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Members of the leucine-rich repeat-containing 8 (LRRC8) protein family, composed of five LRRC8A-E isoforms, are pore-forming components of the volume-regulated anion channel (VRAC), which is activated by cell swelling and releases chloride ions (Cl−) or other osmolytes to counteract cell swelling. Although the LRRC8 protein family was identified as the molecular entity of VRAC only in 2014, due to recent advances in cryo-electron microscopy (cryo-EM), various LRRC8 structures, including homo-hexameric LRRC8A and LRRC8D structures, as well as inhibitor-bound and synthetic single-domain antibody-bound homo-hexameric LRRC8A structures, have been reported, thus extending our understanding of the molecular mechanisms of this protein family. In this review, we describe the important features of LRRC8 provided by these structures, particularly the overall architectures, and the suggested mechanisms underlying pore inhibition and allosteric modulation by targeting the intracellular leucine-rich repeat (LRR) domain.
Keywords: structural biology, cryo-EM, cell volume homeostasis, VRAC, LRRC8
INTRODUCTION
Maintenance of cell volume is a fundamental process for proper cell functions. Various membrane channels and transporters that are activated by cell swelling or cell shrinkage are associated with this process (Hoffmann et al., 2009). Among them, the volume-regulated anion channel (VRAC) is a particular type of anion channel (Jentsch, 2016). VRAC is activated by cell swelling and mediates the transport of Cl− and small organic compounds that can serve as osmolytes. The VRAC-mediated transport of ions and osmolytes leads to water efflux and thereby returns the cell volume back to normal, a process that is called regulatory volume decrease (RVD) (Okada et al., 2019). In various eukaryotic cells including HEK293 cells, HeLa cells, and HCT116 cells, the VRAC-mediated currents are inhibited by the VRAC inhibitor DCPIB {4-[(2-Butyl-6,7-dichloro-2-cyclopentyl-2,3-dihydro-1-oxo-1H-inden-5-yl)oxy]butanoic acid} (Decher et al., 2001; Sato-Numata et al., 2016; Yamada et al., 2021). The existence of VRAC in human T lymphocytes and human intestinal epithelial cells was proposed in the 1980s (Nilius et al., 1997). Subsequent studies revealed various biophysical characteristics of VRAC, including high anion selectivity, weak outward rectification, permeability to organic osmolytes, and modulation by intracellular ATP (Pedersen et al., 2016; König and Stauber, 2019). However, despite extensive studies over the past decades, the molecular entity of VRAC had not been identified until recently mainly due to its ubiquitous expression and complex biophysical properties.
In 2014, using the high-throughput siRNA screening strategy combined with a halide-sensitive YFP, two independent groups found that leucine-rich repeat-containing 8A (LRRC8A), a mutation in which was found in a patient lacking B cells in peripheral blood (Sawada et al., 2003), is an essential component of VRAC (Qiu et al., 2014; Voss et al., 2014). LRRC8A is a member of the LRRC8 protein family composed of five LRRC8A-E isoforms. The LRRC8 protein family was thought to have a membrane topology similar to that of pannexin, connexin, and innexin (Abascal and Zardoya, 2012). These channels are permeable to small ions (e.g., Na+, K+, Ca2+, and Cl−) as well as larger molecules (e.g., ATP) (Ma et al., 2016; Chiu et al., 2018), and it has recently proposed that they should be classified as large-pore channels (Syrjanen et al., 2021) [Structural and functional comparisons between LRRC8 and other large-pore channels are well-summarized in a recent review (Syrjanen et al., 2021).] Hetero-hexameric assembly of LRRC8A and at least one other LRRC8 isoform is needed for the formation of a functional VRAC under physiological conditions (Voss et al., 2014; Syeda et al., 2016). The combination of LRRC8A and other LRRC8 isoforms determines the biophysical properties of VRAC including open probability (Syeda et al., 2016), gating kinetics (Voss et al., 2014; Ullrich et al., 2016), and substrate specificity (Planells-Cases et al., 2015; Gaitán-Peñas et al., 2016; Lutter et al., 2017; Schober et al., 2017; Lahey et al., 2020). In contrast, the LRRC8A homo-hexamer still retains channel activity in LRRC8−/− HEK293 cells (Deneka et al., 2018; Yamada et al., 2021) and in lipid-embedded conditions (Syeda et al., 2016; Kasuya et al., 2018), although the LRRC8A homomer is not observed under physiological conditions.
Identification of LRRC8 as the molecular entity of VRAC has also accelerated our understanding of the physiological and medical aspects of the LRRC8-mediated VRAC current (Osei-Owusu et al., 2018; Chen et al., 2019; Figueroa and Denton, 2022). For example, the LRRC8-mediated VRAC current is implicated in adipocyte development (Zhang et al., 2017), insulin secretion (Zhang et al., 2017; Kang et al., 2018; Stuhlmann et al., 2018; Gunasekar et al., 2022), and sperm development (Bao et al., 2018; Lück et al., 2018). VRAC in hippocampal astrocytes transports glutamates to regulate synaptic transmission and neuronal excitability (Yang et al., 2019). VRAC containing the LRRC8D isoform transports platinum-containing drugs, such as cisplatin and carboplatin, and thus is implicated in tumor drug resistance (Planells-Cases et al., 2015). VRAC containing LRRC8C and/or LRRC8E isoforms in macrophages transports an immunotransmitter, 2′3′cyclic-GMP-AMP (cGAMP), to regulate the stimulator of interferon genes (STING) pathway and the production of type I interferons (Lahey et al., 2020; Zhou et al., 2020). VRAC containing the LRRC8C isoform expressed in T cells transports cGAMP to regulate activation of the STING-p53 signaling pathway (Concepcion et al., 2022). These findings suggest that the LRRC8 protein family can be a potential therapeutic target for various diseases such as obesity, diabetes, and stroke.
The emergence of single-particle cryo-electron microscopy (cryo-EM) as a powerful tool for the structural determination of proteins had a great impact on the field of structural biology (Cao et al., 2013; Liao et al., 2013; Cheng, 2018). Due to recent advances in cryo-EM, the first structure of LRRC8 was reported in 2018, only 4 years after the identification of LRRC8 as the molecular entity of VRAC (Deneka et al., 2018). Since then, six studies reported the LRRC8 structures to date (Kasuya et al., 2018; Kefauver et al., 2018; Kern et al., 2019; Nakamura et al., 2020; Deneka et al., 2021; Gunasekar et al., 2022). In this review, we describe the structural and functional features of the LRRC8 protein family that were elucidated by those studies and discuss the possible directions of further research in this field.
Structure Determination
In 2018, the first overall structures of the LRRC8 protein family, mouse LRRC8A homo-hexamer (MmLRRC8A; “Mm” referring to Mus musculus) in detergent and low-resolution MmLRRC8A/8C hetero-hexamer in detergent, were determined by cryo-EM (Deneka et al., 2018) (Figures 1A–C). That paper also showed the intracellular LRR region structure of MmLRRC8A determined by X-ray crystallography (Deneka et al., 2018). Soon after publication of that paper, two overall structures of the human LRRC8A homo-hexamer (HsLRRC8A; “Hs” referring to Homo sapiens) in detergents were determined by cryo-EM (Kasuya et al., 2018; Kefauver et al., 2018). These MmLRRC8A and HsLRRC8A homo-hexamer structures revealed the overall architecture, ion permeation pathway, and selectivity filter. In 2019, the transmembrane (TM) region structures of DCPIB-bound and apo MmLRRC8A homo-hexamer in nanodiscs were determined by cryo-EM (Kern et al., 2019). Nanodiscs are self-assembling lipid bilayers that are stabilized by membrane scaffold proteins (MSP) (Ritchie et al., 2009; Autzen et al., 2019). The DCPIB-bound MmLRRC8A homo-hexamer structure revealed the binding sites of DCPIB and provided a possible DCPIB inhibition mechanism. In 2020, the overall structure of HsLRRC8D homo-hexamer in detergents was determined by cryo-EM (Nakamura et al., 2020), revealing the N-terminal helix involved in ion permeation. In 2021, the overall structures of MmLRRC8A homo-hexamer in complex with five different sybodies were determined by cryo-EM (Deneka et al., 2021). Sybodies are synthetic single-domain antibodies that bind to specific regions of target proteins (Zimmermann et al., 2018). These sybody-bound MmLRRC8A structures provided mechanistic insights into the allosteric modulation in the intracellular leucine-rich repeat (LRR) region. In 2022, the TM region structures of MmLRRC8A homo-hexamer in nanodiscs in complex with SN-407, a DCPIB analog, were determined by cryo-EM (Gunasekar et al., 2022). The DCPIB analog-bound MmLRRC8A homo-hexamer structures provided the structural basis for optimizing chemical compounds targeting the channel pore of LRRC8. The structures of LRRC8 that have been reported to date are listed in Table 1.
[image: Figure 1]FIGURE 1 | Overall structure and subunit interactions of LRRC8. (A) Overall structure of the MmLRRC8A hexamer in detergent (PDB: 6G9O) (Deneka et al., 2018), viewed parallel to the membrane (left) and from the extracellular (middle) and intracellular (right) sides (B) Tight (left) and loose (right) subunit interfaces between the three neighboring subunits of the MmLRRC8A hexamer in detergent (PDB: 6G9O) (Deneka et al., 2018) (C,D) Two diagonal subunits of the MmLRRC8A hexamer in detergent (PDB: 6G9O) (Deneka et al., 2018) (C) and the HsLRRC8D hexamer in detergent (PDB: 6M04) (Nakamura et al., 2020) (D). According to the previously proposed nomenclature (Kasuya et al., 2018; Nakamura et al., 2020), each region is colored as follows: NTH, N-terminal helix, gray; TM1, purple; EL1, blue; TM2, light blue; IL1, cyan; TM3, green; EL2, light green; TM4, yellow; IL2, orange; LRRNT, leucine-rich repeat N-terminal, red; LRR1–16, pink; and LRRCT, brown. The N and C termini are indicated by ‘N’ and ‘C’, respectively (E) Schematic representation of the LRRC8 membrane topology, colored as in (C,D). The dotted lines indicate the disordered linkers. Figures prepared with CueMol (http://www.cuemol.org/).
TABLE 1 | Structures of LRRC8 reported to date
[image: Table 1]Overall Architecture
The overall architecture and subunit folding are the same in all of the LRRC8 structures that have been determined (Deneka et al., 2021, 2018; Gunasekar et al., 2022; Kasuya et al., 2018; Kefauver et al., 2018; Kern et al., 2019; Nakamura et al., 2020). The overall architecture of LRRC8 assembles into a hexamer (Figure 1A). The subunit consists of four regions: extracellular region, TM region, intracellular region, and LRR region (Figures 1C–E). The extracellular, TM, and intracellular regions are in the N-terminal half of the subunit, while the LRR region is in the C-terminal half of the subunit. The extracellular region protrudes above the cell membrane and forms the channel pore with the TM and intracellular regions. The extracellular region consists of two extracellular loops (EL1 and EL2). EL1 possesses one α-helix (EL1H) and one β-strand (EL1β), while EL2 possesses two β-strands (EL2β1 and EL2β2). EL1 is longer and more variable than EL2 among the LRRC8 isoforms. The TM region consists of four transmembrane helices (TM1-4). TM1 and TM2 are connected by EL1 of the extracellular region, and TM2 and TM3 are connected by the intracellular loop (IL1) of the intracellular region. IL2 in the intracellular region connects TM4 and the LRR region. IL1 possesses three α-helices (IL1H1, IL1H2, and IL1H3), while IL2 possesses four α-helices (IL2H1, IL2H2, IL2H3, and IL2H4). The LRR region consists of the leucine-rich repeat N-terminal helix (LRRNT), up to 16 leucine-rich repeats (LRR1-16), and the leucine-rich repeat C-terminal helix (LRRCT). In all determined LRRC8 structures, the EL1 loop between EL1H and EL1β as well as the IL1 loop between IL1H2 and IL1H3 contain disordered regions, suggesting that these loops have conformational flexibility. In the structure of the HsLRRC8D hexamer, an additional N-terminal helix (NTH) formed by the N-terminal residues preceding TM1 is observed (Nakamura et al., 2020) (Figures 1D,E). One thing to note is that in most of the determined LRRC8 structures, while the extracellular and TM regions are sufficiently well resolved to place models, the other regions are not. Another thing to note is that since 3D reconstruction of protein structures by cryo-EM is generally achieved by using a fraction of the collected protein particles, it is difficult to exclude the possibility that the unused fractions contain other biologically important features, such as oligomeric symmetry or stoichiometry. Therefore, the readers need to take account of the resolution of each region and workflow of 3D reconstruction when evaluating the descriptions in each report.
The extracellular, TM, and intracellular regions have six-fold or three-fold (pseudo six-fold) symmetry in the LRRC8A structures (Deneka et al., 2018, Deneka et al., 2021; Kasuya et al., 2018; Kefauver et al., 2018; Kern et al., 2019; Gunasekar et al., 2022) and two-fold (pseudo six-fold) symmetry in the LRRC8D structure (Nakamura et al., 2020). In contrast, the symmetry of the LRR region is variable, suggesting its conformational flexibility. While the LRR region has three-fold symmetry in the structures of MmLRRC8A in detergent (Deneka et al., 2018) and HsLRRC8A in detergent (Kasuya et al., 2018; Kefauver et al., 2018), it has two-fold symmetry in the structure of HsLRRC8D in detergent (Nakamura et al., 2020). The LRR region is not resolved well in the structures of MmLRRC8A in nanodiscs (Kern et al., 2019; Gunasekar et al., 2022). As a result of the structural difference in the LRR region, there are two manners of interactions observed at the interfaces between the subunits, termed “tight” interaction and “loose” interaction (Figure 1B). For example, α and β subunits form a “tight” interaction, while β and γ subunits form a “loose” interaction. However, how these differences in interaction manners influence channel function is currently unknown.
Features for Ion Permeation
The channel pore of LRRC8 is located along the central axis. It is mainly formed by the EL1H helix in the extracellular region, the TM1 helix in the TM region, and the IL1H1 and IL1H3 helices in the intracellular region (Deneka et al., 2021, Deneka et al., 2018; Kasuya et al., 2018; Kefauver et al., 2018; Kern et al., 2019; Nakamura et al., 2020; Gunasekar et al., 2022) (Figure 2). These residues are mainly hydrophilic and positively charged, enabling anion permeation. A previous electrophysiological study demonstrated that the T44 residue of LRRC8A is involved in ion permeation (Syeda et al., 2016). In the LRRC8A structures, the T44 residue is located on TM1 and faces the channel pore (Deneka et al., 2018, Deneka et al., 2021; Kasuya et al., 2018; Kefauver et al., 2018; Kern et al., 2019; Gunasekar et al., 2022). The diameters of the pore are about 6.3–11.5 Å on the extracellular side, and the pore widens as it goes down to the TM region and then narrows to about 15.6–25.1 Å on the intracellular side (Figures 2B–E). The most constricted site at the extracellular side is formed by the side chains of Arg103 residues in LRRC8A and those of Phe143 residues in LRRC8D. These residues are located at the N-terminal tip of the EL1H helix (Figure 2). As a result of these differences in amino acid residues, the most constricted sites in the LRRC8A homo-hexamer structures are narrower than that in the LRRC8D homo-hexamer structure (Figures 2B–E). Importantly, the R103 residue is only conserved in LRRC8A and LRRC8B among the LRRC8 isoforms (Figure 2A). Although the LRRC8A/8B hetero-hexamer can form a functional VRAC in HCT116 cells, how the LRRC8B isoform is involved in the native VRAC is currently unknown. Therefore, considering that LRRC8A and at least one other LRRC8 isoform assemble into hetero-hexamers, the inclusion of the LRRC8C, LRRC8D, and/or LRRC8E isoforms into VRAC may change the pore diameter and pore polarity at the most constricted site and thereby affect the permeability of VRAC substrates (Figures 2B–E).
