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Four genes (ACCN1 to ACCN4) encode at least six different ASIC subunits (Table 1) sharing more than 50% amino acid identity: ASIC1a, ASIC1b, ASIC2a, ASIC2b, ASIC3, ASIC4 (ASIC5, also named BLINaC/BASIC and coded by the ACCN5 gene, only shares 30% amino acid identity and cannot be considered as a genuine ASIC subunit). The difference between the a and b variants of ASIC1 and ASIC2 relies on the first N-terminal third of the subunit (Figure 1B), including the cytoplasmic Nterminal domain, the re-entrant loop (forming part of the pore with the HG motif), the first transmembrane domain TM1 (forearm and wrist domains), and part of the extracellular loop (the palm β1 and β3 sheets, the β-ball β2 sheet and the entire finger domain).

Table 1. Protein sequence comparison of rat and human ASIC subunits .

Isoform Species

Percentages of amino acid (aa) identity were calculated using BLAST.

The first crystal structure of an ASIC was solved in 2007 by the group of E. Gouaux from cASIC1 (chicken ASIC1), the chicken ortholog of rat ASIC1a (rASIC1a) . Each subunit was represented as a hand holding a ball and divided into finger, thumb, palm, knuckle, β -ball, wrist, and forearm (transmembrane domains) domains (Figure 1C). An "acidic pocket" containing several pairs of acidic amino acids is present at the interface of each subunit and was proposed to be one of the pH sensors of the channel, whereas cations may access the ion channel by lateral fenestrations, then moving into a broad extracellular vestibule just above the inactivation gate and the selectivity filter (i.e., the structural element in the narrowest part of the pore that determines ionic selectivity) (Figure 1D )

. The most noticeable structural difference between human (h) ASIC1a (hASIC1a) and cASIC1 is a longer loop that extends down from the α4-helix to the tip of the thumb, due to two extra amino acids (D298 and L299) absent in all other ASIC isoforms .

The lowest amino acid identity is 52% between cASIC1 and rASIC3, while rat and human ASIC orthologs show amino acid identities between 83.68% (for ASIC3) and 99.02% (for ASIC2a) (Table 1). Interestingly, hASIC3, but not rASIC3, has three splice variants (a, b, c), resulting in differences in the C-terminal domain, hASIC3a mRNA being the main isoform expressed in human neuronal tissues, although hASIC3c was also significantly detected. A higher level of sequence variability for the same isoform is observed between hASIC3a and rASIC3 or mouse ASIC3 (mASIC3) orthologs.

While experimentally determined structures are still lacking for ASIC2 and ASIC3, recent major advances in structure prediction using machine learning have allowed the generation of models for those ASICs, shedding a new light on potential structural variations underlying the functional differences between ASICs .

pH-Dependency

Homo-or heterotrimeric cloned ASICs were found to be voltage-insensitive but highly pH-sensitive upon heterologous expression in Xenopus oocytes or in mammalian cell lines. They are sodium

[1] [1][4] [5] [6] [7][8][9]
selective, with additional low calcium permeability for ASIC1a and hASIC1b

. They are activated by a fast-extracellular acidosis from conditioning physiological pH to acidic test pH and inactivated by sustained extracellular acidosis. Interestingly, rat and human ASIC3 channels can be also activated at neutral (7.4) pH by lipids (arachidonic acid and lysophosphatidylcholine) and hASIC3a channels have been shown to be sensitive to both acidic and alkaline pH .

The ASIC2b and ASIC4 subunits do not form functional proton-gated channels by themselves, but ASIC2b can associate with other ASIC subunits to confer new properties and regulations to heterotrimeric channels . ASIC currents are generally transient even if the acidification is maintained, but a sustained phase is associated with expression of ASIC3 or with the presence of the ASIC2b subunit in heterotrimers (Figure 2). A sustained plateau phase is also associated with hASIC1b current, but not with rASIC1b . Two types of sustained currents have been described for ASIC3: a window current at pH around 7.0 (Figure 2) resulting from the overlap of pH-dependent activation and desensitization curves, and a sustained current induced by more acidic test pHs.

The TM1 domain modulates the pH-dependent activation, thus contributing to the window current near physiological pH and, combined with the N-terminal domain, the TM1 domain is also the key structural element generating the low pH-evoked sustained current . ASICs differ in their biophysical properties depending on their subunit composition, notably in their desensitization time constants. rASIC3, rASIC1a and rASIC1b show significantly faster desensitization kinetics than rASIC2a (Figure 2). Experiments were conducted on heterologously expressed cloned channels by co-expressing two, or more rarely three (or concatemers), different subunits. The stochiometry of association in heterotrimers (i.e., the relative number of each subunit in the channel) is therefore hard to precisely determine in these conditions. The ASIC1a and ASIC2a stoichiometry was at least investigated, showing no preferential association .

