Non-exhaustive presentation of common reconstitution methods for structural determination.From the common starting point of ternary lipid/membrane protein (MP)/detergent complexes, different strategies can be adopted. Some are technique-specific (crystallisation and NMR). Nanodiscs and amphipols may be used for single particle cryo-EM studies and NMR, whereas certain ternary MP/lipid/detergent complexes may be employed for single particle cryo-EM. A select few detergents often used in membrane protein solubilisation are noted (green box). Adapted from Lacapère et al,Leitz et al, and Mineev and Nadezhdin (Lacapère et al., 2007;[START_REF] Leitz | Functional reconstitution of β2-adrenergic receptors utilizing self-assembling Nanodisc technology[END_REF][START_REF] Mineev | Membrane mimetics for solution NMR studies of membrane proteins[END_REF] 

  the Sligar group, nanodiscs are unique structures providing the possibility of precisely controlled, monodisperse reconstitution of membrane proteins into native-like lipid environments. These discs are formed by the spontaneous complexation of α-helical membrane spanning proteins (MSPs, derived from apolipoprotein A-1), which encapsulates an interior comprising lipids, designed to mimic the native phospholipid bilayer, and the membrane protein of interest[START_REF] Denisov | Directed Self-Assembly of Monodisperse Phospholipid Bilayer Nanodiscs with Controlled Size[END_REF] (see Figure31for schematic representation). Precise control over the size, lipid content and homogeneity of samples can be achieved, and sterols such as cholesterol may also be incorporated. Many examples of nanodisc-encapsulated membrane protein structures exist, amongst them a number of ion channels, including TRPV1 (

Figure 32 .

 32 Figure 32. Three dimensional reconstructions of a TRPV1 channel nanodisc complex.TRPV1 heteromers are visible in colour and electron density corresponding to the surrounding nanodisc is shown in grey. Taken from[START_REF] Gao | TRPV1 structures in nanodiscs reveal mechanisms of ligand and lipid action[END_REF].

Figure 33 .

 33 Figure 33. Co-ordination of histidine residues by a Co 2+ -carboxymethylaspartate (CMA) resin.Co-ordination of nitrogen lone pairs on histidine residues to Co 2+ , which is held in an octahedral geometry within a CMA resin. These types of Co 2+ exhibit high specificity and preferential binding to polyhistidine tags rather than non-specific adjacent histidine residues present in contaminating proteins. Figure from(Bornhorst and Falke, 2000).

  has been steadily increasing in use thanks to the huge transformations it has undergone in recent years. Single molecules of the protein target are plunge frozen in liquid ethane to produce a thin layer of vitreous ice, in which these protein molecules are trapped in a number of random orientations. Two-dimensional projection images are produced by electron microscopy, and then grouped together to form clusters of particles in the same orientation, and averaged. These class averages are then used to construct a three-dimensional model of the target protein.

Figure 34 .

 34 Figure 34. Structures of zfP2X4 solved by X-ray crystallography (a) Structure of an individual zfP2X4 monomer unit in cartoon form next to a schematic leaping dolphin representation. (b) Structure of the trimeric form of zfP2X4 in the apo resting state (c) cross section of zfP2X4 trimer surface, next to a visual representation of pore lining surface calculations portraying the vestibule regions. The orange arrow indicates the lateral fenestration ion permeation pathway.

  . Comparison of these resting and open state structures also allowed a first insight into motions involved in gating on the molecular level; tightening of the ATPbinding jaw, flexing of the body β-sheets and an "iris-like" outwards rotation of the transmembrane domains to produce an open channel state.

Figure 35 .

 35 Figure 35. Crystallographic structures of zfP2X4 (a) Trimeric structures of zfP2X4 in the apo and ATP-bound states. (b) ATP-binding site with interacting residues labelled.

Figure 36 .

 36 Figure 36. Crystallographic structure of amP2X highlighting M1 and M2 divalent metal binding sites. Divalent metal ion binding sites are shown in enlarged form, M2 site upper panel and M1 site lower panels. From (Kasuya et al., 2016).

Figure 37 .Figure 38 .

 3738 Figure 37. Structures of the (a) apo, (b) ATP-bound open and (c) ATP-bound desensitised states of hP2X3 receptor.

Figure 39 .

 39 Figure 39. Structural studies of ckP2X7 in complex with TNP-ATP (a) Crystallographic structure of ckP2X7 complexed with TNP-ATP (b) Whole cell electrophysiological recordings of WT ckP2X7 and the construct used in crystallographic studies.

  , and given the advantages outlined in section 3.3, the technique of cryo-EM may present a more judicious choice for P2X structure resolution.Structures obtained by cryo-EMIndeed, very recently, the first P2X structure by cryo-EM has been resolved, specifically that of rat P2X7 (rP2X7). rP2X7 This structure is a landmark advance in P2X research, revealing for the first time the structural organisation of the enigmatic P2X7 C-terminus, comprising the cysteine rich region C-cys and the underlying Ballast, and demonstrating how palmitoylation of the C-cys region is at the origin of the non-desensitising behaviour of P2X7. This structure also showed the presence of several other unexpected interacting species; two cytoplasmic Zn 2+ binding sites, a cytoplasmic GDP pocket, and a lipid binding site in the transmembrane region.

Figure 40 .

 40 Figure 40. Cryo-EM structures of full length rP2X7 (a) Structure of trimeric rP2X7 shown in cartoon form, with GDP and Zn 2+ visible in spherical representation. (b) Structure of trimeric rP2X7 shown as a surface representation, with the lipid binding site (upper insert) and the palmitoylated C-cys region (lower insert) in detail. (McCarthy et al., 2019)

Figure 41 .

 41 Figure 41. Schematic representation of the hP2X7-8His construct to be employed in these studies.The N-terminally attached 8His affinity tag is shown (purple), followed by the linker sequence (black) to which hP2X7 (green) is attached.

  1 (+) for electrophysiological experiments. Following subcloning, the DNA is dialysed, concentrated by SpeedVac, and the DNA pellet resolubilised in milliQ water before electroporation into electrocompetent DH5α E. coli cells. These bacteria are cultured on ampicillin-containing solid agar-lysogeny broth (LB) medium overnight at 37°C, and resulting colonies re-cultured in solution in order to test the incorporation of the desired insert by restriction enzyme digestion screening. DNA was purified by the Nuceleospin plasmid kit (Machery Nagel). Colonies with positive profiles were cultured on a larger scale and again purified by the Nucleospin plasmid kit. Sequences were verified by DNA sequencing (Eurofin Genomics). hP2X7-8His contained within pcDNA3.1(+) contains a 200bp insert between the promotor and start codon.For P. pastoris expression, a DNA fragment containing the gene coding for hP2X7 is generated by PCR, using the Kapa HiFi HotStart kit, and sub-cloned into i) the vector pPIC9K MP4 (containing an in-frame linker and 10-histidine tag at the C-terminus of the gene of interest) and ii) the vector pPIC9K MP6 (containing an in-frame 10-histidine tag at the N-terminus of the gene of interest), both provided by R. Wagner (IMPreSs platform, ESBS, Illkirch Graffenstaden).

Figure 42 .

 42 Figure 42. Whole cell electrophysiological traces of hP2X7-8His and hP2X7 WT.Receptor constructs are expressed in HEK293T cells and the concentration of ATP used to evoke hP2X7 currents is 3mM.

Figure 43 .

 43 Figure 43. Western blots of (a) SDS-PAGE and (b) native electrophoresis gels of hP2X7-8His expressing Sf9 cells. (a) Western Blot pertaining to SDS-PAGE analysis of Sf9 cells expressing hP2X7-8His, infected from bacmid clones #1-#9. The monomer is indicated by M and corresponds to a molecular weight of 70 kDa. (b) Western Blot relating to native PAGE analysis of the same Sf9 cells as in (a), at 5 days post membrane isolation. High molecular weight aggregates are visible above 150 kDa. Exposure times = 60 minutes.

Figure 44 .

 44 Figure 44. Western Blot of hP2X7-8His protein isolated from Sf9 membranes infected with a viral titer of 1, 5, or 10 Pfu. Dimeric (D) and monomeric (M) weights are indicated, as is the total protein concentration of the membrane fraction, as determined by Bradford assay. Exposure time = 60 minutes.

Figure 45 .

 45 Figure 45. Western Blot of SDS-PAGE analysis of hP2X7-8His isolated from Sf9 membranes in different conditions. Samples heated prior to loading onto SDS-PAGE gel are indicated by Δ, and those unheated are indicated by Δ. The detergent used for solubilisation is indicated, as is the factor of dilution (FD) before gel loading. Exposure time = 120 s.

  two selected colonies revealed the presence of two specific bands >170 kDa, which could correspond to the trimer (210 kDa) or indeed aggregates.

Figure 46 .

 46 Figure 46. Expression tests of Cterm 10His-tagged hP2X7 constructs in P. pastoris (a) P. pastoris colonies transformed by C-terminally 10His-tagged hP2X7 (hP2X7-10His). Circled in green is a positive control, yeastern blot of a GPCR known to undergo robust recombinant expression in P. pastoris. All other spots represent hP2X7-10His colonies, and those colonies transferred to suspension medium for subsequent Western Blot analysis are circled in red. (b) Western Blot of the membrane fraction of P. pastoris colonies 6A and 1B, identified by yeastern blot. A negative control using the SMD1163 strain of P. pastoris is shown (far right), revealing the presence of non-specific bands. The colony 6A shows expression of bands which may correspond to a trimer, or, aggregate structures (circled in red). Carried out by Valérie Kugler, IMPReSs facility, ESBS.

Figure 47 .

 47 Figure 47. Azobenzene isomerisation. (a) Isomerisation of an unsubstituted azobenzene from the trans (E) isomer to the cis (Z) isomer and reverse. The carbon atoms at position para to the azo group, from which end-to-end distances are calculated, are indicated with red arrows. (b) electronic absorption spectra of the two azobenzene isomers dissolved in ethanol, adapted from (Beharry and Woolley, 2011).

  photoisomerisable ligand in conjunction with genetic manipulation.

Figure 48 .

 48 Figure 48. Schematic diagram describing the use of azobenzene for optopharmacology and optogenetic pharmacology.Adapted from Kramer et al[START_REF] Kramer | Optogenetic pharmacology for control of native neuronal signaling proteins[END_REF] 

Figure 49 .

 49 Figure 49. AAQ as a PCL targeting Kv channels. (a) Chemical structure of the AAQ PCL as its trans (left) and cis (right) geometrical isomers. (b) Corresponding schematic diagram showing the mechanism of action of AAQ on Kv channels, where channel block is producing by the insertion of the quaternary ammonium moiety (shown as a yellow sphere), when AAQ is in its trans configuration, into a pocket of the channel. Upon UV irradiation and isomerisation to the cis geometrical isomer, this block is released. (c) Voltage-gated currents from Shaker channel-expressing HEK cells after AAQ treatment. Green regions represent irradiation at 500 nm and purple regions represent irradiation at 380 nm. Voltage-gated K + currents were evoked by pulsing from -70 to +30 mV for 250 ms. (a) and (b) adapted from(Mourot et al., 2013) and (c) adapted from[START_REF] Fortin | Photochemical control of endogenous ion channels and cellular excitability[END_REF].

  this channel in the function of a specific cellular subset. Few examples exist of systems featuring a heightened level of targeting, either to a specific cell type, or to a specific channel type. One example of a cell-targeting PCL is QAQ, developed between the Trauner et Kramer groups. QAQ, featuring two QA groups at the extremities of a central azobenzene core, is a membrane-impermeant trans blocker of K + , Na + and Ca 2+ voltage gated channels.