[image: Figure 2]FIGURE 2 | Ion channel pore. (A) Sequence alignment around the ion channel pore of LRRC8 isoforms. Amino acid sequences were aligned using Clustal Omega (Sievers et al., 2011) and are shown using ESPript3 (Robert and Gouet, 2014). The secondary structure elements and the colors of the domains from the MmLRRC8A hexamer in detergent (PDB: 6G9O) (Deneka et al., 2018) are labeled above the alignments. The amino acid residue involved in the pore constriction on the extracellular side is highlighted with an orange dot and those involved in the NTH formation in HsLRRC8D (Nakamura et al., 2020) are highlighted with gray dots. For the sequence alignment, the following LRRC8 isoforms were used: mouse (MmLRRC8A, NCBI Reference sequence number: NP_808,393.1) and human (HsLRRC8A, NP_062,540.2; HsLRRC8B, NP_056,165.1; HsLRRC8C, NP_115,646.3; HsLRRC8D, NP_060,573.2; HsLRRC8E, NP_079,337.2) (B–E) Close-up views of the channel pore-forming regions of MmLRRC8A in detergent (PDB: 6G9O) (Deneka et al., 2018) (B), apo MmLRRC8A in MSP2N2 nanodiscs (PDB: 6O00) (Kern et al., 2019) (C), DCPIB-bound, constricted MmLRRC8A in MSP1E3D1 nanodiscs (PDB: 6NZW) (Kern et al., 2019) (D), and HsLRRC8D in detergent (PDB: 6M04) (Nakamura et al., 2020) (E). Only two diagonal subunits viewed parallel to the membrane are shown for clarity. The side chains of the pore-lining amino acid residues are depicted in stick representations. The distances between the atoms in PDB coordinates involved in the pore constrictions are shown.
In the HsLRRC8D structure, an additional NTH helix is formed by the Ala5 to Asn11 residues at the N-terminal region (Nakamura et al., 2020) (Figures 2A,E). The NTH helix enters the channel pore from the intracellular side and lines the channel pore as in the case of other large-pore channels (Syrjanen et al., 2021). The importance of the N-terminal region is supported by the results of previous electrophysiological studies showing that the N-terminal region affects the biophysical properties of VRAC including conductance, ion permeability, and gating kinetics (Kefauver et al., 2018; Zhou et al., 2018).
It is notable that a recent electrophysiological study in which the functional property of the LRRC8A homo-hexamer was assessed suggested that these LRRC8A homo-hexameric structures should be used with caution as structure-based guides for mutagenesis studies (Yamada et al., 2021). That study showed that while the native VRAC and LRRC8A/8C hetero-hexamer are activated by either cell swelling or low intracellular µ or both but that the LRRC8A homo-hexamer is only activated by cell swelling under the condition of low intracellular µ. These differences suggest that the LRRC8A homo-hexamer forms a conformation with impaired sensing of cell volume or low intracellular µ or both.
Pore Inhibition
The structure of the DCPIB-bound MmLRRC8A homo-hexamer in nanodiscs revealed the DCPIB binding mode (Kern et al., 2019) (Figures 3A–E). DCPIB is positioned at the most constricted site in the extracellular region and is oriented vertically to the membrane. DCPIB is recognized by the side chains of the positively charged Arg103 residues through its carboxylic acid end. In contrast, the bulky hydrophobic end of DCPIB seems to be too large to pass the most constricted site formed by the side chains of Arg103 residues (Figures 3A–C). A structural comparison between the DCPIB-bound and apo MmLRRC8A homo-hexamers in nanodiscs showed that both structures are superimposed well (Figure 3D). Accordingly, these results suggest that the DCPIB molecule acts as a cork to plug the most constricted site from outside and that the DCPIB binding to the channel pore seems to have little effect on the overall conformation. Very recently determined structures of the MmLRRC8A homo-hexamer in nanodiscs in complex with SN-407 further support the DCPIB-dependent inhibition mechanism suggested by the structure of the DCPIB-bound MmLRRC8A homo-hexamer (Gunasekar et al., 2022). SN-407 is one of the DCPIB analogs that have been designed and synthesized according to the structure of the DCPIB-bound MmLRRC8A homo-hexamer (Kern et al., 2019). Compared to DCPIB, SN-407 has a longer carbon chain between the carboxylic acid and the bulky hydrophobic end, and it functions as a more potent inhibitor for the native VRAC in HEK293 cells (Gunasekar et al., 2022) (Figure 3E). While the SN-407 densities are not clear, there were two binding manners of SN-407, termed “vertical” and “tilted” forms, at the most constricted site in the extracellular region (Figures 3F,G). In the vertical form, SN-407 is oriented vertical to the membrane and is recognized by the side chains of Arg103 residues through its carboxylic acid end, as in the case of DCPIB (Kern et al., 2019) (Figure 3F). In the tilted form, the carboxylic acid end of SN-407 is recognized by the side chains of Arg103 residues, as in the case of the vertical form (Figures 3F,G). However, in addition, the bulky hydrophobic end of SN-407 tilts away from the central axis and is recognized by the hydrophobic interface between two neighboring subunits (Figure 3G). This additional hydrophobic interaction may explain the higher inhibitory activity of SN-407 than that of DCPIB. A recent electrophysiological study showed that the inhibitory activity of DCPIB on the LRRC8A homo-hexamer is much weaker than that on the native VRAC (Yamada et al., 2021), suggesting that the DCPIB binding mode observed in the structure of the DCPIB-bound MmLRRC8A homo-hexamer in nanodiscs may not represent the binding mode in the native VRAC. In addition, while studies using animal models suggested that DCPIB has a potential as a therapeutic agent for the treatment of obesity, diabetes, and stroke (Zhang et al., 2008; Gunasekar et al., 2022), there are significant challenges to overcome. For example, it seems that DCPIB cannot cross the blood-brain barrier (BBB) (Zhang et al., 2008). Moreover, DCPIB is not just a specific VRAC inhibitor. At concentrations used to inhibit VRAC, various studies suggested that it regulates other membrane proteins including glutamate transporter GLT-1 (Bowens et al., 2013), Connexin 43 (Cx43) (Bowens et al., 2013), gastric H+,K+-ATPase (Fujii et al., 2015), components of mitochondrial electron transport chains (Afzal et al., 2019), K2P K+ channels (Minieri et al., 2013; Lv et al., 2019), inward rectifying K+ (Kir) channels (Deng et al., 2016), and BK K+ channel (Zuccolini et al., 2022). Nevertheless, this successful result of the structure-based approach to design DCPIB analogs suggests that further potent inhibitors targeting the native VRAC pore can be designed using the SN-407- and DCPIB-bound MmLRRC8A homo-hexamer structures in the future.
[image: Figure 3]FIGURE 3 | Pore inhibition. (A–C) Overall (A) and close-up (B,C) views of the DCPIB binding site of DCPIB-bound, constricted MmLRRC8A in MSP1E3D1 nanodiscs (PDB: 6NZW) (Kern et al., 2019). The DCPIB molecule and side chains of R103 residues are depicted in stick representations. In (A,B) only two diagonal subunits viewed parallel to the membrane are shown for clarity. In (C), all six subunits viewed from the extracellular side are shown. (D) Superimposition of DCPIB-bound, constricted MmLRRC8A in MSP1E3D1 nanodiscs (PDB: 6NZW) (Kern et al., 2019) (blue) and apo MmLRRC8A in MSP2N2 nanodiscs (PDB: 6O00) (Kern et al., 2019) (orange), using the Cα atoms (residues Pro15-Asn408) of the subunits. The root mean square deviation (RMSD) value is 0.50 Å for 303 Cα atoms. (E) Chemical structures of DCPIB and SN-407. (F) Close-up view of the SN-407 binding site of SN-407-bound MmLRRC8A in MSP1E3D1 nanodiscs (vertical form) (PDB: 7M17) (Gunasekar et al., 2022) (left). Superimposition of SN-407-bound MmLRRC8A in MSP1E3D1 nanodiscs (vertical form) (PDB: 7M17) (Gunasekar et al., 2022) and DCPIB-bound, constricted MmLRRC8A in MSP1E3D1 nanodiscs (PDB: 6NZW) (Kern et al., 2019) (right). (G) Close-up view of the SN-407 binding site of SN-407-bound MmLRRC8A in MSP1E3D1 nanodiscs (tilted form) (PDB: 7M19) (Gunasekar et al., 2022) (left). Superimposition of SN-407-bound MmLRRC8A in MSP1E3D1 nanodiscs (tilted form) (PDB: 7M19) (Gunasekar et al., 2022) and DCPIB-bound, constricted MmLRRC8A in MSP1E3D1 nanodiscs (PDB: 6NZW) (Kern et al., 2019) (right).
Allosteric Modulation by Targeting Leucine-Rich Repeat
Binders that fix target proteins on specific conformations are powerful tools for basic biology and drug discovery. The synthetic single domain antibody (sybody) is a recently developed synthetic antibody that is engineered on the basis of prototypical camelid nanobody structures and has randomized amino-acid residues in all of the three complementarity-determining regions (CDR) (Figure 4A) (Zimmermann et al., 2018). Consequently, the sybody library, which contains about ∼1012 sybodies, is an in vitro selection platform for specific binders against membrane proteins of interest. Using the sybody library, Deneka et al. (Deneka et al., 2021) identified five sybodies, termed Sb1 to Sb5, that form stable complexes with the LRR region of MmLRRC8A but not with the LRR regions of MmLRRC8C and MmLRRC8D (Figure 4A). When expressed in the cytoplasm of HEK 293 cells, while Sb1, Sb2, and Sb3 inhibited the native VRAC currents, Sb4 and Sb5 increased the currents by about 50% compared to WT. These results demonstrated that, Sb1, Sb2, and Sb3 function as allosteric inhibitors to MmLRRC8A, whreas Sb4 and Sb5 function as allosteric activators (Figure 4B). Deneka et al. (Deneka et al., 2021) determined the structures of the MmLRRC8A homo-hexamer in complex with each sybody (Figures 4C–M). In all of the sybody-bound structures, the overall architecture of MmLRRC8A has three-fold symmetry, being consistent with the structures of MmLRRC8A in detergent (Deneka et al., 2018) and HsLRRC8A in detergent (Kasuya et al., 2018; Kefauver et al., 2018). In contrast, the sybodies showed different binding manners. In the complexes with Sb1, Sb2, and Sb3, each sybody interacts with the individual MmLRRC8A subunit on the convex side of LRR with a stoichiometry of 1:1 LRRC8A:sybody (Figures 4C–E, H–J). Sb1 recognizes the LRR region on repeats 8–11. Sb2 and Sb3 recognize the same epitopes of the LRR region on repeats 3–6, which is closer to the TM region than Sb1 (Figure 4M). In the complexes with Sb4 and Sb5, each sybody interacts with the individual MmLRRC8A subunit on the edge between the flat face and the concave inside of LRR with a stoichiometry of 2:1 LRRC8A:sybody (Figures 4F,G,K,L). Sb4 recognizes the LRR region on repeats 2–14 and Sb5 recognizes the LRR region on repeats 2–7 (Figure 4M). A Förster resonance energy transfer (FRET) study using C-terminally CFP and YFP-fused HsLRRC8A subunits suggested that the VRAC activation induces a conformational change of the LRR region (König et al., 2019). In addition, an electrophysiological study demonstrated that the C-terminally Venus-fused HsLRRC8A and mCherry-fused HsLRRC8E expressed in Xenopus oocytes have increased activities, compared to the unfused counterparts (Gaitán-Peñas et al., 2018, Gaitán-Peñas et al., 2016). Considering these observations in FRET and electrophysiological studies, the sybody binding to the LRR region may affect the conformational mobility of the LRR region and thereby alter the channel activity, although further analyses are required to understand the precise effect of each sybody.
[image: Figure 4]FIGURE 4 | Modulation of the LRR region. (A) Sequence alignment of the five sybodies screened by Deneka et al.(Deneka et al., 2021). The secondary structure elements from Sb1 (PDB: 7P5V) (Deneka et al., 2021) and their complementarity-determining regions (CDR) are labeled above the alignments (B) Summary of the kinetic and dissociation constants as well as functional roles on the native VRAC current in each sybody. The kinetic and dissociation constants were the average of two independent biological replicates obtained by surface plasmon resonance spectroscopy (SPR). For Sb4, the average Kon and Koff values were not obtained due to missing data from a replicate. For detailed information, see Table 1 in Deneka et al. (Deneka et al., 2021) (C–G) Overall structure of the MmLRRC8A hexamer in complex with each sybody, viewed from the intracellular side (upper) and parallel to the membrane (lower). Each sybody is shown as the surface model and is colored as follows: Sb1, dark purple; Sb2, dark red; Sb3, dark green; Sb4, dark khaki; and Sb5, dark turquoise blue (H–L) Close-up views of the interaction between LRR and each sybody. In (H–J), two neighboring LRR domains in complex with each sybody at the tight interface are shown. In (K,L) two neighboring LRR domains in complex with each sybody at the loose interface are shown (M) Superimposition of each sybody on an LRR domain. Sb2 to Sb5 are superimposed on LRR of the LRR-Sb1 complex using each LRR domain of Sb2 to Sb5. In the right and left panels, LRR numbers are labeled.
CONCLUSION AND PERSPECTIVES
In this review, we summarized the recent advances in structural biology of the LRRC8 family, the pore-forming component of VRAC. Although the summarized structural studies have greatly extended our understanding of the molecular mechanisms of this protein family, there are still various questions to be answered. In terms of biophysical properties of LRRC8, the precise stoichiometry and subunit arrangement are important questions, which may be answered by structural biology methods. Although the stoichiometry of LRRC8 isoforms forming VRAC is known to determine the biophysical properties of VRAC including open probability (Syeda et al., 2016), gating kinetics (Voss et al., 2014; Ullrich et al., 2016), and substrate specificity (Planells-Cases et al., 2015; Gaitán-Peñas et al., 2016; Lutter et al., 2017; Schober et al., 2017; Lahey et al., 2020), the precise stoichiometry and subunit arrangement of LRRC8 isoforms forming the native VRAC are currently unknown. Moreover, previous immunoblotting and efflux studies suggested that the incorporation of only one LRRC8A subunit into a hetero-hexamer is sufficient for the formation of a functional VRAC (Pervaiz et al., 2019) and that a functional VRAC hetero-hexamer may contain three or more LRRC8 isoforms (Lutter et al., 2017). For this question, structure determination of native LRRC8 proteins isolated from animal origins by using specific binders (e.g., Fab, scFv, and Sybody) may be one of the effective approaches, as in the case of the structure determination of native AMPA receptors from the rat brain (Zhao et al., 2019) and mouse brain (Yu et al., 2021) as well as the native glycine receptor from pig spinal cord and brainstem (Zhu and Gouaux, 2021). Another important question is the gating mechanism. For example, while VRAC activity has been shown to be modulated by low intracellular µ (Chen et al., 2019; Strange et al., 2019), a recent FRET study suggested that VRAC activity is not modulated by intracellular µ change but rather by diacylglycerol (DAG)-dependent protein kinase D (PKD) activity in the cellular environment (König et al., 2019). For this discrepancy regarding the gating mechanism, structure determination of LRRC8 embedded in liposomes under the conditions of similar lipid compositions to those found in cell membranes and mimicking cell swelling or cell shrinkage may be one of the effective approaches. The structure determination of a membrane protein embedded in liposomes was achieved in the case of the well-studied multidrug-resistant transporter AcrB (Yao et al., 2020).