ASICs differ in their pH sensitivity, and the functional diversity obtained by combining the different subunits in homo-or heterotrimers (Table 2, with references in legend) allows these channels to detect a wide range of pH changes between pH 7.2 and pH 4.0. Sigmoidal curve fit of pHdependent activation is used to determine the test pH , inducing the half-maximal activation that can vary between 6.8-6.3 (rASIC3) and 5.0-3.8 (rASIC2a). ASICs are desensitized depending on the conditioning pH, which is represented by the pH-dependent sigmoidal curve of steady-state desensitization (SSD) and by the conditioning pH of half-maximal SSD that can vary between 7.4-6.8 for rASIC1a and rASIC3 and 6.0-4.7 for hASIC2a (Table 2). These values are generally less acidic than the ones for activation, which means that the SSD mechanism in the presence of a sustained extracellular pH acidification will highly influence the amplitude of an ASIC current triggered by a subsequent rapid drop in pH. The sustained ASIC3 current results from incomplete inactivation and is activated at test pH 6.0 and below for hASIC3a and at pH 6.5 and below for rASIC3. 

, # unpublished data.

pH-Dependent Gating

The molecular mechanism of pH-dependent gating of ASICs was studied through combined approaches including electrophysiology, mutagenesis, molecular dynamic simulations, X-ray crystallography and cryo-electron microscopy (cryo-EM), along with the pharmacological use of ASIC-targeting animal toxins.

The structures of the three conformational states involved in H -dependent gating of homotrimeric cASIC1 were solved by X-ray crystallography and Cryo-EM: resting state (Figure 3A), open state (Figure 3B) and desensitized state (Figure 3C). Cryo-EM structures of the hASIC1a in its closed state have also been solved, in complex with the snake toxin mambalgin-1

, and in complex with a specific nanobody Nb.C1 . At the interface of each subunit of the trimeric channel, an acidic pocket is formed by intra-subunit contacts between the thumb, the βball and the finger domains, together with residues from the palm domain on the adjacent subunit (Figure 1A,D and Figure 3) . [1] [START_REF] Li | Interaction of the Aromatics Tyr-72/Trp-288 in the Interface of the E xtracellular and Transmembrane Domains Is Essential for Proton Gating of Acid-sensing Ion Cha nnels[END_REF] connected to form the other part of the wrist region. All together, thumb and lower palm domain motions lead to a rotation of each subunit around the scaffold formed by the knuckle and upper palm domains that induces a translation of TM1 and TM2 leading to the expansion of extracellular fenestrations and to an iris-like opening of the channel gate (Figure 3B).

Ions are then enabled to pass through the selectivity filter of the pore (GAS belt motif, between TM2a and TM2b and HG motif in N-terminal re-entrant loop; Figure 1C) . The Lys212 of the palm domain is deeply anchored to the thumb domain of the adjacent subunit and seems critical to facilitate the cooperativity between subunits during the global rotation of the extracellular domains of all the subunits . In the lower palm domain, an inter-subunit hydrogen-bond network, close to the wrist region, seems also critical for the correct propagation of conformational changes leading to the expansion of the extracellular fenestration (Figure 3B). Several residues at the extracellular side of the transmembrane domain that form contacts within each subunit in desensitized and resting state are disrupted after the iris-like opening of the pore . It is interesting to note the arginine in this region that seems also necessary to mediate the potentiation of ASIC currents by lipids . In addition to acid-induced activation, hASIC3 is also sensitive to alkalization, and this property is supported by two arginine residues only present in the human channel and also located close to the boundary between the plasma membrane and the extracellular medium .

During prolonged acidification, the β 11-β12 linker that demarcates the upper and lower palm domains undergoes a substantial conformational change induced by the switch in sidechain orientations of two residues . This plays the role of "molecular clutch" allowing transmembrane domains to relax back into a "resting-like" conformation to permit rapid desensitization by uncoupling the conformational change of the upper extracellular domain from the lower part of the channel leading to the narrowing of the fenestration and the closing of the inactivation gate (Figure 3C) . Just under the "molecular clutch", a fourth pair of carboxyl-carboxylate interaction between the side chains of glutamate residues was identified that probably influences its stability . Moreover, the previously mentioned Lys212, in a loop immediately above the β11-β12 linker, binds a Cl anion located in the thumb domain of an adjacent subunit and could explain the mutations in the thumb domain also influencing desensitization .