Figure 50 .

 50 Figure 50. Cell-targeted QAQ strategy (a) Chemical structure of the trans (left) and cis (right) geometrical isomers of QAQ. (b) Schematic representation of the QAQ system, whereby the photoswitch is delivered to the intracellular domains of selected cell types, through TRPV1 or P2X7 channels. Adapted from (Mourot et al., 2013).

Figure 51 .

 51 Figure 51. Example of the MAQ PTL system as applied to Shaker K ° channels (a) Chemical structure of the MAQ PTL in its trans isomeric form (left) and cis isomeric form (right). (b) Schematic diagram demonstrating the mode of function for the MAQ photoswitch as applied to Drosophilia Shaker K + channels. (c) Currents recorded from an outside-out patch of mutant Shaker-expressing oocyte treated with MAQ, held at -90 mV, with alternating visible (500 nm) and UV (380 nm) light irradiations. Currents were elicited by 100 ms steps to -20 mV at 1 Hz. (d) Trace showing the silencing of spontaneous action potential (AP) firing in a mutant Shaker channel-expressing hippocampal pyramidal neuron treated with MAQ and irradiated at 390 nm, and subsequent resurrection of AP firing when irradiated at 500 nm. (a) and (b) taken from(Mourot et al., 2013) and (c) and (d) adapted from[START_REF] Banghart | Light-activated ion channels for remote control of neuronal firing[END_REF].

  example, endogenous WT GluK1 kainate receptors are specifically targeted by the presence of glutamate on one extremity of the photoswitch, allowing control of channel activity in mouse dorsal root ganglia.

  Similar to PTLs, this molecule features three key components: a central azobenzene moiety responsible for photoisomerisation, flanked on one extremity by an electrophilic maleimide group to which covalent tethering to a genetically engineered cysteine residue in the channel of interest is possible by a non-reversible 1,4-Michael addition. At the other extremity is a positively charged quaternary ammonium group, which promotes labelling efficiency.

Figure 52 .

 52 Figure 52. Chemical structure and isomerisation of MEA-TMA.Highlighted in blue is the maleimide tethering group, in green the azobenzene moiety and in red the cationic quaternary ammonium group.

Figure 53 .

 53 Figure 53. MEA-TMA optogating and optoblock(a) (a) Schematic representation of the supposed mechanism of MEA-TMA optogating, in this case for a trans-opener.The mutated cysteine tethering residue is represented as a yellow star. Upon isomerisation to the trans isomer, disruption of the TM helices causes the opening of a pore through which ion conduction occurs. Comparison of (b) optogating and (c) optoblock behaviour for two P2X2 cysteine mutants expressed in HEK293T cells treated with MEA-TMA. V48C is a cis-opener and a trans blocker, whilst I328C is a trans-opener and a trans blocker. Adapted from(Lemoine et al., 2013) 

Figure 54 .

 54 Figure 54. MAM photoswitch and the optotweezers strategy. (a) Chemical structure of MAM and its trans (upper) and cis (lower) geometricalisomers. (b) Schematic representation of MAM once bound to cysteine attachment points on the channel, whereby toggling between geometrical isomers brings extremities, and thus attachment points on the protein, closer together or farther apart.

Figure 55 .

 55 Figure 55. Optotweezers strategy as applied to P2X2 receptors. (a) Schematic representation of MAM used to probe gating motions via horizontal cross-linking, resulting in channel opening in the trans configuration. Yellow stars represent a single cysteine mutation. (b) Representative trace of the horizontally MAM cross-linked single mutant I328C channel opening and closing in response to light when expressed in HEK293T cells (c) Schematic representation of MAM used to probe gating motions via vertical crosslinking, resulting in channel opening in the cis configuration. Yellow and orange stars represent different cysteine mutations. (d) Representative trace of the vertically MAM cross-linked double mutant I328C/S345C channel opening and closing in response to light when expressed in HEK293T cells. (b) and (d) are adapted from(Habermacher et al., 2016) 

Figure 56 .

 56 Figure 56. Refinement of the zfP2X4 crystallographic structureA combination of molecular dynamics and horizontal and vertical crosslinking experiments with MAM enables the refinement of intersubunit distances observed in the crystallographic zfP2X4 structure, resulting in the disappearance of the TM-level crevices. From(Habermacher et al., 2016).

Figure 57 .

 57 Figure 57. Sequence alignment of the TM2 domain regions of rat P2X subtypes 1-7 Conserved isoleucine residue, corresponding to I328 in P2X2, is highlighted in yellow.

Figure 58 .

 58 Figure 58. Extension of optogating to other homomeric P2X subtypes (a) Robust light-controlled openings are possible when tethering to a cysteine introduced in place of the conserved isoleucine position (equivalent to I328C in P2X2). Work of Dr. Damien Lemoine. (b) No light-gated openings are observed for MEA-TMA treated I331C mutant (equivalent to I328C in rP2X2R).

  (i)Extend the optogating technology to P2X7 receptors, by looking into other, potentially more effective tethering positions.

Figure 59 .

 59 Figure 59. Range of MAMs of differing lengths and rigidities available for use. Left, blue: range of MAMs with increasing lengths. Right, green: Biphenyl MAM variants of greater rigidity.

Figure 60 .

 60 Figure 60. LED-coupled patch clamp electrophysiology apparatus.

  3µg) in order to identify by fluorescence those cells which had undergone efficient transfection. Cells were used for electrophysiological experiments within 24 -48 hours after transfection. Patch clamp electrophysiology Patch pipettes were pulled from borosilicate glass capillaries (Harvard Apparatus) to yield resistances of 3-5 MW. Cells were continuously bathed in normal extracellular solution (NES), containing 140 mM NaCl, 2.8 KCl, 2 mM CaCl2, 2 mM MgCl2, 10 mM glucose, 10 mM HEPES and adjusted to pH 7.32 -7.33 with NaOH. Intracellular solution contained 140 mM KCl, 5 mM EGTA, mM MgCl2, 10 mM HEPES, 10 mM glucose, adjusted to pH 7.32 -7.33 with NaOH. All solutions used were maintained at approximately 300 mOsm. For recordings involving an ATPevoked response, a solution of 1 mM or 5 mM ATP as indicated (disodium salt hydrate, Sigma Aldrich) in NES was employed, pH adjusted to 7.32 -7.33 with NaOH. For inhibitors, solutions at a concentration of 20 µM (TA), 100 µM (DIDs) and 1 µM (AZ106) respectively in NES were used, again adjusted to pH 7.32 -7.33 with NaOH if necessary.

RESULTS 1 .

 1 Use of MEA-TMA photoswitch: optogating and optoblock of rP2X7 Optogating for light-controlled P2X7 activity Guided by the previous work on optogating of the other rP2X homologs, we have chosen to target the upper TM2 region as a point from which to tether the photoswitch MEA-TMA, selecting eight residues surrounding I331, the equivalent residue to I328 in rP2X2R (Figure 61a and b).

Figure 61 .

 61 Figure 61. Strategy for rP2X7R optogating. (a) Alignment of all rat P2X receptor subtypes (by Clustal Omega) with the conserved isoleucine residue used as a tethering point for optogating in Figure 58 highlighted in green. Residues of rP2X7 selected for mutation to cysteine to be screened for optogating activity are highlighted in red. (b) Structure of rP2X7 with the selected residues for cysteine mutation coloured in red, at the extracellular extremity of TM2. The TM regions are shown in cartoon representation, whilst the extracellular domain, cytoplasmic cap and ballast regions are shown in ribbon representation. (c) Representative whole cell electrophysiological trace from an rP2X7-expressing HEK293T cell treated with MEA-TMA. Upper: no light-gated currents are observed in the absence of ATP. Lower: No modulation of the ATP-response (1 mM) by UV and visible irradiation is observed.

  Of the eight cysteine mutants tested, only one exhibited traces of optogating behaviour: V335C is a very weak cis-opener, showing UV light-gated openings of 0.76 ± 0.31 pA/pF, albeit not systematically (four out of seven cells). Although a comprehensive optimisation of incubation conditions at each position individually was not carried out, no other cysteine mutant exhibited light gated currents.

Figure 62 .

 62 Figure 62. Optogating and optoblocking of rP2X7. (a) Mapping of residues mutated to cysteine for use in this study (shown in stick representation) on the rP2X7 open channel structure viewed along the three-fold symmetry axis. In grey are positions which exhibited no optoblock, in green are trans blocker positions and in purple are cis blocker positions. (b) Whole cell electrophysiological traces of mutant-expressing HEK293T cells probed with 1mM ATP and irradiation (365 nm or 525 nm) after MEA-TMA treatment. (c) As in (a), but on the rP2X7 apo structure, the position of cis-opener V335C is shown in violet. (d) Representative whole cell electrophysiological trace of an MEA-TMA-treated HEK293T cell expressing V335C, probed by UV and visible irradiation.

Figure 63 .

 63 Figure 63. I331C/Y343S P2X7 mutant. (a) Sequence alignment (via Clustal Omega) of the TM2 domain of all rat P2X subtypes. Highlighted in red is the tyrosine residue present at position 343 in rP2X7, and highlighted in green is the serine residue present in the equivalent position in rP2X2 receptor. (b) Sequence alignment (via Clustal Omega) showing the conserved TM tyrosine residue in the P2X7 receptor of various different species. (c) Lateral (left) and top-down along the 3-fold symmetry axis (right) view of rP2X7 receptor, with I331 residue (blue) and Y343 residue (red) sidechains shown in stick representation. The surface of all three subunits is shown, whilst only one protomer in cartoon representation is shown for clarity.

  15 ± 1.27 pA/pF was determined for optogated currents, whilst the corresponding ATP-gated currents from the same cells exhibited a current density of -13.6 ± 3.88 pA/pF. Currents produced by optogating represent on average only 20.7% of the corresponding ATP-evoked response.

Figure 64 .

 64 Figure 64. Optogating of rP2X7 mutant I331C/Y343S. (a) Representative whole cell electrophysiological trace of light-gated currents produced by MEA-TMA treated I331C/Y343S rP2X7 mutant expressed in HEK293T cells, showing channel opening upon irradiation in the visible region and isomerisation to the trans isomer, and channel closing upon irradiation in the UV region and isomerisation to the cis configuration. (b) Histograms showing the inwards current density resulting from optogating and ATP-evoked gating (left, green and blue respectively) and the optogated current density as a percentage of the ATP-evoked current density produced in the same cell (right, white). (n=5) (c) Representative whole cell electrophysiological trace of MEA-TMA treated I331C/Y343S mutant, showing modulation of the ATP-evoked current (1 mM) by irradiation. This mutant exhibits trans-blocking behaviour, which is released upon UV irradiation.

Figure 65 .

 65 Figure 65. Optogating of I331C/Y343S P2X7 mutant in the presence of inhibitors. (a) Chemical structures of various inhibitors of P2X7 activity. (b) Representative traces of whole cell electrophysiological recordings from I331C/Y343S P2X7 mutant-expressing HEK293T cells, treated with MEA-TMA. Upper: Irradiation in the UV and visible regions is carried out during a 6s-perfusion of the inhibitor compound. Lower: Irradiations are carried out in NES, in the absence of inhibitor. Concentrations of inhibitor are as follows: AZ 1µM, DIDS 100µM, TA 20µM.