In contrast, there are several questions that seem to be difficult for structural biology methods to answer. For example, we previously determined the structure of the HsLRRC8D homo-hexamer (Nakamura et al., 2020) in an attempt to reveal the mechanisms underlying LRRC8D-dependent VRAC activity such as selective transports of uncharged osmolytes (Lutter et al., 2017) and platinum-containing drugs (Planells-Cases et al., 2015). However, it mostly did not go well since the extracellular and intracellular regions, especially the EL1 and IL1 loops, were not resolved in the HsLRRC8D structure (Nakamura et al., 2020). Notably, these loops are highly variable among the LRRC8 isoforms (Abascal and Zardoya, 2012) and a previous electrophysiological study using chimeric homo-hexamer constructs, in which IL1 or EL1 was replaced with the corresponding sequence of other isoforms, suggested that these loops are important for the biophysical properties of VRAC including substrate permeability, rectification, and voltage sensitivity as well as the subunit-subunit interactions (Yamada and Strange, 2018). Considering that the EL1 and IL1 loops are also not resolved in the MmLRRC8A (Deneka et al., 2018) and HsLRRC8A (Kasuya et al., 2018; Kefauver et al., 2018) structures, it seems to be difficult to resolve these loops in detail by structural biology methods.
Overall, considering that the physiological and medical importance of LRRC8 has been gradually revealed in recent years, additional structures and structure-based functional analyses of LRRC8 are necessary to extend our understanding of the molecular mechanisms of this protein family.
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Vanilloid-subfamily TRP channels TRPV1-6 play important roles in various physiological processes and are implicated in numerous human diseases. Advances in structural biology, particularly the “resolution revolution” in cryo-EM, have led to breakthroughs in molecular characterization of TRPV channels. Structures with continuously improving resolution uncover atomic details of TRPV channel interactions with small molecules and protein-binding partners. Here, we provide a classification of structurally characterized binding sites in TRPV channels and discuss the progress that has been made by structural biology combined with mutagenesis, functional recordings, and molecular dynamics simulations toward understanding of the molecular mechanisms of ligand action. Given the similarity in structural architecture of TRP channels, 16 unique sites identified in TRPV channels may be shared between TRP channel subfamilies, although the chemical identity of a particular ligand will likely depend on the local amino-acid composition. The characterized binding sites and molecular mechanisms of ligand action create a diversity of druggable targets to aid in the design of new molecules for tuning TRP channel function in disease conditions.
Keywords: TRP channels, ligand, agonist, inhibitor, antagonist, blocker, cryo-EM, X-ray crystallography
INTRODUCTION
Transient receptor potential (TRP) channels are regulated by a broad range of stimuli, including chemicals, temperature, mechanical stress, and membrane voltage, and are directly involved in sensory perception such as thermal perception, nociception, taste, olfaction, vision, hearing, and touch (Clapham, 2003). TRP channels are implicated in the pathogenesis of numerous human diseases, including various types of cancer, asthma, hypertension, osteoporosis, pancreatitis, cystitis, allergy, psoriasis, taste dysfunction, neuropathic and inflammatory pain, stroke, migraine, neurodegenerative disorders, and schizophrenia, and represent important drug targets (Nilius et al., 2007; Moran et al., 2011; Arbabian et al., 2020). This superfamily of cation-selective ion channels includes seven subfamilies: TRPV (vanilloid), TRPC (canonical), TRPM (melastatin), TRPN (NOMPC-like), TRPA (ankyrin), TRPP (polycystic), and TRPML (mucolipin). The TRPV subfamily contains six members, TRPV1-6. TRPV1 represents the founding member of the TRP channel superfamily, being the first mammalian TRP channel to be cloned (Caterina et al., 1997) and the first TRP channel to be resolved structurally (Cao et al., 2013; Liao et al., 2013). The first four members of the TRPV subfamily, TRPV1-4, represent temperature-activated TRP channels or thermo-TRPs (Islas, 2014; Voets, 2014; Arrigoni and Minor, 2018; Castillo et al., 2018; Lamas et al., 2019; Yuan, 2019). All thermo-TRPVs are activated by heat but in different temperature ranges, from warm for TRPV4 (>27°C) (Güler et al., 2002) and TRPV3 (>31°C) (Peier et al., 2002; Smith et al., 2002; Xu et al., 2002) to noxiously hot for TRPV1 (>43°C) (Caterina et al., 1997) and TRPV2 (>52°C) (Caterina et al., 1999). TRPV5 and TRPV6 are not activated by temperature. Instead, they are highly calcium-selective, representing calcium uptake channels in epithelial tissues (Hoenderop et al., 1999; Peng et al., 1999; Yelshanskaya et al., 2021; Khattar et al., 2022). Despite diverse contributions of TRPV subfamily members to physiology and disease, they share structural architecture, which in turn determines common ligand-binding sites for pharmacological interventions.
TRPV Channel Structural Architecture
Four 700 to 970 residue-long TRPV channel subunits assemble a four-fold symmetrical tetramer that includes two main compartments: a transmembrane domain (TMD) with a central ion channel pore and an intracellular skirt in which ankyrin repeat domains (ARDs) of four subunits connected by three-stranded β-sheets comprise walls enclosing a wide cavity underneath the ion channel (Figures 1A,B). TRPV1 also includes an extracellular cap or turret that forms a dome above the pore’s extracellular entrance, with four portals leading to the ion conductance pathway and is critical for channel function (Grandl et al., 2010; Yang et al., 2010; Nadezhdin et al., 2021a).
[image: Figure 1]FIGURE 1 | Vanilloid-subfamily TRP channel architecture and mapping of binding sites. (A–B) Side (A) and top (B) views of the TRPV1 tetramer (PDB ID: 7LQY) with each subunit shown in a different color. (C) Domain organization diagram of TRPV subunit. The N-terminal helix (red) is only present in TRPV5 and TRPV6. (D) Structure of the TRPV1 subunit with domains colored as in (C). (E)–(F) Side (E) and top (F) views of the TRPV1 tetramer (gray) with 16 unique binding sites mapped by differently colored ligands.
Each individual TRPV subunit (Figures 1C, D) has peripheral regions of N- and C-termini that are not resolved in crystal or cryo-EM structures and are likely disordered. The most N-terminally structured region in TRPV1-4 is the ARD. In TRPV5-6, the ARD is preceded by an additional structural element, the N-terminal helix, which is important for the assembly of these channels (Saotome et al., 2016). The ARD of TRPV channels contains six ankyrin repeats and is followed by the ARD-TMD linker domain that includes a β-hairpin (composed of β-strands, β1 and β2) and a helix-turn-helix motif (composed of linker helices, LH1 and LH2), resembling a seventh ankyrin repeat. The last C-terminal part of the ARD-TMD linker domain, the pre-S1 helix, connects this domain to the TMD, which crudely resembles the TMDs in voltage-gated potassium (Long et al., 2005; Long et al., 2007), sodium (Payandeh et al., 2011; Shen et al., 2017), and calcium (Wu et al., 2015) channels and includes six transmembrane helices (S1-S6) and a pore loop (P-loop) between S5 and S6. The first four transmembrane helices form a bundle to comprise the S1-S4 domain. In voltage-gated ion channels, the S1-S4 domain plays the role of a voltage sensor, in which positively charged arginine or lysine residues of S4 move relative to the membrane plane during activation and deactivation of these channels. In TRPV channels, S4 does not contain positively charged residues, thus explaining why these channels are not activated by membrane voltage.
S5, P-loop, and S6 comprise the pore domain. The pore domains of all four TRPV subunits assemble together in a four-fold symmetrical manner to form an ion conduction pathway or pore in the middle that connects two sides of the membrane, with the outside entry facing an extracellular vestibule and the cytoplasmic side entry facing the intracellular cavity. The extended region of each subunit re-entrant P-loop lines the extracellular part of the pore and contributes to a selectivity filter, which determines channel permeability and ion selectivity. The intracellular part of the pore is lined by the S6 helices with the narrow part of their bundle forming the gate. Between the gate and the selectivity filter is the pore’s central cavity, which is connected to the membrane environment surrounding the channel by four side portals between S5 and S6 of the neighboring subunits.
The S1-S4 and pore domains interact with each other in a domain-swapped arrangement, similar to classical voltage-gated channels but different from the non-swapped arrangement observed in CNG channels (Li et al., 2017), HCN channels (Lee and MacKinnon, 2017), and potassium channels such as Eag1 (Whicher and MacKinnon, 2016), Slo1 (Tao et al., 2017), and Slo2.2 (Hite and MacKinnon, 2017). Interestingly, the non-swapped arrangement was first discovered in the crystal structure of TRPV6 that had a single residue mutation L495Q in the TMD but showed nearly identical channel function to wild type (Saotome et al., 2016). The reversal of glutamine to leucine produced a remarkable conversion of TRPV6 to the natural domain-swapped architecture (Singh et al., 2017). A similar conversion can also happen as a result of deletions in the S4-S5 linker connecting the S1-S4 and pore domains (Singh et al., 2017), something that has likely happened in the course of evolution with CNG, HCN, Eag1, Slo1, and Slo2.2 channels (Whicher and MacKinnon, 2016; Hite and MacKinnon, 2017; Lee and MacKinnon, 2017; Li et al., 2017; Tao et al., 2017).
Following S6 is the amphipathic TRP helix, which runs parallel to the membrane and creates a hub for interactions between hydrophobic elements of the TMD and hydrophilic elements of the intracellular skirt. After the TRP helix, the polypeptide forms a loop structure named the C-terminal hook, which typically starts with a short α-helix and ends with a β-strand (β3) that tethers to the β-hairpin in the linker domain to create the three-stranded β-sheet. The latter, together with the C-terminal hook, participates in intersubunit interactions with the ARDs that glue the elements of the intracellular skirt together. In TRPV5-6, at the center of these interactions is the N-terminal helix, which is positioned as a pillar along the corners of the intracellular skirt (Saotome et al., 2016; Hughes et al., 2018a; Dang et al., 2019). Deletions of the N-terminal helix or mutations of its conserved residues in TRPV5 abolished or significantly impaired its Ca2+ uptake function (de Groot et al., 2011), suggesting that the intersubunit interactions are both structurally and functionally important. In TRPV1-3, which lack the N-terminal helix, intersubunit interactions are strengthened by the C-terminus, which wraps around the three-stranded β-sheet (Singh et al., 2018a; Zubcevic et al., 2018; Nadezhdin et al., 2021a).
The similarity in structural architecture of different TRPV channels allows generalized mapping and classification of ligand-binding sites that have been discovered in individual subfamily members (Figures 1E, F; Table 1). We identified 16 distinct binding sites, which form several groups based on contribution of specific structural elements: the vanilloid site (1); sites associated with ion channel pore, such as DkTx site (2); the permeant ions recruitment site in the extracellular vestibule (3); the extracellular pore entry site (4); the selectivity filter site (5); the central cavity site (6) and the intracellular pore entry site (7); the deep (8) and shallow (9) S4-S5 sites; the deep (10) and shallow (11) portal sites; the sites at the top (12) and base (13) of the S1-S4 helical bundle; the ARD-TMD linker (14) and S2-S3 (15) sites at the ARD–TMD interface; and the ARD sites (16).
TABLE 1 | Ligand binding sites in TRPV channels.
[image: Table 1]Vanilloid Site
The first ligand-binding site that has been identified structurally in TRP channels is the vanilloid site (Figure 2). This site (1) is located in the TMD region that faces the cytoplasmic leaflet of the membrane, in the crevice between S1-S4 and pore domains and is contributed mainly by S3, S4, S4-S5 linker, S5, and S6, often involving domains at the TMD–skirt interface, including LH2, S2-S3 loop, and TRP helix (Figures 2A, B; Table 1). The vanilloid site harbors agonists such as the active component of hot chili peppers, capsaicin, and its potent functional analog, resiniferatoxin (RTX), a naturally occurring chemical found in cactus-like resin spurge plants in Morocco and Northern Nigeria. Structures in complex with capsaicin were solved for rat (Cao et al., 2013; Kwon et al., 2021) and squirrel (Nadezhdin et al., 2021a) TRPV1 (Figure 2C, Supplementary Figure S1A). Interestingly, despite robust capsaicin-induced opening of TRPV1 in physiological experiments (Caterina et al., 1999; McIntyre et al., 2001; Premkumar et al., 2002; Savidge et al., 2002; Nadezhdin et al., 2021a), structures of TRPV1 bound to capsaicin alone have a non-conducting pore, unless another activating stimulus, heat, has been applied at the same time (Kwon et al., 2021). Even in this latter case, the pore is less open than in TRPV1 bound to two agonists simultaneously, RTX and double-knot toxin (DkTx) (Cao et al., 2013; Gao et al., 2016; Zhang et al., 2021). While certain conformational changes induced by capsaicin alone, including widening of the S6 bundle-crossing gate region (Cao et al., 2013) and π-to-α transition in S6 (Nadezhdin et al., 2021a), have been documented, the inability of capsaicin to open the channel completely suggests that as of now, preparations of TRPV1 protein for structural studies are not able to reproduce the natural environment of the plasma membrane or capture the channel action on the physiologically relevant time scale.
[image: Figure 2]FIGURE 2 | Vanilloid site. (A–B) Side (A) and top (B) views of the TRPV1 tetramer (gray; PDB ID: 7LQY) with the vanilloid site (1) ligands shown in cyan and domains contributing to this site (S3, S4, S4-S5, S5, and S6) shown in subunit colors (see Figures 1A,B). Rectangles indicate the region expanded in close-up views. (C–I) Close-up views of the vanilloid site in TRPV1 with bound capsaicin (C, PDB ID: 7LPA), in TRPV2 with bound RTX (D, PDB ID: 6BWJ), in TRPV1 with bound PI (E, PDB ID: 7LQY), in TRPV3 with bound PC (F, PDB ID: 7MIJ), in TRPV6 with bound CHS (G, PDB ID: 7S8B), in TRPV1 with bound capsazepine (H, PDB ID: 5IS0), and in TRPV6 with bound cis22a (I, PDB ID: 7K4B). Residues contributing to ligand binding are shown in sticks. The chemical structures of the corresponding ligands are shown above the close-up views.
The situation with capsaicin is somewhat similar to the situation with RTX (Figure 2D, Supplementary Figure S1B), which is either ineffective or induces only partial opening of TRPV1 pore, being much less effective itself than in combination with DkTx (Cao et al., 2013; Gao et al., 2016; Zhang et al., 2021). The same is true for TRPV2, in which RTX induces conformational changes in the selectivity filter and gate region, often deviating from the four-fold rotational symmetry but has never produced the full opening of the ion channel pore (Zubcevic et al., 2018; Zubcevic et al., 2019a). The working hypothesis for the mechanism of vanilloid agonist action is that agonist binding induces movement of the S1-S4 bundle relative to the pore domain, which involves pulling the S4-S5 linker away from the central axis, altering the network of interactions between the P-loop, S5, and S6 and allowing the P-loop helices and S6 bundle crossing gate to widen the pore (Cao et al., 2013; Gao et al., 2016; Zubcevic et al., 2018; Zubcevic et al., 2019a; Zhang et al., 2021). This putative activation mechanism will likely become more precise and specific as one succeeds to identify structural conditions in which binding of a vanilloid agonist alone will lead to the channel pore opening.
In the absence of agonists (apo condition), the vanilloid-binding site is typically occupied by a lipid. In total, three types of lipids have been identified in the vanilloid site so far, and they appear to be TRPV subtype-specific. Indeed, in all apo-state TRPV1 structures with more or less clearly resolved density in the vanilloid site, the bound lipid was interpreted as phosphatidylinositol (PI) (Nadezhdin et al., 2021a; Kwon et al., 2021; Gao et al., 2016; Zhang et al., 2021) (Figure 2E, Supplementary Figure S1C). Since agonists have to expel PI from its binding site to activate TRPV1, PI might be considered an endogenous inhibitor of this channel. However, to test this hypothesis, one would have to activate TRPV1 in the absence of ligands by removing PI from the vanilloid site. More apparent inhibitory role can be assigned to the vanilloid site lipid in TRPV3, which resides in this site in the cold apo conditions but completely dissociates from this site upon activation by heat (Singh et al., 2019; Nadezhdin et al., 2021b). The vanilloid site lipid in TRPV3 has been modeled as phosphatidylcholine (PC) (Nadezhdin et al., 2021b; Shimada et al., 2020) (Figure 2F, Supplementary Figure S1D), but molecular dynamics (MD) simulations suggested rather low specificity of this site to different types of lipids (Nadezhdin et al., 2021b), which requires further studies. In higher resolution TRPV5-6 structures, the vanilloid site is occupied by densities of the characteristic shape that were modeled by either cholesterol or its soluble analog used in protein purifications, namely, cholesteryl hemisuccinate (CHS) (McGoldrick et al., 2018; Dang et al., 2019; Bhardwaj et al., 2020; Neuberger et al., 2021a) (Figure 2G, Supplementary Figure S2A). Whether the lipid at the vanilloid site plays a role of an agonist or inhibitor of TRPV5 and TRPV6 is currently unclear and will require additional functional experiments and structures at high resolution but in the absence of cholesterol/CHS.