Finally, when returning to physiological pH, the channel would return to the resting state after deprotonation of acidic residues that drive the expansion of the acidic pocket, allowing the β11-β12 linker to revert back to a non-swapped conformation (Figure 3A) .

The intra-and inter-subunit network of H-bonds, salt bridges and carboxyl-carboxylate pairs involving several residues with different pKa values, highlights the complexity of the pHdependent gating of ASICs and explains the different pH-dependent activation and desensitization characteristics of the various homo-or heterotrimeric channels in different species (Table 2), since several domains are directly or indirectly involved in both mechanisms via their intra-and inter-subunit connections.

Among the channels and receptors that respond to acidic pHs, only the proton-activated chloride channel (PAC) is, like ASICs, directly activated by protons through a complex and dedicated mechanism . Interestingly, this channel also has a trimeric structure with a large extracellular domain, comprising fenestrations and acidic pockets, whose conformation change is transmitted to transmembrane domains after protonation. This suggests a complex convergent evolutionary process to achieve the pH sensing property of these two unrelated channels, albeit with completely different mechanisms at the molecular level. Very recently, a lysosomal proton (and K ) channel with unrelated sequence and structure with ASICs was shown to be also activated by protons via a still unknown molecular mechanism. Proton-mediated gating of the capsaicin receptor TRPV1 is dependent of one key residue of the pore region (Phe660)

, the inactivation of CNG channels is controlled by extracellular protons leading to the collapse of the pore via the titration of a single glutamate residue within the selectivity filter , and the two pore domain potassium channels (K P) are modulated by protons through the titration of a key residue in the pore .

Pathophysiological Roles in Pain Sensing

Relying on their pH-dependent gating properties, ASICs were involved in several functions associated with physiological and/or pathological extracellular pH variations . We will focus here on pain sensing. Besides metabolic disorders producing systemic pH changes, there are other pathophysiological conditions that result in local pH variations, generally associated with increased pain perception. During pathophysiological conditions like inflammation, tissue injury, ischemia or cancer, extracellular pH can drop from physiological values (generally around 7.4) to values around 6.5 or even below. In rodent models, local extracellular pH can for instance decrease to 6.8-6.0 in implanted tumor, to 5.8 in carcinoma, to 6.0-4.0 in bone cancer, to 6.8 upon inflammation, to 5.7 in arthritis, to 6.5 in muscle after incision, to 6.9 during heart angina, to 6.9 in joints in osteoarthritis or rheumatoid arthritis, and to 6.5-6.2 in mouse brain after traumatic injury or stroke . In humans, local extracellular pH was found to decrease to 6.0-5.4 in abscess, to 5.7-5.4 in human malignant tumors, to 7.0-6.0 in joint synovial fluid of osteoarthritis patients, to 6.9 in gout, to 6.4 in melanoma, or to 6.7 intracutaneously after muscle exercise , and localized skin tissue acidification (pH ≥ 6.0) causes pain in humans .

Tissue acidosis occurs therefore in a variety of pathological painful conditions, and ASIC subtypes expressed in nociceptive neurons have all the hallmarks of pain sensors. Several reviews have summarized the role of ASICs in the peripheral nervous system in nociception and also in proprioception . ASICs are highly sensitive to moderate acidifications, being for instance 10-fold more sensitive than the heat, capsaicin and proton-sensitive channel TRPV1 also expressed in peripheral sensory neurons. ASICs can generate sustained depolarizing currents upon prolonged tissue acidification compatible with the detection of non-adapting pain. Regulation of their activity by several pain-related mediators beside protons (inflammatory factors, neuropeptides, lipids, etc.) led to the notion of coincidence detectors, especially for ASIC3, associated with pain detection and peripheral sensitization processes in pathophysiological situations like inflammation or chronic pain .

It is important to note that ASICs in the pain pathways are expressed not only in sensory neurons but also in dorsal horn neurons of the spinal cord involved in pain processing as well as in the brain, where they could be involved in synaptic transmission and plasticity, activated by the acidification of the synaptic cleft after the co-release of the acidic content of neurotransmitter synaptic vesicles, in particular in the case of chronic pain situations leading to central sensitization processes. Homotrimeric ASIC1a and heterotrimeric ASIC1a/2a were found to be postsynaptic receptors activated in several brain structures in glutamatergic and GABAergic neurons, where they could generate 3-10% of the synaptic current, even 20% at GABAergic synapses, and be involved in diverse forms of synaptic plasticity . In the central nervous system, presynaptic or postsynaptic ASICs have thus been proposed to modulate learning and memory and to play a role in epilepsy and mood disorders as well as in neuronal damages associated with stroke and Alzheimer's disease .