Figure 66 .

 66 Figure 66. Lateral view of optoblocking residues on rP2X7R. Structure of rP2X7 with cysteine mutants created for this project shown in stick representation, and coloured according to optoblock behaviour; grey indicates no detectable optoblock, green indicates a trans blocker and purple indicates a cis blocker. One of the lateral fenestrations is circled in grey dashed lines and indicated, and the ion pore is indicated.

Figure 67 .

 67 Figure 67. Facilitation profile of D329C mutant. Repetitive 2s applications of 5 mM ATP reveal a facilitation in the D329C receptor response, much like the WT.

Figure 68 .

 68 Figure 68. Optoblock of D329C mutant during the facilitation process. (a) Representative whole cell electrophysiological trace from a D329C-expressing HEK293T cell probed with repetitive applications of 5 mM ATP in combination with irradiation in the visible (shaded green, 525nm) and UV (shaded purple, 365nm) regions. The two components I1 and I2 are indicated for the first application of the series and for the last. (b) Histogram showing the proportion of the block-released current (I2) as compared to the total current recorded (I1 + I2) across each of the seven applications in the series. n = 3 -5 cells.

  rendering it longer than the MAM-3 variant employed for rP2X2. However, during this initial phase of exploration, controls carried out on the WT rP2X7 receptor revealed sporadic visible trans-photoregulation of the receptor when treated with MAM-4, albeit of weak magnitude (Figure69a, upper).

Figure 69 .

 69 Figure 69. Photoregulation of rP2X7 by MAMs. (a) Electrophysiological traces in whole cell configuration taken from HEK-293T cells expressing rP2X7 WT or C350T mutant, following MAM-4 treatment. (b) Structure of rP2X7R with free cysteine residues present in the Nterminus, TM2 domain and early C-terminus (Ccys anchor) in sphere representation. Coloured in blue are those cysteines shown to be palmitoylated in the cryo-EM structure, and in red those cysteines which are not palmitoylated. For clarity only one protomer is shown in cartoon representation, and the ballast region is not shown. (c) Electrophysiological traces in whole cell configuration taken from HEK-293T cells expressing V335C mutant, following MAMs treatment. (d) Electrophysiological trace of double mutant I331C/T348C after MAM-4 incubation, exhibiting cis-photoregulation.

Figure 70 .

 70 Figure 70. Hypotheses concerning the nature of the optoblock during facilitation. (a) Scenario whereby P2X7Rs located in raft (dark green) and non-raft (pale green) domains are differentially labelled by MEA-TMA, and the equilibrium of these populations shifts during facilitation. (b) Scenario whereby the augmentation in current observed would be due to the recruitment of a non-labelled annexe channel (orange). (c) Scenario whereby the unitary conductances of P2X7 are differentially modulated by the optoblock, and evolve differentially during the course of facilitation. (d) Scenario whereby an intrinsic dilation of the pore of a labelled P2X7R increases the current observed, and results in a decresed effect of the optoblock. (e) Scenario whereby the optoblock is in fact an 'apparent' current block, released by MEA-TMA entering into the membrane in the trans configuration and displacing cholesterol from its inhibitory TM position.

  would be particularly interesting to probe whether the optoblock affects just one or indeed both . It could be speculated that the optoblock selectively affects just one of the conductance states, and that these two species O1 and O2 therefore represent the two populations delineated by the optoblock in whole cell recordings, evolving in differing manners over the course of facilitation (Figure70c). Such single channel experiments would also provide a more general opportunity to probe the precise mechanism of the optoblock on a molecular level, by observing the differences in ATP-induced single channel openings with irradiation in the UV and visible light regions.

  . It could be suggested that the presence of cholesterol around the TM domain results in conformational changes to the receptor, which in turn affects the efficiency of MEA-TMA labelling. We could speculate that raft-located populations of P2X7 are poorly labelled, whilst non-raft populations undergo effective labelling. Changes in the distribution of P2X7 within raft and non-raft domains during facilitation, specifically a shift of the equilibrium towards non-raft domains, would be consistent with the results obtained. This could occur whereby nonlabelled, raft-located P2X7 receptors become more active upon removal from the cholesterolrich raft environment, thereby adding to the I1 current, without contributing to the I2 blockreleased current, as they are unlabelled by MEA-TMA. This would explain the increase in current observed, coinciding with a decrease in the proportion of the optoblock. This remains, of course, speculative, and further experiments are required to test this hypothesis. MCD, which disrupts lipid rafts by chelating cholesterol, could be employed to influence the equilibrium of raft -non-raft localised P2X7Rs, however, previous work on the I331C/Y343S mutant (section 1.2) revealed that incubations of MCD and MEA-TMA combined rendered electrophysiological experiments complicated. One alternative could be to sensitise P2X7Rs using a long or repeated application of ATP, and then to carry out MEA-TMA treatment.

  to molecular dynamics simulations (unpublished work of Dr. Nicolas Calimet, Cecchini group, University of Strasbourg), the S-S distance of MAM-4 in the thermodynamically stable trans isomer ranges from ~15 -30 Å, with maximum probability corresponding to a length of 25 Å.

Figure 71 .

 71 Figure 71. Possible sites of MAM tethering to endogenous cysteine residues in rP2X7 (a) Sideways view of rP2X7 focussed on the TM domains and early cytoplasmic region (N-terminus and Ccys anchor). Cysteine residues are shown in sphere representation; palmitoylated cysteines as according to the cryo-EM structure are coloured light blue and non-palmitoylated cysteine residues are coloured in red. Distances between C350 and other cysteines are displayed; yellow dashed lines indicate intrasubunit distances and blue dashed lines indicated intersubunit distances. For clarity, only two protomers are shown in cartoon representation. (b) As in (a), but from a top-down view point, along the 3-fold axis. Here, distances from C388 and C5 to other cysteine residues are shown.

Figure 72 .

 72 Figure 72. Characteristics of facilitation in rP2X7. a) Electrophysiological recording from rP2X7-expressing HEK293T cells stimulated with 30s BzATP at -60 mV. (b)Taken from[START_REF] Roger | Facilitation of P2X7 receptor currents and membrane blebbing via constitutive and dynamic calmodulin binding[END_REF]. Dose response curves for rP2X7 constructed from the initial current and fully facilitated currents, whereby the leftwards shift of EC50 can be observed.

  for Neuroscience enrich the cell membrane with cholesterol. This action is the result of the intrinsic conical shape of cyclodextrins, featuring a hydrophobic cavity, where cholesterol may reside, and a hydrophilic exterior thanks to the presence of hydroxyl groups, which confers solubility to the cyclodextrin-cholesterol complex.

Figure 73 .

 73 Figure 73. Methyl-beta-cyclodextrin (MCD) and its cholesterol chelating action (a) Chemical structure of methyl-β-cyclodextrin (MCD) (b) Schematic representation of cholesterol (orange) residing within the hydrophobic cavity of MCD.

Figure 74 .

 74 Figure 74. Modulation of facilitation and initial currents of hP2X7 by cholesterol depletion with MCD. Taken from (Robinson et al., 2014). (a) Whole cell electrophysiological traces of HEK293 cells expressing hP2X7, either in standard conditions (labelled alone, black) or following MCD treatment (5 mM, labelled MCD, purple) upon BzATP stimulation (300 µM). (b) Histogram showing the difference in current density upon the first agonist stimulation, with and without MCD treatment. (c) Representation of the fold-difference from first to last agonist application (>10), with or without MCD treatment. The solid line represents the mean, and dotted line is at 1.

Figure 75 .

 75 Figure 75. Characteristics of P2X7 receptors lacking the Ccys region. (a) Analysis and representative whole cell trace of HEK293 cells expressing an rP2X7 construct lacking the Ccys region (C372 -V389), showing no facilitation behaviour with repetitive applications of 5 mM ATP. (b) Whole cell recording of HEK293 cells expressing hP2X7 and an hP2X7 construct lacking the Ccys region (C362 -379), stimulated by 1 mM ATP.

  the Ccys domain, visibly serve to anchor the receptor tightly to the plasma membrane, into which the aliphatic chains of these palmitoyl groups extend and integrate. This is supported by the use of mutant rP2X7 constructs, featuring either a deletion of the Ccys region, or indeed, mutations of all palmitoylatable residues to alanine, an amino acid which cannot undergo this PTM. Both constructs exhibit a large desensitisation of ATPinduced currents, demonstrating that this motif modulates P2X7 channel behaviour, namely by preventing desensitisation.The study of Karasawa et al provides a link between the work carried out on palmitoylation of the Ccys anchor and modulation of the P2X7 receptor by cholesterol. Using truncated pdP2X7 reconstituted into liposomes, they demonstrated that re-introduction of the cysteine rich region to this truncated construct could re-instate sensitivity to MCD, restoring dye uptake in the presence of MCD. This was attributed to the presence of palmitoylated residues, in particular C362, C363, C370.Facilitation can therefore only occur when these Ccys anchor motifs are in place.

Figure 76 .

 76 Figure 76. Location of Ccys anchor and behaviour of Ccys mutants. (a) Cryo-EM structure of rP2X7 shown in surface representation, with the Ccys anchor region outlined in white dashed lines, and palmitoyl groups shown in red stick representation. (b) Zooms of the Ccys anchor region and the palmitoylatable residues indicated. (c) Whole cell electrophysiological recordings in Xenopus oocytes, comparing ATP responses of rP2X7 WT and Ccys mutant receptors, showing that either deletion of the Ccys region, or indeed the mutation of palmitoylated residues to alanine, induce a desensitising behaviour of the receptor. From (McCarthy et al., 2019).

Figure 77 .

 77 Figure 77. Calcium-dependent and -independent facilitation of rP2X7.Taken from[START_REF] Roger | Facilitation of P2X7 receptor currents and membrane blebbing via constitutive and dynamic calmodulin binding[END_REF], (a) Whole cell electrophysiological recordings from rP2X7-expressing HEK293 cells stimulated with 10s repetitive applications of 5 mM ATP, at +60 mV and then -60 mV holding potential. (b) Evolution of current at -60 mV with respect to total duration of ATP application, with different composition of intracellular Ca 2+ chelating buffers.

  Figure 78. Difference in facilitation profile for rP2X7 and hP2X7 receptors. Taken from (Roger et al., 2010a). (a) Whole cell electrophysiological recordings of HEK293 cells expressing either rP2X7R (black) or hP2X7R (red) stimulated by 5 mM ATP at -60 mV holding potential. (b) Histogram representation of the increase response following facilitation for hP2X7 (red) and rP2X7 (black).

  rat P2X7 facilitation. Sébastien Roger et al. J. Biol. Chem. 2010;285:17514 17524 © 2010 by The American Society for Biochemistry and Molecular Biology, Inc. a b

Figure

  Figure 79. Incorporation of YO-PRO-1 into HEK293 cells expressing rP2X2.Taken from(Virginio et al., 1999). Incorporation YO-PRO-1 into rP2X2expressing HEK293 cells upon 60s stimulation with ATP.

Figure 80

 80 Figure 80 shows time lapse AFM images obtained during this study, indicating conformational changes which seem to correlate to an ATP-induced dilation of pore diameter.

Figure

  Figure 80. Fast-scanning AFM images of P2X4 receptor. Time lapse images showing structural changes in P2X4 receptor following activation with ATP. From(Shinozaki et al., 2009).