The vanilloid site in TRPV channels not only binds agonists and lipids but also inhibitors, such as capsazepine in TRPV1 (Figure 2H, Supplementary Figure S2B) and cis22a in TRPV6 (Figure 2I, Supplementary Figure S2C). Capsazepine was proposed to act by displacing the resident PI lipid and stabilizing the interface between the S1-S4 and pore domains in the apo (closed) state-like conformation, which prevents pulling the S4-S5 linker away from the central axis to trigger conformational rearrangements that can lead to opening of the channel gate (Gao et al., 2016). For cis22a, as well as other representatives of (4-phenylcyclohexyl)piperazine derivatives (PCHPDs) that inhibit TRPV6-mediated currents with submicromolar affinity, the vanilloid site is modulatory, with the main inhibitory site located at the ion pore intracellular entrance (Bhardwaj et al., 2020). Because of the weak contribution of the vanilloid site to PCHPD inhibition, the mechanism of allosteric regulation through this site is not completely clear and requires additional studies. It has also been reported that the antifungal drug econazole binds to the vanilloid site in TRPV5 (Hughes et al., 2018b) (Supplementary Figure S2D). The corresponding 4.8-Å resolution structure allowed only an approximate placement of the compound into cryo-EM density (Hughes et al., 2018b), while more precise and confident fitting would require a higher resolution structure of the TRPV5–econazole complex. Such structure would be interesting to see, as the recent 2.85-Å resolution structure of the TRPV6–econazole complex has not identified the vanilloid site as a binding site for econazole (Neuberger et al., 2021a). Instead, the TRPV6 structure shows econazole binding to the shallow S4-S5 site, which is contributed by residues that are highly conserved between TRPV5 and TRPV6 channels (Neuberger et al., 2021a).
Pore Sites
The pore sites are contributed by the pore-forming P-loop and S6 as well as the extracellular loops (S1-S2, S5-P, and P-S6) that shape the ion channel extracellular vestibule (Figures 3A, B; Table 1). In TRPV1, two copies of the agonist DkTx bind to the extracellular side of the channel in a two-fold symmetrical manner, with each knot of this double-knot toxin binding to a site (2) composed of residues in the P-loop and S6 of two neighboring subunits (Cao et al., 2013; Gao et al., 2016; Zhang et al., 2021) (Figure 3C). The proposed mechanism of DkTx-induced TRPV1 opening suggests that DkTx binding induces a large backward tilting of the S1-S4 domain away from the channel central axis, which allosterically moves S5/S6 by pulling at the S4-S5 linker and opens the channel gate (Zhang et al., 2021). At the moment, it is unclear how DkTx interacts with the cap domain of TRPV1 and whether it affects permeation through the four portals leading to the ion conductance pathway (Nadezhdin et al., 2021a). Answering these questions will require structure determination of the full-length TRPV1 in complex with DkTx and with the completely resolved cap domain.
[image: Figure 3]FIGURE 3 | Pore sites. (A–B) Side (A) and top (B) views of the TRPV1 tetramer (gray; PDB ID: 7LQY) with the DkTx (2), extracellular vestibule recruitment (3), extracellular pore entry (4), selectivity filter (5), central cavity (6), and intracellular pore entry (7) sites illustrated by ligands in orange, green, blue, pink, gray, and yellow, respectively. (C–G) Close-up views of the DkTx site in TRPV1 with bound DkTx (C, PDB ID: 5IRX); extracellular vestibule recruitment, extracellular pore entry, selectivity filter, and central cavity sites in TRPV6 (D) with bound Ca2+ (PDB ID: 5WO9), Ba2+ (PDB ID: 5IWR), and Gd3+ (PDB ID: 5WOA); extracellular pore entry and selectivity filter sites in TRPV6 with bound Ca2+ and RR (E, PDB ID: 7S8B); and intracellular pore entry sites in TRPV6 with bound cis22a (F, PDB ID: 7K4B) or CaM (G, PDB ID: 6E2F). Residues contributing to ligand binding are shown in sticks. The chemical structure of RR is shown above the corresponding close-up view (E).
TRPV2-6 channels do not have a cap domain and instead have an extracellular vestibule leading to the pore entry. This vestibule contains binding sites for permeant cations, which in TRPV6 were resolved by X-ray crystallography (Saotome et al., 2016; Singh et al., 2017). Four symmetry-related cation binding sites or recruitment sites (3) were identified in TRPV6 as anomalous difference peaks for Ba2+ and Gd3+ (Figure 3D). These sites are contributed by negatively charged residues and have somewhat different locations, probably due to the difference in charge density. Although the anomalous difference peaks at the recruitment sites were not observed for Ca2+, presumably due to lower affinity, reduced occupancy, or weaker anomalous signal, the highly electronegative outer vestibule is likely involved in the general recruitment of cations toward the extracellular vestibule of the TRPV6 channel (Saotome et al., 2016). Consistent with the results of isothermal titration calorimetry experiments for Gd3+, the affinity of cations to the recruitment sites is lower than that to the binding sites in the pore (Saotome et al., 2016).
The next distinct binding site associated with the conductance pathway is the site at the pore extracellular entrance (4). In TRPV1, this site has been shown to bind a molecule of N-methyl-D-glucamine (NMDG), which appears as a blob of density in the cryo-EM map (Zhang et al., 2021). Strong blobs of density of a smaller size, interpreted as representing permeant cations, were observed at this location in the crystallographic and cryo-EM maps of TRPV5 (Hughes et al., 2018a; Dang et al., 2019; Hughes et al., 2018b; Hughes et al., 2019) and TRPV6 (Saotome et al., 2016; Singh et al., 2017; McGoldrick et al., 2018; Bhardwaj et al., 2020; Neuberger et al., 2021a; Singh et al., 2018b; Singh et al., 2018c). Solid evidence about the chemical identity of the pore entry site binders came from the crystallographic studies of TRPV6. Indeed, strong anomalous peaks at this location, contributed by side chains of the highly conserved aspartates (D542 in hTRPV6 and D541 in rTRPV6), were identified for the permeant cations Ca2+ and Ba2+ and for the channel blocker Gd3+ (Saotome et al., 2016), (Singh et al., 2017) (Figure 3D). The distance of 2.4 Å between Ca2+ and carboxylate oxygen of aspartate at this site matches the reported average Ca2+–oxygen distance in Ca2+-binding proteins (Yang et al., 2002), suggesting that the bound Ca2+ ion is at least partially dehydrated. Tight coordination of cations by the aspartates suggested a “knock-off” mechanism of ion permeation, strongly supported by MD simulations, which revealed 2 to 3 permeant ions continuously moving around the pore entry site to create the strong averaged density observed in crystallographic or cryo-EM maps (Sakipov et al., 2018). Because of the strong positive charge of Gd3+, its binding to the pore entry site is so tight that it cannot leave this site to permeate the channel (Sakipov et al., 2018).
Tight binding to the pore entry site not only explains the mechanism of TRPV6 block by Gd3+ but also why Gd3+ ions were not found 6–8 Å deeper in the pore, at the selectivity filter site (5), formed by backbone carbonyls and side chain hydroxyl groups of T538 in the lower parts of the P-loop extended region (Figure 3D). This selectivity filter site binds permeant cations Ca2+ and Ba2+, which were detected in the crystal structures of TRPV6 using anomalous difference Fourier maps (Saotome et al., 2016; Singh et al., 2017). The selectivity filter site in TRPV6 also binds the inorganic dye and low-specificity ion channel blocker ruthenium red (RR) (Neuberger et al., 2021a) (Figure 3E, Supplementary Figure S3A). RR occupies the entire selectivity filter, being surrounded by the carboxyl groups of D542 residues, the backbone carbonyl oxygens of I541, I540, and T539 residues, and the hydroxyl groups of T539 residues, which all together create a highly electronegative environment favorable for the positively charged RR that carries a 6+ total charge. RR not only plugs the pore to prevent ion conductance, but it also causes the closure of the lower gate, with the characteristic π-to-α transition in S6 that typically accompanies channel closure (McGoldrick et al., 2018; Neuberger et al., 2021a). A possible explanation of why this happens is that RR creates an electric field inside the pore’s central cavity that interacts with the electric dipole of the S6 helix. This interaction causes a repulsion of the lower portion of S6 away from RR, which results in rotation of the lower portion of S6 and helps S6 to become entirely α-helical (Neuberger et al., 2021a).
Another binding site in the TRPV6 pore (6) is 6–7 Å below the selectivity filter site, in the middle of the central cavity (Figure 3D). The corresponding anomalous difference peaks were found for both Ca2+ and Ba2+, although the anomalous peak for Ca2+ was less robust, presumably due to its weaker anomalous diffraction properties. The anomalous signal at the central cavity site also suggests that cations bound here are ordered by water molecules, which can be held in place by weak hydrogen-bonding interactions and pore helix dipoles, pointing their partial negative charges toward the middle of the central cavity, similar to K+ channels (Doyle et al., 1998).
There is also a site at the pore intracellular entrance (7), which is formed by the S6 helices and represents the main site of TRPV6 inhibition by PCHPDs (Bhardwaj et al., 2020) (Figure 3F, Supplementary Figure S3B). When bound to this site, PCHPDs plug the TRPV6 pore and prevent ion conductance. In addition, interactions of the positive charge of PCHPDs with the π orbitals of tryptophan (W583 in hTRPV6 and W582 in rTRPV6) indole rings, which form a cubic cage at the intracellular pore entrance, pull the S6 helices toward the pore center. This pore narrowing brings isoleucines (I575 in hTRPV6 and I574 in rTRPV6) close to each other to hydrophobically seal the channel, mimicking the pore conformation of the TRPV6-inactivated state. Indeed, when calcium-binding protein calmodulin (CaM) binds at the intracellular pore entrance to inactivate the channel, it inserts the side chain of its lysine K115 into the center of the cubic tryptophan cage (Singh et al., 2018b). The positively charged ε-amino group of K115 makes an atypically strong cation–π interaction with the π-system of four tryptophan indole rings (Figure 3G). TRPV5 has a mechanism of inactivation by CaM similar to TRPV6 (Hughes et al., 2018a; Dang et al., 2019), while structures of other TRPVs in complex with CaM have not been solved, and it remains to be discovered whether they have a similar mechanism of inactivation.
S4-S5 Sites
Two types of sites are located right above the S4-S5 linker, where ligands bind at the interface between S4 and S5 of two neighboring subunits (Figures 4A,B; Table 1). At one site (8), the ligand wedges deeper into the interface and reaches residues on S6. An example of such ligand is the alkaloid piperlongumine (PL), which produces potent allosteric inhibition of TRPV2, presumably underlying the anticancer activity of PL in mouse models of glioblastoma (Conde et al., 2021). PL makes contacts with residues in S4 and S4-S5 linker of one TRPV2 subunit and S5 and S6 of the neighboring subunit (Figure 4C, Supplementary Figure S4A). By wedging itself between S4 and S5 of the neighboring subunits, PL pushes the S4-S5 linker down, shifting it by ∼4 Å toward S5 and causing a downward movement of the entire intracellular skirt by ∼3 Å. According to the proposed mechanism of PL action, PL inhibits TRPV2 by immobilizing the S4-S5 linker and locking the channel in a desensitized state (Conde et al., 2021).
[image: Figure 4]FIGURE 4 | S4-S5 sites. (A–B) Side (A) and top (B) views of the TRPV1 tetramer (gray; PDB ID: 7LQY) with the S4-S5 deep (8) and shallow (9) sites illustrated by ligands in dark and light blue, respectively. Rectangles indicate the regions expanded in close-up views. (C-D) Close-up views of the deep S4-S5 site in TRPV2 with bound piperlongumine (C) (PDB ID: 6WKN) and shallow S4-S5 site in TRPV6 with bound econazole (D) (PDB ID: 7S8C). Residues contributing to ligand binding are shown in sticks. The chemical structures of the ligands are shown above the close-up views.
At the second, shallower site (9), ligands do not wedge deeply into the interface between S4 and S5 of two neighboring subunits and correspondingly do not reach S6. An example is the binding site of the antifungal drug econazole, which produces strong inhibition of TRPV6-mediated currents (Nilius et al., 2001) (Figure 4D, Supplementary Figure S4B). By binding to the shallow S4-S5 site in TRPV6, where it is sandwiched between W495 of S5 and F472 of S4 and surrounded by hydrophobic side chains of L496 and V499 of S5 as well as M466, A469, M474, and L475 of S4, econazole replaces a lipid that is otherwise present at this location (Neuberger et al., 2021a). Because of the smaller size of econazole than the lipid, econazole binding creates a void that allows Q473 and M474 side chains to move closer to D472 and W495 and correspondingly away from R589. Separation of Q473 and R589 results in breakage of the salt bridge connecting these residues in the open state (McGoldrick et al., 2018). The loss of this salt bridge, which energetically compensates for the unfavorable α-to-π transition in S6, reverses the transition. Concurrently, the lower parts of S6 helices rotate by ∼100°, leading to the separation of D489 and T581 and the loss of the open-state-stabilizing hydrogen bond between them (McGoldrick et al., 2018). The rotated lower parts of S6 expose the side chains of L574 and M578 toward the pore center, and they hydrophobically seal the pore to prevent ion conductance, thus converting the channel into the closed, non-conducting state (Neuberger et al., 2021a).
Portal Sites
There are two types of sites that bind to deep or shallow parts of the portals that connect the membrane environment surrounding the channel to the central cavity of the channel pore (Figures 5A,B; Table 1). The deep portal site (10) is contributed by S6 of one subunit and S5, P-loop and S6 of the neighboring subunit, and in TRPV2 is occupied by the agonist cannabidiol (CBD), a natural product of the Cannabis sativa plant (Pumroy et al., 2019). The CBD site in TRPV2 is lined with mostly hydrophobic and aromatic residues, including L631, L632, Y634, V635, and L638 from S6 of one protomer and L537, F540, L541, and Y544 from S5, L637 and M640 from S6, and F601 from the P-loop of another protomer (Figure 5C, Supplementary Figure S5A). While CBD-bound TRPV2 structures showed structural differences compared to apo structures, they nevertheless had a non-conducting pore and the corresponding channel conformations were interpreted as pre-open or desensitized states (Pumroy et al., 2019). Accordingly, understanding of the mechanism of TRPV2 activation by CBD awaits additional structural studies.
[image: Figure 5]FIGURE 5 | Portal sites. (A–B), Side (A) and top (B) views of the TRPV1 tetramer (gray; PDB ID: 7LQY) with the deep (10) and shallow (11) portal sites illustrated by ligands in brown and pink, respectively. Rectangles indicate the region expanded in close-up views. (C–D), Close-up views of the deep portal site in TRPV2 with bound cannabidiol (C, PDB ID: 6U8A) and the shallow portal site in TRPV5 with bound ZINC17988990 (D, PDB ID: 6PBE). Residues contributing to ligand binding are shown in sticks. The chemical structures of the ligands are shown above the close-up views.