Figure 1 .

 1 Figure 1. Structure of ASICs. (A) Trimeric organization of ASICs (left panel: side view, right panel: top view). (B) Tridimensional skeletal model of a single subunit where variable regions between isoforms "a" and "b" of rat ASIC1 and ASIC2 are highlighted in gold. (C) Structure of a single subunit of chicken ASIC1 in resting state (the different sub-domains are shown in specific colors; PDB ID: 6vtl). (D) Skeletal 3D representation of a functional channel formed by the assembly of three subunits. A transparent grey surface was added to one subunit to delineate the interface between two adjacent subunits. Same colors as in (C) for the different sub-domains, and key structural domains mentioned on the right. Cytoplasmic N-and C-termini, whose structures are unknown, are not shown. Designed with PyMOL software.

Figure 2 .

 2 Figure 2. Diversity of currents flowing through homo-and heterotrimeric cloned ASICs.Original current traces of rat heterologously expressed ASIC currents recorded from HEK293 cells depending on the composition in ASIC subunits, activated from pH 7.4 to the indicated test pH, at -60 mV. Homotrimeric channels result from the expression of only one type of ASIC subunit (indicated above each current), whereas heterotrimeric channels result from the co-expression of two different subunits (1:1 ratio in transfection). The corresponding current noted rASIC1b/1a, for example, results from the co-expression of rASIC1b and rASIC1a subunits.

Figure 3 .[

 3 Figure 3. pH-dependent gating mechanisms of ASICs and interaction with toxins. ASIC gating involves three conformational states. (A), high pH resting state, which is stabilized by the snake toxin mambalgin (major domains involved are indicated with the same color code as inFigure 1). (B), low pH open state, which is stabilized by the snake toxin MitTx and also partially by the spider toxin PcTx1. (C), low pH desensitized state also promoted by PcTx1. To illustrate the recovery process in (A), the deprotonation mechanism of only one acidic pocket is presented. Blue (A), green (B) and red (C) arrows show critical conformational changes during recovery, activation and desensitization processes, respectively. For clarity, only two subunits are shown.

Table 2 . Functional pH ranges of currents flowing through cloned rodent and human ASICs.
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		ACTIVATION		SSD	
	Cloned Channel	Test pH Threshold/max	pH	Conditioning pH Threshold/max	pH
	rASIC1a	7.0/5.5	6.4-5.8	7.4/6.8	7.3-7.1
	rASIC1b	6.4/5.6	6.3-5.7	7.3/6.6	7.0-6.5
	m/rASIC2a	6.0			

/3.0 5.0-3.8 7.0/4.5 6.3-5.6 m/rASIC3 7.2/5.5 6.8-6.3 7.4/6.8 7.2-7.0 rASIC1a/2a 6.3/4.5 5.6-4.8

  

			ACTIVATION			SSD	
	Cloned Channel		Test pH Threshold/max	pH		Conditioning pH Threshold/max	pH
	hASIC1a		6.8/6.0	6.6-6.3			7.0/6.7	7.2-6.9
	hASIC1b		6.5/5.5	5.9-5.7		6.7/6.4	[16] 6.5-6.1
	hASIC2a		6.8/3.5	5.7			6.0/4.7	5.5
	hASIC3a		7.0/5.5	6.6-6.2		7.0/7.9	7.7-7.5
	cASIC1		6.8/6.3	6.6		7.4/7.1	7.3
						0.5	
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	heterologously expressed in Xenopus oocytes or mammalian cell lines. The corresponding current
	noted rASIC1a/2a, for example, results from the co-expression of rASIC1a and rASIC2a subunits.
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	m/rASIC1a/2b		6.8/6.0	6.4-6.2	pw	7.4/7.1	7.3	p
	rASIC1a/1b			6.3-5.8	w	
	rASIC1a/3		7.0/5.5	6.7-6.3	rtw	7.0/6.8	7.1	t
	rASIC1b/3		6.6/5.9	6.7-6.2	tw	6.9/6.6	6.8	t
	rASIC1b/2a			4.9	w		
	rASIC2a/3		7.2/4.5	6.1-5.6	rw	
	m/rASIC2a/2b			4.8	bw	
	rASIC2b/3			6.5	w		
	m/rASIC1a/2a/3			6.4-5.1	rw	
	rASIC1a/2b/3			6.3	w		
	rASIC1b/2a/3			4.9	w