Figure 82 .

 82 Figure 82. Cryo-EM structure of mTMEM16F.Structure of mTMEM16F as resolved by cryo-EM in complex with Ca 2+ (blue spheres). Each monomer is coloured differently, in cartoon representation and surface. The approximative positions of the subunit cavities are indicated. PDB: 6QP6.[START_REF] Alvadia | Cryo-EM structures and functional characterization of the murine lipid scramblase TMEM16[END_REF] 

Figure

  Figure 83. Possible P2X7/TMEM16F interaction mechanisms.Model regarding the roles of TMEM16F (Anoctamin 6, Ano6) in macrophages. ATP activates P2X7R, triggering an influx of Ca 2+ , which activates TMEM16F. This has several consequences: activation of chloride currents, phospholipid scrambling, leading to plasma membrane blebbing and apoptosis. Activation of TMEM16F also supports the migration of macrophages, enhancing the opportunities for phagocytosis. From[START_REF] Ousingsawat | Anoctamin 6 mediates effects essential for innate immunity downstream of P2X7 receptors in macrophages[END_REF].

Figure 84 .

 84 Figure 84. Effects of TA on facilitation of P2X7 currents in human macrophages.(a) TA (20 µM) applied after full ATP-facilitation (2 mM) of P2X7 currents sharply inhibits current amplitude. (b) TA applied before facilitation has occurred "blocks" the process and maintains currents at similar amplitudes following subsequent ATP stimulation. From[START_REF] Janks | ATP-Gated P2X7 Receptors Require Chloride Channels To Promote Inflammation in Human Macrophages[END_REF] 

Figure 85 .

 85 Figure 85. Effect of chloride channel blockers on P2X7 currents and YO-PRO-1 uptake in microglia. (a) TA (20 µM) has no effect on ATP (10 mM) evoked current facilitation in human microglia. (b) YO-PRO-1 dye uptake is inhibited by TA and DIDS but not dependent on calcium.

( 3 .

 3 Harvard Apparatus) to yield resistances of 3-5 MW for whole-cell recordings, and[START_REF] Evans | Single channel properties of ATP-gated cation channels (P2X receptors) heterologously expressed in Chinese hamster ovary cells[END_REF][16][START_REF] Virginio | Pore dilation of neuronal P2X receptor channels[END_REF][START_REF] Khakh | Neuronal P2X transmitter-gated cation channels change their ion selectivity in seconds[END_REF][START_REF] Rokic | Two open states of P2X receptor channels[END_REF][START_REF] Wei | ATP-induced P2X receptor-dependent large pore formation: How much do we know?[END_REF] for single-channel recordings. For single-channel recordings, pipettes were coated with Sylgard 184 (Dow Corning Co.) and fire polished before use. pH was verified for all solutions used, and if necessary, adjusted carefully using NaOH to pH 7.32-7.33. All solutions were maintained at approximately 300 mOsm.Cells were voltage-clamped to -60 mV (whole cell) or -120mV (outside out) using the EPC10 amplifier (HEKA), and data were recorded with PATCHMASTER software. Data were sampled at 10 kHz and low-pass filtered at 2.9 kHz. Applications of agonist and/or inhibitor were carried out by perfusion, using three capillary tubes placed directly over the cell/patch of interest.These capillaries are displaced using the SF-77B Perfusion Fast Step system (Warner), ensuring solution exchange within 5-10 ms. For whole-cell recordings, Normal Extracellular Solution (NES) contained 140 mM NaCl, 2.8 mM KCl, 1 mM CaCl2, 0.1 mM MgCl2, 10 mM HEPES, 10 mM Glucose, pH 7.32-7.33. Patch pipettes contained 140 mM KCl, 5 mM MgCl2, 5 mM EGTA, 10 mM Hepes, adjusted to pH 7.3 with NaOH. For single-channel recordings, NES contained 147 mM NaCl, 2 mM KCl, 1 mM CaCl2, 0.1 mM MgCl2, 10 mM HEPES, 10 mM Glucose adjusted to pH 7.3 with NaOH. Intracellular solution contained 147 mM NaF, 10 mM Hepes and 10 mM EGTA, adjusted to pH 7.All agonist/inhibitor reagents were solubilised in NES. 2'(3')-O-(4-Benzoylbenzoyl) adenosine 5'-triphosphate (BzATP) (triethylammonium salt, Sigma Aldrich) was used as P2X7 agonist at a concentration of 10 µM. TMEM16 inhibitors used were the following: tannic acid (TA) 20 µM, flufenamic acid (FFA) 100 μM, 9-anthracene-carboxylic acid (9-AC) 1 mM. Specific P2X7

Fischer)

  , and a final time with lysis buffer. The resin was then resuspended in NuPage LDS Sample Buffer x1 (Thermo Fischer) and 70 mM DTT, and boiled for 10 minutes. The supernatant was loaded onto NuPage Novex Bis-Tris 4-12 % gel (Thermo Fischer) and migrated in MOPS buffer. Transfer onto nitrocellulose membrane was carried out using the TransBlot Turbo system (BioRad) and the membrane blocked for 30 minutes in TPBS (PBS supplemented by 1 % dried non-fat mik, 0.5 % BSA, 0.05 % Tween-20). The membrane was incubated overnight at 4°C with TPBS containing either anti-c-myc mouse antibody, dilution 1:2,500 (Invitrogen, Thermo Fischer, reference MA1-980) or anti-β-actin mouse antibody, dilution 1:5,000 (Sigma Aldrich, reference A5441). Three washes with TPBS were carried out, before a second incubation in TPBS containing HRP-conjugated sheep anti-mouse antibody, dilution 1:10,000 (GE Life Sciences, reference NA9310) for 2 hours at room temperature.

Figure 86 .

 86 Figure 86. Probing facilitation of rP2X7R with single channel recordings.(a) Schematic representation of the protocol to record outside-out single channel currents from rP2X7-expressing HEK293T cells in the facilitated state. BzATP (10 µM) perfusion is carried out for 30s whilst in the cell attached configuration, then the membrane is pierced and pipette gently extracted to excise a small patch of membre from which single channel recordings are taken. (b) Representative whole cell recording of an rP2X7-expressing HEK293T cell demonstrating the facilitation of rP2X7 which occurs following this 30s BzATP perfusion. (c) In rP2X7expressing HEK293T excised membrane patches, BzATP-induced single channel openings are barely visible when filtered at a corner frequency of 1 kHz (upper), but become clear when this filtering is increased to 100 kHz (lower). (d) BzATP in reduced divalent cation NES elicits no channel openings in untransfected HEK293T cells. (e) In rP2X7expressing HEK293T membrane patches, channel activity is only observed when BzATP is applied.

Figure 87 .

 87 Figure 87. BzATP-evoked current facilitation results in a cholesterol-dependent increase of single channel open probability. (a) Representative single channel currents elicited by BzATP (10µM) from outside out patches of rP2X7-expressing HEK293T cells. Cells were either untreated, naïve (control, black), prefacilitated with a 30s perfusion of BzATP (facilitated, blue) or treated with MCD (15 mM) for 15 minutes (MCD, orange) prior to membrane excision. Data were recorded at -120 mV. Conductance states O1 and O2 are indicated with dashed lines. Corresponding all points histograms are shown to the right of the trace. Distributions were fit by the sum of Gaussians, where Gaussians centered at 0 indicate closed channels, labelled c. (b) Summary of corresponding unitary conductances. Linking lines indicate data points that originate from the same outside-out patches (n = 6 patches for control, 5 for facilitated and 7 for MCD-treated conditions). Bars represent mean ± SEM. (c) Corresponding open dwell-time histograms fitted by the sum (solid red line) of several exponential functions (dashed red lines). For control patches (grey histograms), 91 = 9.6 ms, relative area, a1 = 0.49; 92 = 29 ms, a2 = 0.48; 93 = 180 ms, a3 = 0.03; mean open time, 9O1 = 24 ms for O1, and 91 = 38 ms, a1 = 0.92; 92 = 119 ms, a2 = 0.08; 9O2 = 44 ms for O2. For facilitated (blue histograms), 91 = 108 ms, a1 = 0.77; 92 = 654 ms, a2 = 0.23; 9O1 = 234 ms for O1 and 91 = 68 ms, a1 = 0.46; 92 = 332 ms, a2 = 0.54; 9O2 = 211 ms for O2. For MCD-treated patches (orange histograms), 91 = 32 ms, a1 = 0.52; 92 = 752 ms, a2 = 0.48; 9O1 = 378 ms, for O1 and 91 = 66 ms, a1 = 0.70; 92 = 294 ms, a2 = 0.30; 9O2 = 134 ms for O2.

Figure 88 .

 88 Figure 88. Increase of mean open time of rP2X7 unitary conductances during facilitation. (a) Table summary of changes in the mean open times of O1 (9O1) and O2 (9O2) in control (grey), facilitated (blue) and MCD (orange) conditions. Note that for MCD, a small number of events meant that mean closed time could not be calculated robustly. (b) Closed dwell-time histograms for control (grey) and facilitated (blue) conditions, fitted by the sum (solid red line) of several exponential functions (dashed red lines). For control patches, 91 = 5.2 ms, a1 = 0.49; 92 = 237 ms, a2 = 0.39; 93 = 746 ms, a3 = 0.12; mean closed time 9C = 185 ms. For facilitated patches, 91 = 6.4 ms, a1 = 0.55; 92 = 92 ms, a2 = 0.16; 93 = 899 ms, a3 = 0.29; 9C = 279 ms. (c) Histogram representation of the open channel probability (NPO) calculated in control (grey, 0.17) and facilitated (blue, 0.47) conditions.

  cells, n = 7, Figure89). Although we did not quantify kinetic parameters, we observed lengthened deactivation kinetics in these cholesterol depleted patches.

Figure

  Figure 89. Effect of MCD on initial rP2X7R current responses. (a) Representative whole cell electrophysiological recordings from rP2X7-expressing HEK293T cells stimulated with BzATP (10 µM) in untreated,control conditions, or following MCD treatment. (b) Histogram representation of current density increase with MCD incubation, n = 7 for each condition. **P < 0.01 (Student's ttest).

  mimicked closely single channel and whole cell currents (Pearson's r ≥ 0.950). By decreasing the transition rates between open and closed states, simulated single channel current behaviour, as well as whole cell kinetics and current facilitation could closely reproduce experimental observations (Pearson's r ≥ 0.989). This model therefore suggests that cholesterol acts to stabilise closed channel states and/or destabilises open channel states and that its removal favours the stabilisation of open channel states.

Figure 90 .b

 90 Figure 90. Kinetic modelling of single channel and whole cell currents. (a) Kinetic schemes used for modelling electrophysiological data in control (left) and facilitated (right) conditions. Fold change of rate constants in facilitated conditions as compared to control are displayed according to colour coding. C = closed channel state,O1 = open channel in the O1 state, O2 =open channel in the O2 state. Numerical values are available in Annexe 1. (b) Left: normalised, simulated whole cell currents (50,000 channels active in simulations), evoked by BzATP 10µM in control conditions (black) and facilitated conditinos (blue). Right: normalised experimental whole cell currents (averaged from 3 experimental traces) evoked by the first (black) and eighth (blue) application of 10 µM BzATP in rP2X7-expressing HEK293T cells.