The shallow portal site (11) is contributed by S6 of one subunit and S4-S5 linker and S5 of the neighboring subunit, and in TRPV5 it is occupied by synthetic inhibitors ZINC9155420 and ZINC17988990 identified through structure-based virtual screening (Hughes et al., 2019). Similar to the deep portal site, the shallow portal site in TRPV5 is lined with mostly hydrophobic and aromatic residues, which for ZINC17988990 include I565 from S6 of one protomer, F487, L490, and M491 from S4-S5 linker, and C494 and W495 from S5 of another protomer (Figure 5D, Supplementary Figure S5B). Mutation of M491 to alanine produced only a small decrease in the inhibitory potency of ZINC17988990, suggesting that the shallow portal site is unlikely to play a major role in ZINC17988990-mediated inhibition of TRPV5, which instead is accomplished through binding to another site at the base of the S1-S4 bundle (Hughes et al., 2019) (see the following).
S1-S4 Sites
The top and base of the S1-S4 domain represent two locations at the membrane–solute interface convenient for binding different chemical nature compounds to regulate the function of TRPV channels (Figures 6A,B; Table 1). The top S1-S4 site (12) has been shown to be important for the activation of mouse TRPV3 by 2-APB (Singh et al., 2018a). 2-APB binds at this site by substituting the S1-S2 loop, which resides in the S1-S4 top pocket in the apo state. 2-APB binding involves residues V458 and R462 from S1, R464 from the S1-S2 loop, R487 from S2, and Y540 from S3 (Figure 6C, Supplementary Figure S6A). Mutations of R487 and Y540 as well as of the close-proximity residue Q483 to alanine produced strong reduction in potency of 2-APB activation, supporting an important role of this site in mouse TRPV3 activation (Singh et al., 2018a). According to the proposed mechanism of TRPV3 activation, 2-APB outcompetes the S1-S2 loop and wedges into and expands the top of the S1-S4 bundle. As the top of the S1-S4 bundle expands, the cleft between S4 and the neighboring S6 narrows, squeezing out a lipid from the vanilloid site, and the S1-S4 and pore domain interface rearranges in a manner that supports channel opening (Singh et al., 2018a). Interestingly, 2-APB binding to the top S1-S4 site was not observed in human TRPV3, where it was only identified bound to one of the other two 2-APB binding sites identified in mouse TRPV3, the ARD-TMD site (see below).
[image: Figure 6]FIGURE 6 | S1-S4 sites. (A–B), Side (A) and top (B) views of the TRPV1 tetramer (gray; PDB ID: 7LQY) with the S1-S4 top (12) and base (13) sites illustrated by ligands in red and green, respectively. Rectangles indicate the regions expanded in close-up views. (C–F) Close-up views of the S1-S4 top site in TRPV3 with bound 2-APB (C, PDB ID: 6DVZ) and S1-S4 base site in TRPV6 with bound 2-APB-Br (D, PDB ID: 6D7V), in TRPV3 with bound osthole (E, PDB ID: 7RAS), and in TRPV5 with bound ZINC17988990 (F, PDB ID: 6PBE). Residues contributing to ligand binding are shown in sticks. The chemical structures of the corresponding ligands are shown above the close-up views.
The second binding site of agonist 2-APB in mouse TRPV3 is at the base of the S1-S4 bundle (13), which is contributed by residues in S1, S2, S3, and S4 (Table 1). Binding of 2-APB to this site in mouse TRPV3 does not introduce strong conformational changes but is likely necessary for the relative stability of the pore, S1-S4 and skirt domains during channel opening. Supporting the important role of this site in activation of mouse TRPV3, the Y564A mutation produces a strong increase in 2-APB potency (Singh et al., 2018a). In TRPV6, 2-APB and its brominated analog, 2-APB-Br, bind to the base S1-S4 site to produce inhibition of this ion channel. Along with contribution of residues from S2 (E402), S3 (G422, F424, H425, and I428), and S4 (N463, Y466, and R469), like in TRPV3, the inhibitor binding also involves the residue M602 from the TRP helix (Figure 6D, Supplementary Figure S6B). Similar to the activation of TRPV3, the mechanism of TRPV6 inhibition by 2-APB assumes an active role of lipids. Presumably, 2-APB binding displaces a lipid that resides at this site, thus promoting the formation of a hydrophobic cluster contributed by residues from S3, S4, and the S4-S5 linker. The formation of the cluster displaces the activating lipid from the vanilloid site and eliminates hydrogen bonds, which stabilize the open state by energetically compensating the unfavorable α-to-π transition in S6. As S6 turns α-helical, the channel closes and its pore becomes impermeable to ions (Singh et al., 2018c).
Interestingly, the base S1-S4 site in TRPV3 harbors not only the agonist 2-APB but also the inhibitor osthole, which thus can be considered as a competitive antagonist (Figure 6E, Supplementary Figure S6C). The coumarin osthole is an active ingredient of Cnidium monnieri as well as other medicinal plants, which shows antipruritic and anticancer activity and is used in traditional Chinese medicine for the treatment of skin-related diseases (You et al., 2009; Zhang et al., 2015; Yang et al., 2016; Shokoohinia et al., 2018; Sun et al., 2018). Osthole binding at the base of S1-S4 involves S444 from S1, C496, I497, K500, and E501 from S2, Y565 from S4, and M706 from the TRP helix, and produces separations of S1 and S2 as well as pre-S1 and the TRP helix (Neuberger et al., 2021b). These separations lead to movement of S3 and S4 away from the pore center, followed by movement of S5 and S6, which in turn has two consequences. First, it results in a dramatic widening of the upper pore, including the selectivity filter. Second, S5 and S6 dislocation leads to movement of the TRP helix and a kink in the S4-S5 linker, which allows to disconnect the upper pore from the gate region. A concomitant increase in separation of S5 and S6 is accompanied by a π-to-α transition in S6 and rotation of its lower portion by ∼100°, with M677 side chains now facing the pore center, hydrophobically sealing it for ion conduction and finalizing the open to closed state conversion. During all these changes, the structural environment of the base S1-S4 site when it binds to 2-APB and osthole appears to be similar (Singh et al., 2018a; Neuberger et al., 2021b), suggesting that this site is modulatory and unlikely to cause drastic structural rearrangements. In contrast, the top S1-S4 site appears to be structurally different in 2-APB- and osthole-bound structures and likely plays the most critical role in the osthole-induced TRPV3 inhibition, even though osthole density at this site was not resolved. More work is required to better understand the mechanism of TRPV3 inhibition by osthole.
In TRPV5, the base S1-S4 site was proposed to bind a synthetic inhibitor, ZINC17988990 (Hughes et al., 2019). Because of the larger size of ZINC17988990, its binding pocket is larger than the one for 2-APB, 2-APB-Br, and osthole (Figures 6D, E), extends intracellularly, and along with the residues from S2 (L402, E403, and D406), S2-S3 loop (Y415 and L421), S3 (I429), S4 (Y467 and F468), and TRP helix (M603 and R606) involves E294 from LH1 (Figure 6F, Supplementary Figure S6D). In contrast to the shallow portal site, which appears to play a minor role in TRPV5 inhibition by ZINC17988990, the base S1-S4 site was proposed to serve as the primary binding pocket through which ZINC17988990 exerts its inhibitory effect (Hughes et al., 2019). Indeed, mutations D406A and Y415F resulted in reduced potency of ZINC17988990 inhibition (Hughes et al., 2019). According to the proposed mechanism of TRPV5 inhibition by ZINC17988990, positioning of the inhibitor at the base S1-S4 site limits the activation-associated conformational changes in the channel induced by PI(4,5)P2, including movement of the S1-S4 domain away from the pore axis, with the largest translation observed for the lower halves of the S1 and S2 helices, a counterclockwise rotation of the bundle, and a pivot of the TRP helix (Hughes et al., 2018a). Consequently, the antagonist plays the role of a molecule that locks the channel in the inhibited state, which is inconsistent with the putative activation-associated conformational changes (Hughes et al., 2019).
Ankyrin Repeat Domain–Transmembrane Domain Interface Sites
The ARD–TMD interface sites (14 and 15) are located more intracellularly than all the sites described previously (Figure 1), but they remain in close proximity to the intracellular membrane border and are contributed by the closest to the TMD regions of the ARD, the LH2, and pre-S1 elements of the ARD-TMD linker domain, the S2-S3 linker, and the TRP helix (Figures 7A, B; Table 1). In TRPV3, the ARD–TMD interface site (14) is located at the nexus of the linker domain, contributing LH2 and pre-S1, and TRP helix, and binds to the agonist 2-APB (Figure 7C, Supplementary Figure S7A) and antagonist osthole (Figure 7D, Supplementary Figure S7B). This site was first identified through mutagenesis (Hu et al., 2009), and in mouse TRPV3 appears to play a modulatory role (Singh et al., 2018a; Neuberger et al., 2021b). In contrast, the ARD-TMD linker site is the only site in human TRPV3 that binds 2-APB and was correspondingly proposed to drive activation-associated conformational changes (Zubcevic et al., 2019b). According to the putative mechanism of human TRPV3 activation by 2-APB, binding of the agonist between pre-S1 and TRP helix increases coupling between the linker domain and the TRP helix. The increased coupling is associated with a swivel of the TRP helix relative to S6, which causes S6 movement and conversion of the closed state to the open state (Zubcevic et al., 2019b).
[image: Figure 7]FIGURE 7 | ARD–TMD interface sites. (A–B) Side (A) and top (B) views of the TRPV1 tetramer (gray; PDB ID: 7LQY) with the ARD-TMD linker (14) and S2-S3 (15) sites illustrated by ligands in brown and olive, respectively. Rectangles indicate the regions expanded in close-up views. (C–E) Close-up views of the ARD-TMD linker site in TRPV3 with bound 2-APB (C, PDB ID: 6DVZ) or osthole (D, PDB ID: 7RAS) and the S2-S3 site in TRPV5 with bound PIP2 (E, PDB ID: 6DMU). Residues contributing to ligand binding are shown in sticks. The chemical structures of the corresponding ligands are shown above the close-up views.
The second representative of the ARD-TMD interface sites is the S2-S3 site (15) that in TRPV5 was proposed to bind PI(4,5)P2 (Hughes et al., 2018a) (Figure 7E, Supplementary Figure S7C). Apart from the S2-S3 linker itself (F416, G417, and Q418), this PI(4,5)P2 binding site is contributed by the ARD (R302) and S6 (R584). Binding of PI(4,5)P2 to the S2-S3 site was supported by MD simulations and mutagenesis (Hughes et al., 2018a). Comparing the PI(4,5)P2-bound and apo state structures, it was proposed that PI(4,5)P2 uses its phosphate group to form a salt bridge with R584 and pulls S6 away from the center of the pore. According to the proposed mechanism, the resulting extension and rotation of S6 pulls W583 out of the pore and stabilizes its position through interaction with Q587, thus opening the lower gate (Hughes et al., 2018a).
Ankyrin Repeat Domain Site
Among all the sites discovered in TRPV channels, the only one that is distal from the TMD is the ARD site (16). Correspondingly, this site is contributed by the ARD residues only (Figures 8A, B; Table 1). Using crystal structures of the isolated ARD, the ARD site was shown to bind ATP at similar locations in TRPV1 (Lishko et al., 2007) (Figure 8C, Supplementary Figure S8A) and TRPV4 (Inada et al., 2012). When mapped on the full-length channels, this site is somewhat close to the three-stranded β-sheet but makes no direct contact with its residues and is fairly distal from the channel gate. It was hypothesized that ATP competes for binding to the ARD site with CaM, which causes desensitization of TRPV1 (Lishko et al., 2007). Unfortunately, no structures of CaM- or ATP-bound full-length TRPV1 or 4 are available, making it difficult to speculate about the possible structural mechanism of channel regulation by ATP.
[image: Figure 8]FIGURE 8 | ARD site. Side (A) and top (B) views of the TRPV1 tetramer (gray; PDB ID: 7LQY) with the ARD site (16) illustrated by ligands in black. Rectangles indicate the regions expanded in close-up views. (C–D) Close-up views of the ARD site in TRPV1 with bound ATP (C, PDB ID: 2PNN) and in TRPV6 with bound desthiobiotin (D, PDB ID: 5WO9). Residues contributing to ligand binding are shown in sticks. The chemical structures of the ligands are shown above the close-up views.
The ARD site in TRPV6 is similar to the ATP-binding sites in TRPV1 and 4 and has been proposed to bind desthiobiotin (DTB) (Saotome et al., 2016; Singh et al., 2017) (Figure 8D, Supplementary Figure S8B). DTB was included as an eluent in the rat TRPV6 affinity purification procedure and has not been shown to play physiologically relevant roles. It is possible that the same site can be occupied by endogenous molecules such as ATP or synthetic molecules of a similar size to DTB. TRPV function may be affected by such binding through altering the intersubunit contacts mediated by the ARD and the three-stranded β-sheet. Future studies are required to explore the potential of the ARD site for TRPV regulation for scientific and medicinal purposes.
Outlook
We described 16 unique ligand-binding sites that have been structurally identified in TRPV channels using X-ray crystallography and cryo-EM. Many of these sites have been discovered very recently, and we look forward to seeing more examples of ligands that bind to these sites and perhaps the discovery of new sites in the near future. With the progress in genome sequencing, it became obvious that some of these sites can change due to altered amino-acid composition as a result of single nucleotide polymorphisms (SNPs) and disease mutations. Many of these changes result in altered trafficking, expression, and gain or loss of channel function and include mutations in TRPV3 causing Olmsted syndrome, mutations in TRPV4 leading to skeletal diseases, such as dysplasias, and neuropathies, such as Charcot–Marie–Tooth disease type 2C, and mutations in TRPV6 associated with pancreatitis and skeletal abnormalities as well as SNPs in TRPV5 and TRPV6 causing altered calcium transport (Na et al., 2009; Cantero-Recasens et al., 2010; Loh et al., 2013; Nilius and Voets, 2013; Na and Peng, 2014; Loukin et al., 2015; Sadofsky et al., 2017; Wang and Wang, 2017; Nett et al., 2021; Zhong et al., 2021). These changes in the ligand-binding sites have to be taken into account when designing new ligands to target specific disease conditions or SNPs.
It has also become clear that due to similarity in structural architecture, especially in the TMD, many of the 16 unique sites identified in TRPV channels are also present in other subfamilies of TRP channels and bind ligands, which are often different and specific to those subfamilies or their select members. For the vanilloid site, examples include TRPA1 agonist GNE551 (Liu et al., 2021) and TRPM5 antagonist NDNA. A homologous to the DkTx site in TRPC6 binds the agonist AM-0883 (Bai et al., 2020). The deep S4-S5 site in TRPC6 harbors the inhibitor BTDM (Guo et al., 2022). The deep portal site binds the agonist ML-SA1 (Schmiege et al., 2017; Zhou et al., 2017) and inhibitor ML-SI3 (Schmiege et al., 2021) in TRPML1, inhibitors HC-070 (Song et al., 2021) and Pico145 (Wright et al., 2020) in TRPC5, and A-967079 (Paulsen et al., 2015) in TRPA1. Many ligands have been found to bind to the S1-S4 base site, including Ca2+ that plays a role of an activator in TRPC3, TRPM2, and TRPM4 and an inhibitor in TRPM5 (Autzen et al., 2018; Huang et al., 2018; Wang et al., 2018; Zhang et al., 2018; Ruan et al., 2021; Guo et al., 2022), Na+ in TRPC4 (Duan et al., 2018), a cation in TRPC5 (Duan et al., 2019), the inhibitors clemizole in TRPC5 (Song et al., 2021), and SAR7334 (Guo et al., 2022) and AM-1473 (Bai et al., 2020) in TRPC6 as well as the agonists WS-12 and icilin (Yin et al., 2019) and inhibitors TC-I 2014 and AMTB (Diver et al., 2019) in TRPM8. Therefore, the described 16 sites can be used as templates for the structure-based drug design not only in TRPV channels but also in all representatives of the TRP channel family. Rapid development of structural pharmacology, combined with recent advances in computation, structure prediction, artificial intelligence, and machine-learning methods, will foster the discovery of new pharmacological agents to combat human diseases.