Figure

  Figure 91. MTSR modification of rP2X7 cysteine mutants in the naive and facilitated state. (a) Summary of the fold difference in BzATP-evoked current upon application of MTSR reagent (reversible inhibition components subtracted), of S339C and G345C mutants in untreated (black) "naïve" conditions, and MCD-treated (15 mM, 15 minutes, 37°C, orange) cholesterol depleted conditions. (b) View of the position of G345 and S339 (highlighted in pink) from above the 3-fold axis (upper panel) or laterally along the membrane (lower panel). (c) Chemical structure of MTSR.

Figure 92 .

 92 Figure 92. Differing MTSR modifications of native and MCD-treated S339C mutant receptors.Representative whole cell trace of S339C rP2X7 expressed in HEK293T cells firstly stimulated with BzATP (10µM, 6s) followed by co-application of MTSR (3 µM, 8s), followed by 2s of BzATP alone and 60s of washout, in (a) naïve, untreated conditions (black) and (b) MCD-treated conditions (orange). Note that as for previous experiments, only one cell per coverslip is probed.

Figure 93 .

 93 Figure 93. CaCC inhibitors employed in this study. Chemical structures of CaCC inhibitors employed in this study. Left: tannic acid (TA), used at 20 µM; Right upper: 9-anthracene carboxylic acid (9-AC), used at 1 mM; Right lower: flufenamic acid (FFA), used at 100 µM.

Figure 94 .

 94 Figure 94. Effects of CaCC inhibitors on rP2X7 single channel and whole cell currents. (a) Representative single channel recording in the outside-out configuration of rP2X7-expressing HEK293T cells. Currents elicited by BzATP (10 µM, -120 mV, fc = 100 Hz) are inhibited by TA (20 µM) and AZ (1 µM). (b) % inhibition of single channel currents calculated for CaCC inhibitors and P2X7 inhibitor AZ (TA, n=3, FFA, n=3 and 9-AC, n=6).

Figure 95 .

 95 Figure 95. Effects of CaCC inhibitors on BzATP-elicited currents in rP2X7expressing Axolotl oocytes. (Dr. Eric Boué-Grabot).Percentage inhibition of BzATP-induced currents (10 µM) in rP2X7-transfected Axolotl oocytes following 60s perfusion of inhibitors TA (20 µM), FFA (100 µM) or 9AC (1 mM). Inhibition is calculated by carrying out four sequential applications of BzATP, followed by inhibitor perfusion and re-stimulation with four sequential BzATP applications. The current density of the fourth BzATP application before inhibitor application is compared with the first BzATP application following inhibitor perfusion. TA treatment results in total inhibition, whilst FFA and 9AC do not exhibit a significant inhibition of currents.

Figure 96 .

 96 Figure 96. Effects of CaCC inhibitors on BzATP-evoked whole cell rP2X7 currents. (a) Whole-cell rP2X7R currents (-60 mV) evoked by sequential application of 10 µM BzATP before (i.e. current facilitation) and after 60-s perfusion of TMEM16 inhibitors (applied alone) in control cells (blue traces) or MCDtreated cells (orange traces). (b) Summary of whole-cell P2X7 current inhibition after current facilitation (blue, TA, n = 6 cells; FFA, n = 6; 1 mM 9-AC, n = 9) or MCD treatment (orange, TA, n = 6). Inhibition is calculated by comparing the current density of the fourth BzATP application before inhibitor application with the first BzATP application following inhibitor perfusion.

  Figure 97. Probing TA inhibition of rP2X7 whole cell currents. (a) Left: representative whole cell recording from rP2X7expressing HEK293T cell stimulated by a co-application of BzATP (10 µM) and TA (20 µM). Right: schematic representation of the co-application experimental set-up. (b) Left: representative whole cell recording from rP2X7expressing HEK293T stimulated by BzATP (10 µM) using intracellular solution of standard composition supplemented with TA (20 µM). Right: schematic representation of the TA intrapipette experimental set-up.

Figure 98 .

 98 Figure 98. rP2X7-induced dye uptake and its regulation by CaCC inhibitors. (a) Rate of YO-PRO-1 dye uptake in rP2X7-expressing HEK293T cells (n=78 cells) or non-transfected (NT) HEK293T cells (n=25). BzATP application is indicated by an arrow. Solid lines represent the mean ± SEM (shaded area). (b) Time series images of YO-PRO-1 uptake in rP2X7-expressing HEK293T cells in absence (Ctrl) or presence (TA) of tannic acid. (c) Summary of YO-PRO-1 dye uptake in different conditions, normalised to rP2X7 transfected HEK293T cells stimulated with BzATP (10 µM) in the absence of any inhibitor (far left, grey). Number of cells is indicated in brackets, and statistical significance is with respect to the appropritate control condition: *** P<0.0003; ****P<0.0001; ns not significant. Analysis performed by Kruskal-Wallis test or Mann-Whitney test in the case of NT data. Work of Adeline Martz and Fanny Gautherat.

Figure 99 .

 99 Figure 99. Dye uptake in rP2X7-expressing 16F-null cells. (a) Rate of fluoresence due to YO-PRO-1 dye uptake in rP2X7-expressing HEK293T cells (black) or 16F-null cells (orange) upon BzATP stimulation (indicated by black arrow, 10 µM).(b) Histogram summary of YO-PRO-1 dye uptake in 16F-null cells expressing either rP2X7 alone (16F-null, orange) or expressing rP2X7 and rTMEM16F (16F-null + r16F). n is indicated in brackets, and was acquired over 6 transfections. Shown is the specific dye uptake, obtained by subtracting the residual dye uptake in the absence of BzATP, normalised to dye uptake obtained in rP2X7-expressing HEK293T cells. ****P<0.0001; **P<0.001, ns = not significant. Statistical analysis was carried out by a Kruskal Wallis test with Dunn's comparison. (c) Time series fluoresence images of YO-PRO-1 dye uptake in HEK293T cells and 16F-null cells expressing rP2X7 upon activation with BzATP (10 µM).

Figure 100 .

 100 Figure 100. A possible rP2X7/TMEM16F complex with implications for dye uptake. (a) Summary of YO-PRO-1 dye uptake in rP2X7-expressing 16F-null cells when stimulated with BzATP in the absence (ctrl) or presence of inhibitor (as indicated). -Bz indicates the control conditions, whereby no BzATP is added (basal uptake). Statistical significance was calculated by a Kruskal Wallis test wih Dunn's comparison. **** P<0.0001 ; ns = not significant. Number of cells is shown in bracket, and data is shown as averages ± SEM. (b) Left : Western blot showing co-immunoprecipitation of rP2X7-cmyc (rP2X7*) and rTMEM16F-cmyc (r16F*), coimmunoprecipitation was performed with anti-TMEM16F antibody. In rP2X7*/16F* co-transfected cells, two bands corresponding to glycosylated variants of rP2X7* are observed at approcimately 70 kDa. The band corresponding to r16F* is visible as a faint, smeared band at approximately 105 kDa. Right : Western blot of total cell lysate, performed with anti-cmyc antibody. In rP2X7*/r16F* co-transfected cells, rP2X7* is present as a very faint band at 70 kDa, and r16F* as a faint, smeared band at approx 105 kDa.The intense band at 140 kDa is likely aggregates. In rP2X7* transfected cells, only the band corresponding to rP2X7* is observed. Work of Adeline Martz.

Figure 101 .

 101 Figure 101. Channel gating properties of rP2X7 in TMEM16F-void cells. (a) Representative outside-out single channel recordings of rP2X7-expressing 16F-null patches (recorded at -120 mV, fc = 100 Hz, BzATP 10 µM). Upper panel: representative trace exhibiting uniquely the O1 conductance state and the corresponding all points histogram shown to the right. Lower panel: representative trace exhibiting both the O1 and HC conductance states, and inhibition of these unitary condutances when BzATP is co-applied with TA (20 µM). Correponding all points histograms are shown to the left (BzATP application) or to the right (BzATP/TA coapplication). (b) Summary of corresponding unitary conductances found in 16F-null cells. Points originating from the same patch are linked with a line, n=9 patches. (c) Summary of percentage inhibition of single channel currents when BzATP is co-applied with the respective CaCC inhibitor (TA n=4, FFA n=3 and 9-AC n=3 patches). P2X7 inhibitor AZ is also shown for comparison (n=3 patches). (d) Histogram representation of the extent of facilitation of rP2X7 expressed in both HEK293T (n=10 cells) and 16F-null cells (n=15 cells) (e) Histogram representation of current density of the eigth consecutive BzATP-evoked response in rP2X7-expressing HEK293T (n=7 cells) or 16Fnull cells (n=8 cells).

  to analyse the open and closed time histograms of events detected in these outside-out recordings, and found that the mean open time of channels in the 16F-null cell line was a

Figure 102 .

 102 Figure 102. Effects of CaCC inhibitors on whole cell rP2X7 currents in 16F-null cells. (a) Representative whole cell currents in rP2X7-expressing 16F-null cells, obtained by sequential stimulation with BzATp (10 µM), before (left, black) and after (right, blue) 60s perfusion with the respective inhibitor. (b) Summary of percentage inhibition of facilitated rP2X7 currents with CaCC inhibitors. Inhibition is calculated by comparing the current density of the fourth BzATP application before inhibitor application with the first BzATP application following inhibitor perfusion.

Figure 103 .

 103 Figure 103. Characterisation of facilitation and macropore formation in P451L mutant. (a) Representative whole cell electrophysiological traces of HEK293T cells expressing either rP2X7 WT (black, left) or P451L mutant receptors (right, orange), stimulated eight times with BzATP (10 µM).(b) Summary of the extent of facilitation observed in either WT or P451L mutant (calculated by comparison of the eighth response to the first). P=0.0187 by Student's t-test, n=10 for WT and n=14 for P451L mutant. (c) Single-channel currents elicited by 10 µM BzATP in the absence (black trace) or presence of 20 µM TA (blue trace) from an outside-out patch of HEK293T cells transfected with the P451L mutant.Corresponding all points histograms of currents are shown to the side of the traces. (d) Time series fluorescence images of YO-PRO-1 dye uptake in HEK293T cells heterologously expressing rP2X7R WT or P451L mutant receptors. On the left are shown the corresponding microphotographs under transmitted light (scale bar, 10 µm). (e) Summary of corresponding BzATP-induced YO-PRO-1 dye-uptake for rP2X7R (black, from 12 transfections) and P451L mutant (orange, from 5 transfections). Shown is the specific dye-uptake subtracted by residual uptake recorded in the absence of BzATP. Statistical analysis was performed using Mann-Whitney test. ****P < 0.0001. Number of cells analysed is indicated in brackets. Dye uptake is the work of Fanny Gautherat.

Figure 104 .

 104 Figure 104. Molecular model of rP2X7 and mTMEM16F in complex.(a) Lateral view of rP2X7/mTMEM16F complex modelled by docking experiments, carried out a priori, except for their position in the membrane plane. rP2X7 is shown in blue (PDB: 6U9V) and Ca 2+ -bound mTMEM16F in orange (PDB/ 6QPC). In this complex it can be determined that 9-AC acts to inhibit the TMEM16F component, whilst TA may inhibit both members of the complex. FFA inhibits neither. (b) Bottom-up views from the cytoplasmic surface of the models in the closed (left) and open (right) rP2X7 states. P2X7 subunits as well as TMEM16F monomers are indicated. Work of Dr. Antoine Taly.