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Supplementary Figure S1 | LigPlot+ analysis for the vanilloid site (part 1). LigPlot+ diagrams for capsaicin bound to TRPV1 (A) (PDB ID: 7LPA), RTX bound to TRPV2 (B) (PDB ID: 6BWJ), PI bound to TRPV1 (C) (PDB ID: 7LQY), and PC bound to TRPV3 (D) (PDB ID: 7MIJ). Residues that belong to a specific structural domain are grouped in highlighted islands (green) and labeled. The analysis was performed using LigPlot+ software (https://www.ebi.ac.uk/thornton-srv/software/LigPlus/).
Supplementary Figure S2 | LigPlot+ analysis for the vanilloid site (part 2). LigPlot+ diagrams for CHS bound to TRPV6 (A) (PDB ID: 7S8B), capsazepin bound to TRPV1 (B) (PDB ID: 5IS0), cis22a bound to TRPV6 (C) (PDB ID: 7K4B), and econazole bound to TRPV5 (D) (PDB ID: 6B5V). Residues that belong to a specific structural domain are grouped in highlighted islands (green) and labeled. The analysis was performed using LigPlot+ software (https://www.ebi.ac.uk/thornton-srv/software/LigPlus/).
Supplementary Figure S3 | LigPlot+ analysis for the pore site. LigPlot+ diagrams for RR bound to the selectivity filter site (A) (PDB ID: 7S8B) and cis22a bound to the intracellular pore entry site (B) (PDB ID: 7K4B) in TRPV6. Residues that belong to a specific structural domain are grouped in highlighted islands (green) and labeled. The analysis was performed using LigPlot+ software (https://www.ebi.ac.uk/thornton-srv/software/LigPlus/).
Supplementary Figure S4 | LigPlot+ analysis for the S4-S5 sites. LigPlot+ diagrams for piperlongumine bound to the deep S4-S5 site in TRPV2 (A) (PDB ID: 6WKN) and econazole bound to the shallow S4-S5 site in TRPV6 (B) (PDB ID: 7S8C). Residues that belong to a specific structural domain are grouped in highlighted islands (green) and labeled. The analysis was performed using LigPlot+ software (https://www.ebi.ac.uk/thornton-srv/software/LigPlus/).
Supplementary Figure S5 | LigPlot+ analysis for the portal sites. LigPlot+ diagrams for cannabidiol bound to the deep portal site in TRPV2 (A) (PDB ID: 6U8A) and ZINC17988990 bound to the shallow portal site in TRPV5 (B) (PDB ID: 6PBE). Residues that belong to a specific structural domain are grouped in highlighted islands (green) and labeled. The analysis was performed using the LigPlot+ software (https://www.ebi.ac.uk/thornton-srv/software/LigPlus/).
Supplementary Figure S6 | LigPlot+ analysis for the S1-S4 sites. LigPlot+ diagrams for 2-APB bound to the S1-S4 top site in TRPV3 (A) (PDB ID: 6DVZ), 2-APB-Br bound to the S1-S4 base site in TRPV6 (B) (PDB ID: 6D7V), osthole bound to the S1-S4 base site in TRPV3 (C) (PDB ID: 7RAS), and ZINC17988990 bound to the S1-S4 base site in TRPV5 (D) (PDB ID: 6PBE). Residues that belong to a specific structural domain are grouped in highlighted islands (green) and labeled. The analysis was performed using LigPlot+ software (https://www.ebi.ac.uk/thornton-srv/software/LigPlus/).
Supplementary Figure S7 | LigPlot+ analysis for the ARD–TMD interface sites. LigPlot+ diagrams for 2-APB bound to the ARD-TMD linker site in TRPV3 (A) (PDB ID: 6DVZ), osthole bound to the ARD-TMD linker site in TRPV3 (B) (PDB ID: 7RAS), and PIP2 bound to the S2-S3 site in TRPV5 (C) (PDB ID: 6DMU). Residues that belong to a specific structural domain are grouped in highlighted islands (green) and labeled. The analysis was performed using LigPlot+ software (https://www.ebi.ac.uk/thornton-srv/software/LigPlus/).
Supplementary Figure S8 | LigPlot+ analysis for the ARD site. LigPlot+ diagrams for ATP bound to TRPV1 (A) (PDB ID: 2PNN) and desthiobiotin bound to TRPV6 (B) (PDB ID: 5WO9). Residues that belong to a specific structural domain are grouped in highlighted islands (green) and labeled. The analysis was performed using LigPlot+ software (https://www.ebi.ac.uk/thornton-srv/software/LigPlus/).
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The ryanodine receptors (RyRs) are large cation-selective ligand-gated channels that are expressed in the sarcoplasmic reticulum (SR) membrane. They mediate the controlled release of Ca2+ from SR and play an important role in many cellular processes. The mutations in RyRs are associated with several skeletal muscle and cardiac conditions, including malignant hyperthermia (MH), central core disease (CCD), catecholaminergic polymorphic ventricular tachycardia (CPVT), and arrhythmogenic right ventricular dysplasia (ARVD). Recent breakthroughs in structural biology including cryo-electron microscopy (EM) and X-ray crystallography allowed the determination of a number of near-atomic structures of RyRs, including wildtype and mutant structures as well as the structures in complex with different modulating molecules. This allows us to comprehend the physiological gating and regulatory mechanisms of RyRs and the underlying pathological mechanisms of the disease-causing mutations. In this review, based on the insights gained from the available high-resolution structures of RyRs, we address several questions: 1) what are the gating mechanisms of different RyR isoforms; 2) how RyRs are regulated by multiple channel modulators, including ions, small molecules, and regulatory proteins; 3) how do disease-causing mutations affect the structure and function of RyRs; 4) how can these structural information aid in the diagnosis of the related diseases and the development of pharmacological therapies.
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1 INTRODUCTION
The ryanodine receptor (RyR) is a giant allosteric ion channel that plays a crucial role in excitation-contraction (EC) coupling (Flucher and Franzini-Armstrong, 1996; Meissner, 2017; Ríos, 2018), neuron excitability (Albrecht et al., 2001; Bouchard et al., 2003; Arias-Cavieres et al., 2018), differentiation (Denda et al., 2012), and apoptosis (Tu et al., 2016; Bagur and Hajnóczky, 2017). RyR is mainly expressed on the membrane of endoplasmic reticulum (ER) or sarcoplasmic reticulum (SR) in muscle and mediates the release of calcium ions from ER/SR store. Mammals express three RyR isoforms (RyR1, RyR2, and RyR3), which share sequence identity of 63%–67% (Hakamata et al., 1992). RyR1 and RyR2 isoforms are predominantly found in skeletal and cardiac muscle, respectively (Takeshima et al., 1989; Otsu et al., 1990). However, the phrases “skeletal and cardiac isoforms” would be misleading since they are also expressed in a variety of cell types (Giannini et al., 1995). RyR3 was originally identified in the brain but later found to be distributed ubiquitously (Pessah et al., 1985). RyRs are also found in many lower organisms, which are similar in size and complexity to their mammalian counterparts. Non-mammalian vertebrates have two RyR isoforms, usually named as RyRα and RyRβ (OTTINI et al., 1996), whereas insects and other invertebrates, such as nematodes, sea urchin, fruit fly, and lobster, have only one isoform (Lanner et al., 2010).
More than 700 inherited genetic mutations of RyRs have been identified and associated with several life-threating diseases (Lehnart et al., 2008; Betzenhauser and Marks, 2010; Lanner et al., 2010). For example, RyR1 mutations have been primarily linked to malignant hyperthermia (MH) (FuJII et al., 1991; Gillard et al., 1991), central core disease (CCD) (Zhang et al., 1993), multi-minicore disease (MmD), congenital fiber type disproportion (CFTD), and centronuclear myopathy (CMD) (Treves et al., 2008; Amburgey et al., 2011; Amburgey et al., 2013; Snoeck et al., 2015; Jungbluth et al., 2018), and account for more than 30% of total congenital myopathy cases (Zvaritch et al., 2009; Zhou et al., 2013). RyR2 mutations have been associated with several cardiac conditions such as catecholaminergic polymorphic ventricular tachycardia (CPVT) (Laitinen et al., 2001; Itoh et al., 2021), sudden cardiac death (Blayney and Lai, 2009; Aiba et al., 2016), heart failure (HF) (Ran et al., 2010), and other cardiac arrhythmias (Priori et al., 2001). RyR3 mutations have been linked to neurodegenerative and cardiac diseases (Supnet et al., 2010; Yang et al., 2017; Gong et al., 2018), but the evidence is less clear. In addition, the mutations in all three isoforms are also associated with cancer in several clinical studies (Kobylewski et al., 2012; Lu et al., 2017; Schmitt et al., 2019; Xu et al., 2019; Liu et al., 2021). These dysfunctions highlight the key role of RyRs in human physiology and diseases. Understanding the impacts of these mutations on RyRs at the molecular level would not only provide important insights into the disease mechanisms but also lay a foundation for the development of therapeutic avenues to tackle these debilitating diseases.
Recently, thanks to revolutionary advances in structural biology techniques, several structures at near-atomic resolutions have been solved for both mammalian RyR1 (Efremov et al., 2015; Yan et al., 2015; Zalk et al., 2015; Bai et al., 2016; Wei et al., 2016) and RyR2 (Peng et al., 2016), revealing the overall domain organization and the gating mechanisms. In addition, the structures of RyRs with disease-causing mutations (Iyer et al., 2020; Woll et al., 2021) or small molecule modulators have also been reported (des Georges et al., 2016; Chi et al., 2019; Gong et al., 2019; Ma et al., 2020), elucidating the underlying disease and regulation mechanisms. Several good review papers have been published in recent years on the structure, function, and modulations of RyRs (Gong et al., 2021; Ogawa et al., 2021; Samurkas et al., 2022; Woll and Van Petegem, 2021). In this paper, we will first review the history of the structural studies of RyRs (summarized in Figure 1), and then mainly focus on the latest discoveries in RyR-related channelopathies from a structural point of view. Specifically, we will discuss the distribution of disease-causing mutations in the 3D structures of RyRs and how these mutations affect the structure and function of the channel. In addition, we will discuss the current developments in the pharmacology of RyRs.
[image: Figure 1]FIGURE 1 | Timeline of significant discoveries/milestones of RyR structural studies. The structures of RyR were adapted from (Radermacher et al., 1994; Samsó et al., 2005; Samsó et al., 2009; Tung et al., 2010; Yuchi et al., 2012; Kimlicka et al., 2013a; Kimlicka et al., 2013b; Lau and Van Petegem, 2014; Efremov et al., 2015; Yan et al., 2015; Yuchi et al., 2015; Zalk et al., 2015; Bai et al., 2016; Wei et al., 2016; Chi et al., 2019; Gong et al., 2019; Haji-Ghassemi et al., 2019; Iyer et al., 2020; Ma et al., 2020; Woll et al., 2021).
2 STRUCTURES OF RYRS REVEAL THE OVERALL CHANNEL ARCHITECTURE AND GATING MECHANISMS
2.1 Cryo-Electron Microscopy
In 1994, the first single-particle cryo-EM structure of the gigantic RyR isolated from rabbit skeletal muscle was solved by Wagenknecht group with a resolution of ∼40 Å (Radermacher et al., 1994). Since then, the resolution is gradually increased to ∼10 Å for the skeletal isoform with the efforts from several research groups during the next two decades (Samsó et al., 2005; Samsó et al., 2009; Ludtke and Serysheva, 2013). These medium-resolution structures revealed the overall shape of the channel as a giant tetrameric “mushroom” with four-fold symmetry, which contains ∼5,000 residues per monomer (Figure 2A) (Samsó et al., 2009). The symmetry axis is along the Ca2+-conducting pore of the channel and its transmembrane domain is like a classic voltage-gated ion channel such as Kv1.2 (Samsó et al., 2009). At this resolution, numerous distinct regions of the cytoplasmic part of RyR, including the clamp, the handle, and the central rim, could be resolved (Figure 2B), providing valuable information for the domain organization, although the exact corresponding sequences were still not clear.
[image: Figure 2]FIGURE 2 | Overall structure and domain organization of RyR. (A) Schematic illustration of domain organization of three human RyR isoforms. The residue numbers of the domain boundaries are labeled. (B) The top view of the cryo-EM structure of rabbit RyR1 (PDB: 5TAL). Four protomers are colored in green, pink, cyan, and grey, respectively. Several distinct areas of the cytoplasmic region, including the clamp, the handle, and the central rim, are also labeled. (C,D) The top view (C) and the side view. (D) of the cryo-EM structure of rabbit RyR1 in complex with FKBP12, Ca2+, ATP, and caffeine (PDB: 5TAL). One of four protomers is colored by domain according to the schematic illustration in panel A. Two of the four protomers facing each other are shown for the side view. (E) A close-up view of the binding sites of Ca2+, ATP, and caffeine, and the transmembrane region.
Since the early 2010s, the “resolution revolution” in cryo-EM has dramatically improved the quality of RyR structures. The cryo-EM structures of rabbit RyR1 have been solved by several groups with resolutions of 3.2–6.1 Å, representing different functional states, including the closed-state (Efremov et al., 2015; Yan et al., 2015; Zalk et al., 2015; des Georges et al., 2016), the open-state (Bai et al., 2016; des Georges et al., 2016; Wei et al., 2016), the primed-state (des Georges et al., 2016), and several ligand-bound states, such as in complex with Ca2+, ATP, caffeine, ryanodine (des Georges et al., 2016), calmodulin (CaM) (Gong et al., 2019; Ma et al., 2020), FK506-binding protein (FKBP) (Yan et al., 2015; des Georges et al., 2016; Peng et al., 2016; Chi et al., 2019; Gong et al., 2019), and diamide (Ma et al., 2020). With the improved resolution, a total of 20 individual domains from each protomer become discernible, including three N-terminal domains (NTDs) (NTD-A, NTD-B, and NTD-C), three SPRY domains (SPRY1, SPRY2, and SPRY3), three divergent regions (DR1, DR2, and DR3), two RYR repeat domains (Repeat12 and Repeat34), three solenoid (sol) domains (Bridging solenoid (Bsol), core solenoid [(Csol), and junctional solenoid (Jsol)], a shell-core linker peptide (SCLP) domain, an EF-hand domain (EF), a thumb and forefinger (TaF) domain, a pseudo voltage-sensor domain (pVSD), a channel pore domain (Pore), and a C-terminal domain (CTD) (Figures 2A,C). The last three domains form the transmembrane region enclosing a central Ca2+-conducting pore, whereas the other domains located in the cytoplasmic region mainly sense the signals from diverse ligands. The activity of RyR is regulated by a wide range of stimuli from both cytosolic and luminal sides, including ions (Ca2+, Mg2+, and Zn2+), proteins (CaM and FKBP12/12.6), and small molecules (ATP, caffeine, ryanodine, PCB95, and diamide insecticide) (Figures 2D,E) (Yan et al., 2015). The structural basis of channel gating and ligand-dependent activation has been established by comparing the open and closed structures of RyR1 (Figures 3A–D) (Bai et al., 2016; des Georges et al., 2016), which shows a coupled motion between the displacements of the cytoplasmic “O-ring” motif of the channel domain, the U-motif of the central domain, the central domain, and the dilation of the S6 helix bundle at the cytoplasmic side during pore opening (Figure 3C) (Bai et al., 2016). Des Georges et al. reported that either ATP, Ca2+, or caffeine alone promotes conformational changes in the cytoplasmic assembly, allowing it to reach a “primed” state without pore dilation. In contrast, the presence of all three activating regulators causes the pore dilation and conformational changes in the cytosolic assembly and local changes in the transmembrane domain (Figure 2E) des Georges et al., 2016).
[image: Figure 3]FIGURE 3 | Conformational changes of RyR upon channel gating. (A) Superimposition of RyR1 in the closed state (magenta, PDB: 5TB0) and the open state (sky blue, PDB: 5TAL). The structural movements of individual domains of RyR1, such as the NTD. (B), the central domain. (C), and the channel domain. (D) are shown in a zoomed-in view. (E) Superimposition of RyR2 in the closed state (yellow, PDB: 5GO9) and the open state (light blue, PDB: 5GOA). Two of the four protomers facing each other are shown. The structural movements of individual domains of RyR2, such as the NTD. (F) The central domain. (G) and the channel domain. (H) are shown in a zoomed-in view.
Shortly after the determination of the rabbit RyR1 structure, Yan group solved the cryo-EM structures of porcine RyR2 in both the open and closed states (apo-RyR2) with a resolution of 4.2 and 4.4 Å, respectively (Figures 3E–H) (Peng et al., 2016). The comparison of the open and closed states of RyR2 shows relative movements within the cytoplasmic domains, leading to breathing motion of the periphery of the cytoplasmic region and the rotation of the central domain (Figure 3G). The central domain was shown to be the major mediator of conformational changes, integrating the conformational changes of the cytoplasmic domains and converting them into channel gating (Peng et al., 2016). Recently, complex structures of RyR2 with allosteric regulators Ca2+, PCB95, ATP, caffeine, FKBP12.6, and CaM were also determined in different configurations, gaining insight into the complex regulatory mechanisms of RyR2 (Chi et al., 2019; Gong et al., 2019). Aligning with their 70% sequence similarity, the overall structure and domain organization of RyR2 are almost identical to that of RyR1 (Yan et al., 2015), and the structural changes in the closed and open states of RyR2 are also largely similar to the ones in RyR1 (des Georges et al., 2016; Chi et al., 2019; Gong et al., 2019). However, many of the isoform-specific differences in function remain poorly defined, partially because that the non-conserved regions tend to be more flexible which are less resolved in the structures.
RyRs are known to form 2D lattice on ER membrane and their activity can be regulated by the crosstalk between neighboring RyR channels, or “coupled gating.” The potential of long-range allosteric gating presents a fascinating view of the impact of nano- and microdomains on intracellular calcium dynamics (Chen-Izu et al., 2006; Hiess et al., 2018). Therefore, in addition to the high-resolution structure of single isolated RyRs, the determination of the super-complex structure that can describe the structural linkage with neighboring RyRs is crucial for the understanding of the “coupled gating” mechanism. Using direct stochastic optical reconstruction (dSTORM) imaging several groups demonstrated that RyR2 may be clustered into a broad variety of group dimensions in ventricular cardiomyocytes, which designated as “super-clusters” (Hou et al., 2015; Munro et al., 2016). These super-clusters are groups of individual clusters close enough to each other that Ca2+ release from one cluster can cause Ca2+-induced Ca2+ release (CICR) from a neighboring cluster within the group (Macquaide et al., 2015). As clusters inside a super-cluster may be functionally connected, they are often referred to as calcium release units (CRUs). Along with inter-cluster spacing, the packing, or density, of RyR2 channels within individual clusters might influence their physiological Ca2+ handling. Reduced RyR2 channel density within a cluster increases the space between individual channels, reducing the possibility of RyR2–RyR2 interactions and thereby affecting coupled gating features and channel open probability (Walker et al., 2015). Recently, using a combination of line scan confocal imaging, dual-tilt electron tomography (ET), and dSTORM imaging, Asghari et al. (2020). reported that the arrangement of RyR2 super-complex is dynamic and can switch between different modes depending on the conditions of cellular environment, including the presence or absence of the regulatory proteins FKBP12 and FKBP12.6 as well as the post-translational modifications (PTMs) such as phosphorylation. Their findings prove that the long-range allosteric regulations by protein modulators or PTMs can change the size of RyR2 cluster and also the arrangement of RyR2 tetramers within clusters (Asghari et al., 2020). Advances in high-resolution techniques and approaches that can cover a broad range of dimensions, such as correlative light and electron microscopy (CLEM) that combines high-resolution structural data from cryo-electron tomography (cryo-ET) with spatiotemporal information from fluorescence light microscopy (FLM), would be necessary to solve the high-resolution structures of the super-complexes of RyRs, which would provide valuable information on the mechanism of “coupled gating.”
2.2 X-Ray Crystallography
While cryo-EM structures shed light on the overall domain organization of RyRs and conformational changes associated with channel gating, x-ray crystallography has been extensively used to reveal the structural details of RyR domains at atomic resolutions. Several high-resolution structures of RyR1, RyR2, and RyR3 domains were determined by X-ray crystallography, including whole NTDs of RyR1 (Tung et al., 2010; Kimlicka et al., 2013a) and RyR2 (Borko et al., 2014) and their individual subdomains (Amador et al., 2009; Lobo and Van Petegem, 2009; Amador et al., 2013), SPRY1 of RyR2 (Yuchi et al., 2015) and SPRY2s of RyR1 and RyR2 (Lau and Van Petegem, 2014; Yuchi et al., 2015), the Repeat12 of RyR1 (Yuchi et al., 2015), and the Repeat34 of RyR1, RyR2, and RyR3 (Table 1) (Yuchi et al., 2012; Yuchi et al., 2015).
TABLE 1 | Structures of wild type and mutant RyRs mentioned in the paper.
[image: Table 1]2.2.1 NTD
Several reports have provided high-resolution details of the N-terminal domains (NTD) of RyR1 (Figure 4A) (Tung et al., 2010; Kimlicka et al., 2013a) and RyR2 (Figure 4B) (Borko et al., 2014). Based on the crystallographic studies of the N-terminal region of RyR, this region consists of three domains interacting with each other via a hydrophilic interface. NTD-A (residues 1–208 rabbit RyR1 numbering) and NTD-B (residues 209–392 rabbit RyR1 numbering) form β-trefoil domains, each containing 12 β-strands, while NTD-C (residues 393–627 rabbit RyR1 numbering) forms an armadillo repeat domain consisting of a bundle of five α-helices. These three domains are highly similar in sequence and structure to their counterparts of the inositol 1,4,5-triphosphate receptor (IP3R). NTD-B and NTD-C of IP3R form a ligand binding site for IP3, and the presence of NTD-A reduces the binding affinity of the ligand, hence named as ligand binding suppressor domain (Lin et al., 2011). In contrast, despite of the structural similarity, the ligand-binding property is not conserved in the RyR. According to the results of docking study, using several different RyR1 cryo-EM maps, the NTD is consistently docked in the center of the cytoplasmic region and forms a vestibule around the 4-fold symmetry axis (Tung et al., 2010). Albeit this position seems to be in contradiction with a GFP insertion study (Wang et al., 2007), the data can be aligned when the length of the linkers and the size of the insertion proteins are taken into account (Tung et al., 2010).
[image: Figure 4]FIGURE 4 | Crystal structures of the RyR domains with disease mutations mapped. (A) The crystal structure of the N-terminal domain of rabbit RyR1 (PDB: 2XOA). The individual subdomains are colored in sandy brown (NTD-A), sienna (NTD-B), and dark brown (NTD-C), respectively. (B) The crystal structure of the N-terminal domain of human RyR2 (PDB: 4JKQ). The individual subdomains are colored in grey (NTD-A), light green (NTD-B), and light blue (NTD-C), respectively. (C) The crystal structure of Repeat 34 domain of rabbit RyR1 (PDB: 4ERT). (D) The crystal structure of Repeat 12 domain of rabbit RyR1 (PDB: 5C30). (E) The crystal structure of SPRY1 domain of mouse RyR2 (PDB ID: 6J6L). (F). The superposition of the crystal structures of WT SPRY2 (green) (PDB: 4P9I) and SPRY2 A1107M (golden) (PDB: 4P9L) in RyR2. The locations of individual disease-causing mutations are shown as black sticks and labelled.
The overall structure of RyR2 NTD is similar to RyR1 (Figures 4A,B), but its NTD-A contains an additional α-helix, as revealed by an X-ray crystal/NMR hybrid structure (Amador et al., 2013). This mobile helix was not resolved in some other crystal structures (Lobo and Van Petegem, 2009; Kimlicka et al., 2013a; Borko et al., 2014), probably due to its high dynamics. According to the docking result, this α-helix is located at an interface with the pore region and might mediate the conformational changes between NTD and the pore (Amador et al., 2013).
Recently, the crystal structures of insect RyR NTD-A from two insect species, Apis mellifera and Plutella xylostella, have also been solved at the resolutions of 2.50 and 2.84 Å, respectively (Lin et al., 2018; Zhou et al., 2020). Several species-specific structural features were revealed at the inter-domain interfaces, which would alter conformation upon channel gating, making them excellent pest-specific insecticide-targeting sites.
2.2.2 Repeat12 and Repeat34
RyRs encode four tandem repeats existing in two pairs (Repeat12 and Repeat34). These domains are referred to as Repeat domains or RYR domains, and the Repeat34 domain is also named as the phosphorylation domain. Repeat12 (residues 850–1,054 rabbit RyR1 numbering), and Repeat34 (residues 2,735–2,938 rabbit RyR1 numbering), presumably evolved by gene-duplication, are ∼1,700 residues apart in sequence (Figure 2A). Because of tandem repeats, both domains have a pseudo two-fold symmetry.
The high-resolution crystal structures of Repeat34 (phosphorylation domain) have been solved for all three mammalian isoforms (Sharma et al., 2012; Yuchi et al., 2012; Yuchi et al., 2015). Repeat34 is positioned in the center of the RyR sequence and comprises a phosphorylation hot-spot loop that links two halves of the domain (Figure 2A). It exhibits a high pseudosymmetry and a prominent horseshoe shape (Figure 4C). Multiple phosphorylation sites have been reported in the Repeat34 domain of RyR1 (S2843) and RyR2 (S2808 and S2814), but not in RyR3. The crystal structures show that the phosphorylation loops are largely unstructured in RyR1 and RyR2 but more rigid in RyR3, implicating some correlation between the flexibility of the loop and the substrate feasibility. The structure of the Repeat34 domain from the insect P. xylostella has also been determined (Xu and Yuchi, 2019). Interestingly, the phosphorylation pattern of insect Repeat34 is temperature-dependent, which might be related to their environmental adaptation. Insect Repeat34 was found to possess several distinct features, such as an extra α-helix after the phosphorylation loop.
Repeat12 is located between SPRY1 and SPRY2 domains near the N-terminal region of the RyR sequence (Figure 2A). Although Repeat12 and Repeat34 have some structural similarities, the former is less symmetrical. This is mainly owing to the existence of an extra three-stranded β-sheet that fills a cavity between the two repeats of Repeat12 (Yuchi et al., 2015). The two repeats of Repeat12 are separated by a highly structured 30-residue loop, the equivalent of the phosphorylation loop in Repeat34, generating a U-shaped lid (“U-lid”) and interacting closely with an α-helix in Repeat12 (Figure 4D). According to the result of the docking experiment using the RyR1 cryo-EM maps, Repeat12 is located at the corners of the cytoplasmic domain, precisely above the SPRY2 domain. This location is corroborated by the high-resolution structures (Efremov et al., 2015; Yan et al., 2015; Yuchi et al., 2015). Because this corner region has been shown to be involved in the coupled gating of RyRs (Asghari et al., 2020), Repeat12 might play a role in this process.
2.2.3 SPRY
RyRs have three SPRY domains (SPRY1-3), which share high sequence identity between vertebrates and invertebrates. SPRY domains, located after the NTD of RyRs in sequence (Figure 2A), are named after two protein families, SPlA kinases and RYanodine receptors, where they were first identified. They have been implicated in protein-protein interactions in several protein families.
The crystal structures of the SPRY2 domains of RyR1 (residue 1,070–1,246 rabbit numbering) and RyR2 (residue 1,080–1,253 mouse numbering) isoforms have been determined with 1.34–1.84 Å resolution (Lau and Van Petegem, 2014). The structures reveal that two antiparallel β-sheets form a core, on which an N-terminal extension and a lid module further stabilize the folding of the domain (Lau and Van Petegem, 2014). The docking results reveal that the SPRY2 domain is located at a position connecting the NTD gating ring with the clamp region (Figure 2C).
The crystal structure of SPRY1 domain of RyR2 (residue 650–844 mouse numbering) was solved later at a resolution of 1.2 Å (Yuchi et al., 2015). SPRY1 shares similar core and lid modules with SPRY2, but it has a unique inserted “finger” module formed by a β-hairpin structure (Figure 4E). This “finger” protrudes out from the core and is stabilized by a conserved W713 residue at the base, which serves as an anchor point. The conformation of this finger is similar in both molecules of the asymmetric unit, and its residues are highly conserved among all three RyR isoforms, indicating that it has a key functional role as an anchor point for other RyR domains or auxiliary proteins. In addition, SPRY1 domain does not contain an “insertion loop,” which breaks a β-strand in two halves in SPRY2 (Lau and Van Petegem, 2014). Overall, despite having a similar core structure, SPRY1 and SPRY2 have diverged significantly through numerous insertions that alter their overall shape.
Although three SPRY domains were predicted to fold independently, the cryo-EM structures showed that they are partially intertwined. In RyR1, SPRY1 comprises two pairs of anti-parallel β-sheets (residues 1,466–1,491 and 1,615–1,634) from SPRY3 in addition to its own core β-sheets (residues 639–826). Similarly, SPRY2 contains a pair of anti-parallel β-sheet (residues 827–845) from SPRY1 (Yan et al., 2015). SPRY3 has a special structure consisting of two large structurally linked regions (residues 1,242–1,465 and 1,492–1,614) that are separated by an extension from SPRY1. A similar pattern is also observed in the RyR2 structure (Peng et al., 2016). Because of this domain organization, the crystal structures of individual SPRY1 and SPRY2 domains produced from recombinant expression cannot represent the whole domains, but rather the largest continuous core-forming segments (Lau and Van Petegem, 2014; Yuchi et al., 2015).
3 STRUCTURES OF RYR REVEAL THE DISEASE MECHANISMS
3.1 Crystal Structures of RyR Domains Containing Disease Mutations
More than 700 disease-associated mutations have been associated with RyRs, many of which are located in some mutation hotspot domains. X-ray crystallography has its advantage in studying the subtle structural changes caused by disease-causing mutations due to the high-resolution information. So far, the crystal structures of several mutant RyR domains, including NTD (Lobo and Van Petegem, 2009; Tung et al., 2010; Kimlicka et al., 2013a; Amador et al., 2013; Kimlicka et al., 2013b), SPRY1 (Touat-Hamici et al., 2021), SPRY2 (Lau and Van Petegem, 2014; Alvarado et al., 2019), Repeat12 (Yuchi et al., 2015), and Repeat34 (Yuchi et al., 2012), have been solved and provided insights into the mechanisms of these disease-causing mutations (Table 1).
3.1.1 NTD Mutant
The NTD is known as one of the three so-called “mutation hotspot regions,” containing fifty six mutations (http://www.hgmd.cf.ac.uk/ac/gene.php?gene=RYR) in both RyR1 (Amburgey et al., 2011; Snoeck et al., 2015) and RyR2 (Marjamaa et al., 2009). The structures of both mutant NTDs and their subdomains were studied thoroughly to acquire a better understanding of how a given mutation impacts the tertiary structure and consequently the gating of the channel. The NTD mutations are found to cluster in several main regions of both isoforms, including the central helix, various interfaces within and across subunits, and a hotspot (HS) loop (loop β8-β9 of NTD-A) (Amador et al., 2009; Tung et al., 2010; Kimlicka et al., 2013a; Kimlicka et al., 2013b; Borko et al., 2014). To date, fourteen crystal structures of mutant NTD have been solved, including L14R, G249R, C36R, V219I, I404M, R45C, D61N, and R402G mutants of RyR1 (Figure 4A) (Kimlicka et al., 2013a) and the A77V, V186M, R420Q, P164S, R169Q, and R176Q mutants of RyR2 (Figure 4B) (Lobo and Van Petegem, 2009; Amador et al., 2013; Kimlicka et al., 2013b; Borko et al., 2014).