  Figure 104. Molecular model of rP2X7 and mTMEM16F in complex.(a) Lateral view of rP2X7/mTMEM16F complex modelled by docking experiments, carried out a priori, except for their position in the membrane plane. rP2X7 is shown in blue (PDB: 6U9V) and Ca 2+ -bound mTMEM16F in orange (PDB/ 6QPC). In this complex it can be determined that 9-AC acts to inhibit the TMEM16F component, whilst TA may inhibit both members of the complex. FFA inhibits neither. (b) Bottom-up views from the cytoplasmic surface of the models in the closed (left) and open (right) rP2X7 states. P2X7 subunits as well as TMEM16F monomers are indicated. Work of Dr. Antoine Taly.
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,Fig. 1 .

 1 Fig. 1. Rapid ATP activation of P2X2-3T receptors induces instantaneous and stable permeation of NMDG + . (A) Fast application of ATP (3 μM, blue traces) to a multiple channel-containing outside-out patch from HEK-293 cells expressing the P2X2-3T receptor evokes rapid NMDG + (Left) and Na + (Right) currents recorded at -120 mV. The patch was first bathed in extracellular NMDG + solution (NMDG + out /NMDG + in , Left) and then rapidly exchanged to extracellular Na + solution (Na + out /NMDG + in , Right). Note the difference in current scale. (B) Superposition of normalized NMDG + (black trace) and Na + (gray trace) currents shown in A in logarithmic timescale. (C) Single-channel recordings from an outside-out patch recorded at -120 mV of currents elicited by 1 μM ATP, first in NMDG + out /NMDG + in solution (Left), and then in Na + out /NMDG + in solution (Right). Data were sampled at 10 kHz and filtered at a final corner frequency (f c ) of 1 kHz (Top traces) or 100 Hz (Bottom traces). Channel openings (o) are downward deflections indicated by the red dashed lines. Baseline currents, which correspond to closed channels (c), are indicated by the black dashed lines. (D) All-points amplitude histograms of single-channel Na + (Top, f c = 1 kHz) and NMDG + currents (Bottom, f c = 100 Hz) obtained from the patch shown in C.Distributions were fit by a sum of four Gaussians for Na + currents and three Gaussians for NMDG + currents (blue lines). Gaussians centered at 0 pA represent closed channels. For this patch, the mean unitary conductance of Na + currents in Na + out /NMDG + in is 43 pS, whereas that of NMDG + currents in NMDG + out /NMDG + in is 4.0 pS.

  D and E). Conversely, backward isomerization of the E3788 | www.pnas.org/cgi/doi/10.1073/pnas.1701379114 Harkat et al.

Fig. 2 .

 2 Fig. 2. NMDG + permeation operates with similar molecular motions to Na + permeation. (A) Chemical structures of MAMs in the trans state. (B) Cis-trans isomerization of the azobenzene induced by the indicated wavelengths of light. The backward cis-trans isomerization is induced by irradiation at 455 nm for MAM-1 or 530 nm for MAM-2 and MAM-3. (C) Side view of the three transmembrane TM2 helices of the hP2X3 ATP-bound X-ray structure [Protein Data Bank (PDB) ID code 5SVK] (10) shown in ribbons and color-coded by subunit. Residues selected for cysteine substitution are indicated by spheres on monomers A and B, and for clarity, they were converted to equivalent rP2X2 numbering. Double red arrows indicate possible horizontal and vertical MAMs cross-linking, relative to the membrane plane, between engineered cysteines. (D) Macroscopic light-gated currents recorded at -60 mV from HEK-293 cells expressing the indicated mutants treated with the indicated MAMs. Cells were first bathed in extracellular NMDG + solution (NMDG + out /NMDG + in , Left), which was then rapidly exchanged for extracellular Na + solution (Na + out /NMDG + in , Right). Illumination was carried out, as indicated, at 365 nm (violet bars) and 455 nm (blue bars) or 530 nm (green bars) to elicit the cis and trans states of the azobenzene, respectively. Short illuminations (80 ms) are indicated by violet arrows. For MAM-treated single mutants, cells were briefly preirradiated at 365 nm (80 ms) before recordings. (E) Heat map of NMDG + currents normalized to Na + currents (Left) and of Na + currents density (Right) recorded in indicated conditions. All light-gated currents recorded for single mutants were induced by the

Fig. 3 .

 3 Fig. 3. Structural changes of TM2 helices induce cellular dye uptake in physiological conditions. (A) Selected time series of YO-PRO-1 dye uptake in HEK-293 cells expressing the P2X2-3T receptor (Upper) and double mutant I328C/S345C treated with MAM-2 (Lower). Fluorescence (in arbitrary units) was acquired before and during ATP (30 μM) or light (365 nm for 5 s) activation that started at 0 s as indicated. On the left are shown the corresponding microphotographs under transmitted light. (Scale bar, 20 μm.) (B) Corresponding rate of YO-PRO-1 dye uptake in cells (n = 15 cells) expressing the P2X2-3T receptor in the absence (orange) or presence (red) of ATP. The arrow indicates the time at which ATP was applied. (C) Corresponding rate of dye uptake in cells expressing the double mutant I328C/S345C treated with MAM-2 in the absence (light blue) or presence (dark blue) of irradiation at 365 nm (n = 18 cells). The arrow indicates the time at which cells were briefly irradiated. (D) Same protocol as in C for cells expressing the single mutant I328C treated with MAM-2, except that irradiation occurred at 530 nm (n = 12 cells). (E) Same protocol as in D for cells expressing the single mutant S345C treated with MAM-2 (n = 18-21 cells). For D and E, cells were briefly preirradiated at 365 nm for 2 s just before YO-PRO-1 application. Shaded areas denote mean ± SEM.

Fig. 4 .Fig. 5 .

 45 Fig. 4. Mechanism of NMDG + permeation revealed by MD simulations. (A) Snapshots at different simulation times. (B) End-to-end distance of NMDG + (Left) and angle formed by the longitudinal axis of NMDG + cation with the axis parallel to the membrane plane (Middle) are displayed per frame of the simulation for all permeant molecules. Data were collected from four different NMDG + concentration and membrane potential simulation setups: 1 M at -1 V (red dots), 0.15 M at -1 V (green), 0.15 M at -1.5 V (blue), and 0.15 M at -2 V (cyan). Molecular snapshots of NMDG + conformations and orientations corresponding to extreme values for these two observables are shown on top. Indicated numbered dots in yellow are snapshots from A. HOLE profile of the zfP2X4 open-state model after 50 ns of equilibration (Right). The simulation results indicate that the ion pore of the ATP-bound state is sufficiently wide to allow for the passage of large organic cations.
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FIGURE 1 |

 1 FIGURE 1 | The gating cycle and hypothetical pathways associated to permeation of large cations. In response to ATP binding, the receptor cycles between at least three functional states: the resting state, the open state (sometimes called I 1 state) and the desensitized state. X-ray structures are from the human P2X3 receptor solved in the apo, resting state (PDB ID 5SVJ), ATP-bound, open channel state (5SVK) and ATP-bound, desensitized state (5SVL; Mansoor et al., 2016). Ribbon structures are viewed laterally from the membrane and each subunit is color coded (one subunit is highlighted in the resting state, in which the N and C termini are indicated). ATP is shown as a space-filling model and the lipid bilayer is symbolized by gray bars. It has been initially suggested that sustained ATP application allows the passage of large cations, such as N-methyl-D-glucamine (NMDG + ) and fluorescent dyes, through two main putative, controversial routes. The first one involves a gradual pore dilation of the open I 1 state to reach a dilated state (I 2 ); the second pathway involves the recruitment of the hemichannel pannexin-1 (Panx-1) by P2X receptor. The two models were suggested not to be mutually exclusive.

FIGURE 2 |

 2 FIGURE 2 | P2X receptors are rapidly permeable to large cations. (A) Rapid onset of single-channel NMDG + currents following ATP application. Top: schematic drawing of the outside-out configuration and perfusion glass tube. Note that patch pipette contains NMDG + . Bottom: Single-channel currents elicited by 1 µM ATP from an outside-out patch expressing the rat P2X2 receptor. Currents were first recorded in extracellular NMDG + out solution (symmetric NMDG + out /NMDG + in , left, blue), and then in extracellular Na + out solution (Na + out /NMDG + in , right, green), following rapid solution exchange. Currents were recorded at -120 mV and filtered at 1 kHz. Inset shows magnification of NMDG + currents filtered at 100 Hz. ATP applications are indicated by red stepped bars. Adapted from Harkat et al. (2017). (B) Proposed model in which NMDG + and Na + ions transit through the same open pore at different flow rates following rapid ATP activation (∼2.5 × 10 6 NMDG + ions/s at -120 mV with 132.6 mM NMDG + , 32 × 10 6 Na + ions/s at -120 mV with 132.6 mM Na + ; data taken from Harkat et al. (2017)). (C) Whole-cell ATP-gated currents recorded in symmetric spermidine solution at -60 mV from HEK-293 cells expressing the indicated P2X receptors. Traces for hP2X2 and hP2X3 are adapted from Harkat et al. (2017). ATP concentration was 30 µM for hP2X2 and hP2X3, 100 µM for rP2X4, and 1000 µM for rP2X7.

FIGURE 3 |

 3 FIGURE 3 | Is the P2X open pore sufficiently wide to allow the passage of large molecules? Comparison of structures of selected organic molecules, shown as space-filling models, scaled to the X-ray structure of the P2X3 open pore (PDB ID: 5SVK), viewed along the three-fold axis of symmetry. Receptor ribbon structure is superimposed to the protein surface. Shown is a clockwise ranking of molecules, from the smallest (putrescine, top right) to the largest dimensions (Texas Red-MTSEA, top left). Valency of cations is also indicated. Recent evidence supporting permeation of NMDG + and spermidine through the P2X2 open I 1 state(Harkat et al., 2017) suggests that molecules of similar size to these cations should also permeate the P2X open pore. For slightly larger molecules, such as YO-PRO-1, for which their dimensions reach those of the open pore, we propose that such molecules follow the same pathway as Na + across the P2X pore but are not able to permeate as easily. For the largest molecules, such as Texas Red-MTSEA, there is evidence that they cannot enter the P2X2 pore(Li et al., 2010). However, methanethiosulfonate (MTS)-rhodamine, which has a size that is similar to that of Texas Red-MTSEA, has been shown to directly permeate the P2X7 pore(Browne et al., 2013), suggesting the P2X7 open pore is larger than that of P2X2. From a structural point of view, the open state of the P2X3 receptor seems too narrow to allow the passage of MTS-rhodamine. Therefore, either the structure of P2X7 open state is different from that of the P2X3 receptor or other routes specifically dedicated to the permeation of such very large molecules in P2X7 receptors exist. Carbon atoms are indicated in orange; nitrogen atoms in blue, oxygen atoms in red; phosphorus atoms in yellow, and hydrogen atoms in white.

Fig. 1 .

 1 Fig. 1. Molecular organization of P2X receptors. (A) Lateral view of the crystal structures of DzfP2X4 receptor in a closed state (left, PDB code 4DW0) and in an ATP-bound state (right, PDB code 4DW1) embedded in a lipid bilayer. The three subunits are depicted in cartoon representation and shown in different colours. ATP is in stick representation, the membrane is represented by red, orange and white spheres. ECD and TM stand for extracellular and transmembrane domains, respectively. (B) The same structures as in (A), viewed from the extracellular side, along the axis of the central channel. (C) Ribbon representation of the folding of one subunit. Each domain is named according to a homology comparison to a dolphin. The extracellular domain is composed of 14 b-sheets and 4 a-helices, whereas 2 a-helices form the transmembrane domain. (D) Close up view of the ATP-binding pocket coloured according to domains as in panel (C), the residues (zfP2X4 numbering) indicated are discussed in the text.

Fig. 2 .

 2 Fig. 2. Structural rearrangements during gating mechanism. Superimposed structures in the resting state (grey) and the ATP-bound state (coloured) at the binding site (A) and the lower body (B). Black arrows show the relevant motions likely to occur during allosteric transition, leading to the opening of the channel. In panel B the indicated pairwise residues (L64-F327; D61-Q329; S65-R280; S66-D323), when mutated into cysteines on different P2X subtypes, are implicated in disulphide locking of the closed state (zfP2X4 numbering).

Fig. 3 .

 3 Fig. 3. Mapping of residues implicated in allosteric modulation of P2X activity. Residues contributing to allosteric regulation induced by zinc application on a closed state (A) and an ATP-bound state of DzfP2X4 (B). Residues implicated in the production of an inhibitory effect or a potentiation are coloured in red and green, respectively, and positions implicated in both effects are shown in blue. Amino acid residues mapped on the structure of DzfP2X4 are indicated in brackets immediately after the equivalent residues of the indicated P2X species that are listed in the text: rP2X2 H120 (P125); rP2X4 C132 (C135); rP2X4 D138 (D141); rP2X4 H140 (R143); rP2X2 H192, hP2X2 H204 (R197); hP2X2 H209 (N202); rP2X2 H213, hP2X2 R225 (H219); rP2X7 H219 (S223); rP2X2 H245 (V251) and rP2X7 H267 (S271). (C) Location of residues associated with

Fig. 4 .

 4 Fig. 4. Optical control of P2X function. (A) Isomerisation of the azobenzene from trans to cis occurs upon illumination of a particular wavelength l 1 (usually near UV light) and illumination at a different wavelength l 2 (in the visible light) or alternatively thermal relaxation (Dt), leads to the isomerisation back to the thermodynamically favoured trans isomer. (B) Lateral view of the transmembrane region of a homology model of rP2X2 based on the DzfP2X4 structure bound to ATP (4DW1) showing the location of I328C and P329C mutations that confer light sensitivity to the receptor following labelling with the appropriate photoswitchable probes. (C) Chemical structures of azobenzene compounds used to regulate P2X function by light. The scheme illustrates the light-induced gating mechanism of each photoswitchable probe. (D) Whole-cell currents evoked by light (trans induced by 525 nm and cis induced by 365 nm) in HEK cells expressing the I328C mutant treated by MEA-TMA (taken from Lemoine et al. (2013)). (E) Whole-cell currents evoked by light (trans induced by 440 nm and cis induced by 360 nm) in HEK cells expressing the P329C mutant treated by BMA (taken from Browne et al. (2014)).

Figure 1 .

 1 Figure 1. (a) Structure chimique du photoswitch MAM dans sa forme isomère trans (haut) et cis (bas). Le groupement thiol d'une cystéine cible pouvant réagir avec le groupement maléimide est montré à coté à gauche du MAM. (b) Structure chimique du photoswitch MEA-TMA. En dessous est schématisé son mode de fonctionnement pour contrôler optiquement le gating du récepteur P2X2.

  phénomènes de la facilitation et la formation du macropore, proviennent-ils d'un même mécanisme commun ? Quelle est l'implication du canal TMEM16F dans ces deux processus ? Pour ce faire, nous avons utilisé une combinaison d'approches dans des cellules HEK293T exprimant le récepteur rP2X7. Notamment, l'électrophysiologie patch clamp, permettant de mesurer les courants produits par une activation du récepteur P2X7, ainsi que le suivi par vidéo-microscopie d'incorporation de YO-PRO-1, un colorant cationique de taille importante qui est souvent utilisé en tant qu'indicateur de perméabilisation membranaire.Dans un premier temps nous avons étudié la facilitation en utilisant la technique d'électrophysiologie patch clamp dans la configuration « outside-out », qui permet d'enregistrer les courants passants par un canal unique (Figure2). Nous avons enregistré des courants de canal unique dans des patchs non-traités, des patchs ayant été préalablement facilités à l'ATP et des patchs ayant été traités par le méthyl-β-cyclodextrine (MCD), un agent chélateur de cholestérol membranaire. Grace à cette technique, nous avons pu mettre en évidence deux conductances distinctes, nommées O1 et O2. Ces deux conductances sont conservées dans chaque condition testée ; par contre, nous avons pu déterminer que les récepteurs canaux facilités ont une probabilité d'ouverture (NPo) augmentée de ~2.9 fois comparés aux récepteurs naïfs. Le traitement MCD, qui produit des patches de membranes appauvries en cholestérol, produit la même tendance d'augmentation d'activité du récepteur. Ces résultats montrent que le phénomène de la facilitation se produit suite à une augmentation de la

Figure 2 .

 2 Figure 2. (a) Traces électrophysiologiques des courants induits par un analogue d'ATP, le BzATP, en configuration canal unique des récepteurs rP2X7 en conditions control (noir), facilité (bleu) et traité au MCD (orange). (b) Histogrammes représentant des conductances (en pS) des états O1 et O2 dans chaque condition. (c) Histogrammes du temps de résidence des ouvertures, dont le « fit » par des exponentiels permet de calculer le temps moyen d'ouverture de chaque condition.

Figure 3 .Figure 4 .

 34 Figure 3. (a) Enregistrement électrophysiologique en canal unique des courants rP2X7 induits par le BzATP, et leur modulation par l'acide tannique (TA), un inhibiteur des canaux chlores, ainsi que le AZ10606120 (AZ) un inhibiteur spécifique du récepteur P2X7. (b) Enregistrements en configuration whole cell qui montrent l'inhibition des courants P2X7 facilités par le TA et l'acide flufenamique (FFA), des inhibiteurs de canaux chlores.
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Table 2

 2 summarises the principal locations of different homomeric P2XR assemblies.

		P2X1	P2X2	P2X3	P2X4	P2X5	P2X7
				Agonists (EC 50 µM)			
	ATP	0.07	1.2	0.5	10	10	100
	2-meSATP	0.07	1.2	0.3	10	10	100
	αβ-meATP	0.3	>300	0.8	>300	>300	>300
	BzATP	0.003	0.75	0.08	7	>500	20
			Antagonists (EC 50 µM)		
	Suramin	1	10	3	>500	4	500
	PPADS	1	1	1	>500	3	50
	TNP-ATP	0.006	1	0.001	15	-	>30
	IP 5 I	0.003	>300	2.8	(+)	-	N.D
	KN-62	-	-	-	-	-	0.3

Table 2 . Localisation of P2XRs.

 2 

Table 3

 3 

	. Summary of
	heteromeric	P2XR
	assemblies.	
	Adapted from	

(EC 50 µM)

  

		P2X1	P2X2	P2X3	P2X4	P2X5	P2X7
				Agonists (EC 50 µM)			
	ATP	0.07	1.2	0.5	10	10	100
	2-meSATP	0.07	1.2	0.3	10	10	100
	αβ-meATP	0.3	>300	0.8	>300	>300	>300
	BzATP	0.003	0.75	0.08	7	>500	20
	Antagonists Suramin 1 10 3	>500	4	500
	PPADS	1	1	1	>500	3	50
	TNP-ATP	0.006	1	0.001	15	-	>30
	IP 5 I	0.003	>300	2.8	(+)	-	N.D
	KN-62	-	-	-	-	-	0.3

Modulators (potentiation (+) or inhibition (-))

  

	Zn 2+	(-)	(+)	(+)	(+)	(+)	(-)
	Cu 2+	N.D	(+)	N.D	(-)	N.D	(-)
	Cd 2+	(-)	(+)	(-)	(+)	N.D	(-)
	H +	(-)	(+)	(-)	(-)	(-)	(-)
	Ivermectin	N.D	none	none	(+)	N.D	(+)
	Ethanol	N.D	(-)	(+)	(-)	N.D	N.D
	Phosphoinos -itides	(+)	Desensitis-reduced ation	(+)	(+)	(+)	(+)

Figure 29. Implication of P2X7R in cellular energy metabolism mechanisms.

  

	Basal activation of
	P2X7R		increases
	mitchondrial potential
	and	Ca 2+	content,
	encouraging		ATP
	synthesis	and	cell
	growth mechanisms.
	Sustained activation of
	P2X7R	induces	a
	mitochondrial	Ca 2+
	overload, leadig to
		mitchondrial
	breakdown		and
	apoptosis. Taken from

Table 6 . Comparative table of the three major protein structural determination techniques

 6 

		Several mg	<1 mg	Several mg
	Crystals required?	Yes	No	No
	Reconstitution	Detergents	Detergents, nanodiscs, amphipols possible	Detergents, nanodiscs, bicelles, bilayers possible
	Size limitation	None	>100 kDa	<40 kDa
	Resolution possible Atomic	Near-atomic	NR

. NR = not relevant.

zfP2X4 apo zfP2X4 apo and ATP-bound amP2X hP2X3 ckP2X7 pdP2X7 rP2X7

  

			ΔN27 ΔC8		ΔN27/ΔC24		ΔN23/ΔC7		ΔN5 ΔC33		ΔN27 ΔC214		ΔN21 ΔC240		Full length,
															wild type.
		N78K/N187R/C51F to		N78K/N187R to		N171QK/C374L to	T13P/S15V/V16I to induce	N190 to eliminate a	N241S/N284S/V35A/R12	
			eliminate two		eliminate two	eliminate one putative	a slow desensitisation	glycosylation site	5A/E174K to eliminate	
	Construct	glycosylation sites and	glycosylation sites.	glycosylation site and	behaviour, for open state		(replacement	glycosylation sites and	
		one disulphide bridge			one putative non-specific		structure resolution		residue	improve crystallisation	
			forming cysteine			disulphide bridge forming				unspecified).		behaviour.	
			residue.				site.							
	Expression		Sf9		Sf9		HEK293		HEK293		HEK293		Sf9		HEK293
															Detergent
	Reconstitution		Detergent (DDM)	Detergent (DDM)		Detergent (DDM)		Detergent (DDM)	Detergent (DDM)		Detergent (Triton-X)	(DDM/cholesteryl
														hemisuccinate tris)
		•	Reduced	•	Similar gating	•	ATP binding	•	Wild type gating	•	TNP-ATP	•	Reduced currents	•	Wild type
			expression		properties to		retained		retained		binding	•	Modified EC50	
			levels		wild type	•	Gating activity	•	ATP-affinity retained		retained	•	Facilitation	
	Functionality	•	current Reduced peak	•	retained ATP binding		abolished			•	activity Gating		abolished	
			amplitudes								abolished			
		•	Modified EC50											
			values.											
	Resolution (Å)		3.1		2.8-2.9		2.8		2.77-2.98		3.1		3.2-3.9		2.9-3.3
	Key structural details	Confirmation of global architecture and precise identification of structural features	First resolution of the open state structure, identification of the ATP binding site.	Identification of two extracellular divalent metal binding sites	Identification of the cytoplasmic cap motif, resolution of the desensitised state, identification of an antagonist binding site	Resolution of antagonist TNP-ATP in its binding site	Identification of an allosteric drug binding pocket	First resolution of cytoplasmic domains, identification of the Ballast and C-cys anchor structural motifs

TM rP rP rP rP rP rP rP

  

				TM		
	rP	329	IPTMTTIGSGIGIFGVATVLCDLLLLH	
	rP	328	IPTIINLATALTSIGVGSFLCDWILLT	
	rP	319	IPTIISSVAAFTSVGVGTVLCDIILLN	
	rP	333	IPTMINVGSGLALLGVATVLCDVIVLY	
	rP	334	IPTVINIGSGLALMGAGAFFCDLVLIY	
	rP	327	IPTAITVGTGAAWLGMVTFLCDLLLLY	
	rP	331	IQLVVYIGSTLSYFGLATVCIDLIINT	
					TM			Species
		a	rP rP2X1 rP rP rP rP rP2X2 rP rP2X3 rP	329 335 328 319 333 334 334 327 325 331	IPTMTTIGSGIGIFGVATVLCDLLLLH IGSGIGIFGVATVLCDLLLLH TM2 IPTIINLATALTSIGVGSFLCDWILLT IPTIISSVAAFTSVGVGTVLCDIILLN IPTMINVGSGLALLGVATVLCDVIVLY IPTVINIGSGLALMGAGAFFCDLVLIY LATALTSIGVGSFLCDWILLT IPTAITVGTGAAWLGMVTFLCDLLLLY SVAAFTSVGVGTVLCDIILLN IQLVVYIGSTLSYFGLATVCIDLIINT	b	. sapiens Species . musculus M. musculus H. sapiens R. norvegicus . norvegicus 340 340 340 C. porcellus 339 . porcellus O. cuniculus 340	TLSYFGLATVCIDLL TLSYFGLAAVFIDFL TLSYFGLATVCIDLI TLSYFGLATVFIDFL TLSYFGLATVCIDFL
			rP2X4 rP2X5 rP2X6 rP2X7	339 340 343 337	VGSGLALLGVATVLCDVIVLY IGSGLALMGAGAFFCDLVLIY VGTGAAWLGMVTFLCDLLLLY IGSTLSYFGLATVCIDLIINT		. cuniculus . vulpes . catus V. vulpes F. catus G. gallus B. taurus O. aries . gallus D. rerio	341 340 341 340 341 335	TLSYFGLATLFIDFL TLSYFGLATLFIDFL TIAYFGLAVTIIEMC TLSYFGLATVFIDML TLSYFGLATVFIDML TLSYYAITTIFLDWL
					334 335	LATALTSIGVGSFLCDWILLT IGSGIGIFGVATVLCDLLLLH		. aries . taurus C. hircus	251	TLSYFGLVRDSFPHT
					325 339 340	SVAAFTSVGVGTVLCDIILLN VGSGLALLGVATVLCDVIVLY IGSGLALMGAGAFFCDLVLIY		. rerio . hircus
					343	VGTGAAWLGMVTFLCDLLLLY	
					337	IGSTLSYFGLATVCIDLIINT	

  :(m/z, [M+H] + ), calculated for C 20 H 13N 4 O 4 

	+ , 373.0859;
	found, 373.0932.

  ; (ESI-HMRS):(m/z, [M+H] + ), 429.1073 calculated for C 22 H 15 N 5 O 5

	+
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EXPERIMENTAL SECTION

Cell culture and transfection HEK293T cells (ATCC) were cultured in Dulbecco's modified Eagle's medium, supplemented with 10% fetal bovine serum, 1x GlutaMax, 100 units/mL penicillin and 100 μg/mL streptomycin (Gibco Life Technologies). For HEK293T TMEM16F-null cells, this medium was further supplemented with 1μg/mL puromycin dihycrochloride (Gibco Life Technologies). Trypsintreated cells were seeded onto 9-12mm glass coverslips (VWR) in 35mm dishes for patchclamp and fluorescence experiments, or in 100 mm dishes for biochemical experiments, in both cases pre-treated with poly-L-lysine (Sigma Aldrich). Cells were incubated at 37 °C and in presence of 5% CO2.

Transfections were carried out using the calcium phosphate precipitation method. The cDNA encoding rat P2X7 (rP2X7) constructs and enhanced Green Fluorescent Protein construct (eGFP) were contained within pcDNA3.1(+) plasmids (Invitrogen). rTMEM16F cDNA was contained within a pCMV6 vector featuring a c-myc tag (OriGene). For whole cell patch clamp experiments, cells were co-transfected with the rP2X7 constructs (0.5-0.8 μg) and an eGFP (0.3μg) which allowed to identify cells having undergone efficient transfection. For single channel experiments, the quantity of rP2X7 construct DNA transfected was reduced to 0.01-0.08 μg. Cells were washed one day after transfection with PBS solution, and the medium replaced with fresh. For biochemical experiments, each 100 mm dish was transfected with cDNA encoding rP2X7R either alone (10 μg) or co-transfected with cDNA encoding rTMEM16F construct (5 μg of each). For fluorescence measurements, cells were transfected with 2 μg rP2X7 construct either alone or co-transfected with 1 or 2 μg rTMEM16F.

Molecular biology

Point mutation P451L was introduced into the rP2X7 WT background using KAPA HiFi HotStart mutagenesis kit (Cliniscience). The mutation was then verified by sequencing (Eurofin Genomics). CRISPR Cas9 method was carried out as previously described [START_REF] Le | Drosophila Subdued is a moonlighting transmembrane protein 16 (TMEM16) that transports ions and phospholipids[END_REF][START_REF] Ran | Genome engineering using the CRISPR-Cas9 system[END_REF]. The oligonucleotide encoding the sgRNA sequence (5'-AATAGTACTCACAAACTCCG-3'), which targets exon 2 of TMEME16F, containing BbsI overhangs was cloned into BbsI sites in pSpCas9(BB)-2A-Puro (Addgene plasmid ID:48139).

The plasmid obtained was transfected into HEK293T using the calcium phosphate precipitation Co-expression of kainate receptors and P2X receptors in some populations of neurons [START_REF] Lucifora | Presynaptic low-and high-affinity kainate receptors in nociceptive spinal afferents[END_REF] NMDA receptors Potentiation by extracellular polyamines, existence of a polyamine binding site [START_REF] Han | Binding of spermine and ifenprodil to a purified, soluble regulatory domain of the N-methyl-d-aspartate receptor[END_REF][START_REF] Mony | Molecular basis of positive allosteric modulation of GluN2B NMDA receptors by polyamines[END_REF] Modulation of NMDA-dependent plasticity (Boué-Grabot and Pankratov, 2017)

Nicotinic receptors

Binding site for polyamine-derived toxins [START_REF] Bixel | Location of the polyamine binding site in the vestibule of the nicotinic acetylcholine receptor ion channel[END_REF] Interaction between nicotinic receptors and P2X receptors: cross inhibition (Khakh et al., 2005) Inward rectifier K + (Kir) channels Voltage-dependent blockage by intracellular polyamines Existence of a polyamine binding site [START_REF] Kurata | The polyamine binding site in inward rectifier K + channels[END_REF] To be determined

ASICs

Potentiation by spermine [START_REF] Babini | Alternative splicing and interaction with di-and polyvalent cations control the dynamic range of acid-sensing ion channel 1 (ASIC1)[END_REF] Functional interaction between P2X receptors and ASICs [START_REF] Birdsong | Sensing muscle ischemia: coincident detection of acid and ATP via interplay of two ion channels[END_REF][START_REF] Stephan | The ASIC3/P2X3 cognate receptor is a pain-relevant and ligandgated cationic channel[END_REF] TRPV1 receptors Polyamines can act as ligands and are able to pass through TRPV1 [START_REF] Ahern | Polyamines are potent ligands for the capsaicin receptor TRPV1[END_REF] Cross-talk between TRPV1 and P2X receptors [START_REF] Stanchev | Cross-inhibition between native and recombinant TRPV1 and P2X 3 receptors[END_REF] cells, P2X7 receptors are widely involved in the immune and inflammatory response, notably in the nervous system. Several recent reviews extensively cover the involvement of P2X7 receptors in pathological immune-related conditions, such as neuropathic pain, Alzheimer's disease, Huntington's disease and multiple sclerosis to name but a few [START_REF] De Marchi | P2X7 receptor as a therapeutic target[END_REF]Di Virgilio et al., 2017;[START_REF] Savio | The P2X7 receptor in inflammatory diseases: angel or demon?[END_REF]. A first possible link may involve the ability of Panx-1 channels to allow entry of large cations into the cell, as it has been demonstrated that an increase in extracellular ATP induces the clustering of Panx-1 with P2X7 receptors, leading to their internalization [START_REF] Boyce | ATP stimulates pannexin 1 internalization to endosomal compartments[END_REF]. An impairment of this internalization mechanism could contribute to the over-activity of P2X-mediated signaling that may lead to pathophysiological states, such as neuropathic pain [START_REF] Swayne | Regulation of pannexin 1 surface expression by extracellular ATP: potential implications for nervous system function in health and disease[END_REF]. Another possible link may involve the P2X7 protein itself. An association between nerve-induced pain behavior (mechanical allodynia) and the P451L mutation found in the mouse P2rx7 gene has been identified. This mutation impaired ''pore formation'' by affecting the entry of YO-PRO-1 and ethidium bromide in HEK-293 cells and calcein dye into macrophages, but interestingly the mutation did not affect Ca 2+ entry (Adriouch et al., 2002;Young et al., 2006;Sorge et al., 2012). Mice in which P2X7 receptors have impaired pore formation as a result of this mutation showed less allodynia than mice with the pore-forming receptors. Moreover, in two independent human chronic pain cohorts, it has been shown that human mutations affecting the amino acid sequence of P2X7 receptor modify the chronic pain sensitivity (Sorge et al., 2012). For instance, in the cohort experiencing post-mastectomy chronic pain, the H155Y single nucleotide polymorphism, which leads to hyperfunctional P2X7 receptors, was associated with an increased pain sensitivity.

In contrast, mastectomized women with the hypofunctional mutation R270H of P2X7 receptor, experienced reduced chronic pain (Sorge et al., 2012). These correlations thus clearly suggest that the level of pore activity is related to pathological states and indicate that P2X7 receptors are vital targets for the treatment of diseases such as neuropathic pain. Differences in Na + , K + and Ca 2+ ion flux may trigger such pathological responses, but permeation of large, pathologically relevant cations may also be involved. These large molecules remain to be identified.

NEW DIRECTIONS CONCERNING THE P2X PERMEATION OF LARGE CATIONS: THE CASE OF POLYAMINES

What is the physiological implication of P2X permeability to large cations? To answer to this question, it is first important to consider whether this unusual large cation permeation feature is shared by all members of the P2X family. Before 2017, a striking observation was that fast-desensitizing receptors, namely P2X1 and P2X3 receptors, were apparently unable to allow the entry of larger cations through the pore. By using symmetric solutions, we have provided evidence that P2X3 receptors are actually permeable to NMDG + , suggesting that these receptors should be reconsidered as channels permeable to large cations (Harkat et al., 2017). However, NMDG + is a synthetic molecule, and we sought rather to establish the permeability of large, naturally occurring cations through the P2X pore. We have very recently found that spermidine permeates through the human P2X2 and P2X3 receptor ion channels (Harkat et al., 2017). Now we have extended this permeation to the rat P2X4 and P2X7 receptors, suggesting permeation of spermidine may be a common feature
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