The RyR1 mutant NTD structures show that most disease-causing mutations affect either the intra-subunit or inter-subunit domain-domain interface and alter relative domain orientations (Kimlicka et al., 2013a). Specifically, R45C, D61N, and R402G target ionic pairs between NTD-A and NTD-C: R45C abolishes a salt bridge with D447 on NTD-C, while D61N and R402G completely disrupt the ionic pair network. In general, they cause a large structural changes by affecting inter-domain ionic pairs. In contrast, a small number of mutations buried within the NTD domains, such as G249R and L14R, indirectly affect the inter-subunit interface through inducing conformational changes of residues at the interfaces. These findings highlight the overall importance of these interfaces in channel opening. However, some other mutations, such as V219I, I404M, and C36R, do not appear to induce any significant structural changes, but rather affect the thermal stability of the NTD protein. The C36R mutation showed the largest impact, lowering the melting temperature of RyR1 NTD protein by more than 9°C (Kimlicka et al., 2013a).
Several RyR2 NTD crystal structures have also been determined at atomic resolutions (Figure 4B). The structures of A77V (2.2 Å) and V186M (1.7 Å), which were solved on the background of RyR2 NTD-A, reveal that the mutations cause distinct local changes in the protein surface (Lobo and Van Petegem, 2009), while the structure of R420Q, which was solved based on RyR2 full NTD, shows that this CPVT mutation abolishes the chloride ion binding and reorients the three NTD subdomains (Kimlicka et al., 2013b). Other mutations, such as L62F, F329L, T415R, and L433P, located at the intra-subunit domain interfaces or buried inside the specific domains, induced protein instability, resulting in extensively degraded products (Kimlicka et al., 2013b).
In general, three molecular mechanisms are proposed for NTD mutations: 1. causing the misfolding of the protein; 2. destabilizing the interactions between NTD-A, NTD-B, and NTD-C; 3. affecting the interfaces between NTD and other RyR domains.
3.1.2 Repeat12 and Repeat34 Mutants
Several disease mutations have been identified in Repeat12 and Repeat34 domains, which were mapped to the high-resolution crystal structures of these domains (Yuchi et al., 2012; Yuchi et al., 2015) and also some of the mutant structures were determined by x-ray crystallography. Seven mutations were identified in the Repeat12 domain (Figure 4D), among which five of them from RyR1 (G893S, N899K, A933T, R1043G, and G1049S) are associated with MH (Levano et al., 2009), while the other two from RyR2 (R1013Q and R1051P) are associated with CPVT (Medeiros-Domingo et al., 2009). Several of these mutations are distributed on the surface, which are unlikely to cause misfolding of the domain but rather affect some domain-domain interactions in the full-length RyR. One exception is RyR1 R1043C, which affects a hydrogen bond network that is important for the stabilization of U-lid motif and causes a clear destabilization effect (Yuchi et al., 2015). RyR2 R1051P is located in the middle of the second α-helix of Repeat12. Thus, the substitution of the arginine with a proline, a “helix-breaking” residue, would probably disrupt this helix and possibly the structure of at least part of the domain.
Eleven disease mutations, including E2764K, S2776F, S2776M, L2785V, T2787S, R2840W, S2843P, L2867G, E2880K, R2939S, and R2939K, have been found in the RyR1 Repeat34 domain and associated with MH and CCD (Figure 4C) (Yuchi et al., 2012). Their distribution is not random but rather clustering into three structural regions. One mutation, L2867G, which targets a buried hydrophobic residue, induces a significant thermal instability and aggregation at room temperature. All of other mutations are exposed to the surface. Seven of them cluster on the same side as the phosphorylation loop. Mutations in the phosphorylation loop can either directly abolish the S2843 phosphorylation (S2843P) site directly or remove a positive charge (R2840W). Removing a positive charge has the same effect as the adding a negative charge via phosphorylation. The proximity of the majority of the mutations in Repeat34 to the phosphorylation sites implies that the mutations may influence the same interaction with a neighboring domain or a regulatory subunit as phosphorylation does. The remaining three mutations, R2939S, R2939K, and E2880K, are located on the completely opposite side of the domain. Crystal structures reveal that R2939S and R2939K can affect intra-domain salt bridges and hydrogen bonds with E2870 and Q2877, while E2880K simply affects the local surface charge properties.
Four mutations (D708N, N759D, R739H, and I784F) identified in SPRY domains have been associated to myopathies (Figure 4E). D708N in RyR1 has been linked to MmD and atypical periodic paralysis (Zhou et al., 2010). Based on the crystal structure, the equivalent residue in RyR2, D720, forms a salt bridge with the equally conserved R694. D720 is part of the “finger” motif, mediating the SPRY1-SPRY2 interaction. Thus, a mutation to asparagine would weaken the interaction and consequently disrupt the SPRY1-SPRY2 interaction (Yuchi et al., 2015). Furthermore, considering the direct involvement of SPRY1 in FKBP binding, the question emerges whether the SPRY1 disease mutations directly affect FKBP binding. The mutation of SPRY1 N760D mutation [equivalent to the human N759D core myopathy mutation (Bharucha-Goebel et al., 2013)] lies at the FKBP interface. Interestingly, this mutation leads to a four-fold decrease in total FKBP binding at saturating levels without affecting FKBP binding affinity (Yuchi et al., 2012). The mutation significantly reduced the expression level of SPRY1 N760D, implicating that the residue is critical in folding of the domain, but is less important in maintaining this structure as a receptor of FKBP. Two mutations, including R739H associated with CPVT (Medeiros-Domingo et al., 2009) and I784F associated with short-coupled torsade de pointes Touat-Hamici et al. (2021), were identified in RyR2 SPRY1. Recently, Touat-Hamici et al. solved a crystal structure of RyR2 SPRY1 I784F at 1.21 Å. The structure revealed that I784F causes a conformational change in a loop at the interface with SPRY3 and Repeat12, which affects inter-domain interactions and alters channel gating. In addition, this mutation has shown to reduce the melting temperature of SPRY1 by 7°. The impacts in both structure and thermal stability might contribute to the increase of propensity for spontaneous Ca2+ release observed in the functional assays.
Five mutations, including R1075W, G1165D, R1179W, R1127H, and R1140C, have been identified in the SPRY2 domain (Lau and Van Petegem, 2014). G1165D and R1075W affect partially buried residues and were associated to CCD (Böhm et al., 2013). Despite both mutations were found in conjunction with other mutations elsewhere in RyR1, they interfere with proper folding and should either contribute or be entirely responsible for the disease phenotype (Lau and Van Petegem, 2014). For the three mutations at the domain surface, R1179W, R1127H, and R1140C, they likely lie at some interfaces with other RyR domains or an auxiliary protein to become disease causing. Generally, the mutations that interfere with the folding of SPRY2 result in loss-of-function phenotypes, whereas mutations on the surface result in gain-of-function ones. In RyR2 SPRY2, T1107M has been associated with hypertrophic cardiomyopathy as well as CPVT (Figure 4F) (Medeiros-Domingo et al., 2009). The functional experiments have convincingly demonstrated that it confers an uncommon loss-of-function phenotype with early termination of Ca2+ release (Tang et al., 2012). The crystal structure of RyR2 SPRY2 A1107M (equivalent mutation in mouse RyR2) shows that the mutation abolishes a surface salt bridge between two neighboring β-strands to accommodate this nearby bulky methionine residue, explaining the observed significant thermal destabilization, resulting in 22% unfolding at physiological temperatures and the loss-of-function phenotype (Lau and Van Petegem, 2014). Recently, another RyR2 mutation discovered in a patient from a genotype-negative Hypertrophic cardiomyopathy (HCM) cohort, P1124L, was structurally and functionally characterized (Alvarado et al., 2019). HEK293 cells expressing recombinant RyR2 P1124L displayed a cytosolic loss-of-function phenotype and a higher sensitivity to luminal Ca2+. This mutation induces significant conformational changes in SPRY2, which might disrupt a nearby interface between SPRY2 and SPRY3 and alter the channel gating property.
3.2 Cryo-EM Structures of RyR Containing Disease-Associated Mutations
3.2.1 The Distribution of Disease-Causing Mutations in RyRs
To date, over 700 mutations have been identified in both RyR1 and RyR2, and these are distributed throughout the receptor (Figure 5A). Several attempts have been sought to establish a relationship between the 3D structural distribution of these disease-associated mutations and their disease phenotype and severeness with the aim to create some prognostic markers. Roston et al. created a 3D model based on the available crystal structures of RyR2 domains and cryo-EM structures of rabbit RyR1, which can be used to predict the structural and functional impacts of CPVT-related variants. Interestingly, they discovered that the majority of the CPVT mutations cluster along the four-fold symmetry axis with almost none in the peripheral region. The mutations with severe clinical phenotype, namely cardiac arrest, are distributed in a few important interfaces in RyR2 structure, including NTD, S4-S5 linker, and the pore-forming domain (Roston et al., 2018). NTD forms a continuous gating-ring structure surrounding the four-fold symmetry axis and is vital in regulating channel gating. The S4-S5 linker and the pore-forming domain belong to the transmembrane part of the channel that directly mediates calcium permeation. The linker between S4 and S5 has been demonstrated to be a key allosteric coupling element between the signal-sensing modules and the channel gates in several ion channel families (Blunck and Batulan, 2012), while the pore-forming domain, comprised of helices S5 and S6, creates the minimal “channel” through which calcium ions can permeate the SR membrane. In contrast, the mutations with relatively mild phenotype, such as syncope, are scattered in other interfaces. The distribution pattern of mutations in the 3D structure of RyR is useful in the prediction of the severeness of newly identified mutations during diagnosis in the future.
[image: Figure 5]FIGURE 5 | Disease-causing mutations of RyR studied by cryo-EM. (A) The distribution of disease-causing mutations (spheres) in RyR1 (light blue) and RyR2 (magenta). One protomer is shown for each isoform. (B) Superposition of the structures of WT RyR1 (magenta) (PDB: 3J8H) and RyR1 R164C (light blue) (PDB: 6WOT). (C) Superposition of the structures of WT RyR1 (magenta) (PDB: 6W1N) and RyR1 R615C (light blue) (PDB: 6X34). Left panels of. (B,C) show the locations of the mutations in the full-length RyR1, and the right panels show the relative displacement induced by the disease-causing mutations in zoomed-in views.
3.2.2 The Impacts of Disease-Causing Mutations Revealed by Cryo-EM Structures
Although the crystal structures of mutant RyR domains provide valuable information about their localization and impacts on the local structural changes, they were not able to reveal the global and long-range allosteric structural changes of the channel caused by these mutations. Recently, several disease-causing mutations of RyR1 were investigated through cryo-EM (Iyer et al., 2020; Woll et al., 2021), provided insights into their disease mechanisms. Iyer et al. solved the cryo-EM structures of two gain-of-function RyR mutations, RyR1 R164C and RyR2 R176Q, both located in an equivalent position of NTD-A, that are associated with MH and CPVT, respectively (Iyer et al., 2020). Despite a comparable loss of positive charge, the structures revealed that the mutations had an isoform-specific effect on the structure of RyR. A salt bridge network is disrupted by RyR1 R164C mutation, resulting in a 1 Å shift and 6° rocking of the NTD-A, which induces the channel into an altered pre-activated conformation (Figure 5B). This movement is similar to the movements in these domains that occur upon channel opening, but lesser in magnitude (6.5 Å shift and 8° rocking for channel opening). However, there was no significant change of the NTD-A+/NTD-B distance for RyR2 R176Q, and the NTD-A did not shift in orientation.
In another recent study, Woll et al. solved the cryo-EM structure of a pig RyR1 containing an MH-associated mutation, R615C. The structure reveals that the mutation in the N-solenoid (Nsol) domain interacts with N1678 in junctional solenoid (Jsol) and E2175 in bridging solenoid (Bsol) (Figure 5C) (Woll et al., 2021). Previous cryo-EM studies revealed that the disruption of the interaction between Nsol and Bsol needs to occur upon channel opening. R615C mutation affects an interface between three solenoid domains and facilitates channel opening by causing a 2–3 Å shift in the Bsol near E2175 and a secondary movement of ∼10 Å in the Bsol around residue 2,457 to reach an “intermediate” state (Figure 3C). Furthermore, Woll et al. also showed that apo-CaM binding abolishes the “intermediate” state caused by the mutation and induce the channel into the open state. In the WT channel, the apo-CaM N-lobe contacts the Bsol (residues 2,190–2,242, interface 1) and is close to a short loop in the Bsol (residues 2,595–2,600, interface 2). The apo-CaM C-lobe interacts with Bsol (residues 3,627–3,634, interface 3) immediately downstream of the Jsol (residues 1,975–1,999, interface 4). These interactions induce a conformational change in Jsol, bringing interface 4 closer to the apo-CaM C-lobe while having no discernible effect on the structure of the closed channel pore. In contrast, apo-CaM binding to R615C channels alters the tilt angle between the Nsol and Bsol, causing it to more similar to this region of the open channel. The R615C-induced change in the Nsol-Bsol interface reduces the energy barrier for channel opening, contributing to the increased sensitivity of the mutant channel to open in response to activators. The cryo-EM classification results showed that WT pRyR1 in the presence of apo-CaM and in the absence of ATP produced mostly closed channels (27% open), whereas under the same condition the R615C mutation increase the open state population by ∼2.5-fold (69% open), suggesting that the mutation increases the opening probability of the channel (Woll et al., 2021). Overall, this finding highlights the role of the solenoid regions and CaM as key elements in propagating the effects of a disease-causing mutation. A common theme of gain-of-function RyR mutations revealed by Iyer et al. (2020) and Woll et al. (2021) is that the MH mutations can lead to some distinct “intermediate” pathological local conformations and cause the cytoplasmic regions of RyR1 to more closely resemble those of the open channel, thereby facilitating channel opening.
More mutations have been studied by molecular dynamic (MD) simulations based on the structural templates provided by cryo-EM and X-ray crystallography. MD simulations can provide information about dynamics that are difficult to capture by cryo-EM and X-ray crystallography. Zheng and Liu. (2017) studied the structural impacts of three disease mutations, K155E, R157Q, and R164Q (corresponding to mutations K167E, R169Q, and R176Q in RyR2), on the structure of RyR1 NTD tetramer. They revealed a dynamic network of inter-subunit salt bridges that critically control the relative motions and stability of the NTDs in RyR1, and are disrupted by the above mutations. Another study by Xiong et al. (2018). showed a CPVT mutation, A165D, located at the same inter-subunit interface of NTD can also perturb the conformation of the closed-state tetramer structure of NTD, suggesting that a similar disease mechanism of NTD mutations applies to both RyR1 and RyR2 given the strong conservation of NTD between them. Overall, structural analysis suggests that A165D, K167E, R169Q, and R176Q mutations all cause structural disruptions in a similar manner.
Different disease-causing mutations, depending on their locations in the structure of RyR, are likely to have different impacts on the local and global structures. Three mutation clusters, or so-called “hotspots,” have been previously identified in the RyR, including the NTD (35–614, human RyR1 numbering), the central domain (2,129–2,458), and the CTD (3,916–4,942) (Betzenhauser and Marks, 2010), which implies a functional linkage between these domains. In the “zipping/unzipping” hypothesis raised in early 2000s, the mutations were proposed to be located in the interdomain interfaces and destabilize the closed state of the channel by impairing crucial interdomain interactions (Ikemoto and Yamamoto, 2002; Uchinoumi et al., 2010). As a result, these mutations cause an aberrant sensitivity of the channel to activating signals, including caffeine, halothane, and 4-chloro-m-cresol (Tong et al., 1999; Balog et al., 2001), or displaces the inhibitory proteins, such as CaM, to cause CPVT arrhythmogenesis (Nakamura et al., 2019). The “zipping/unzipping” hypothesis provides a reasonable explanation of disease mechanism. The high-resolution cryo-EM structures of RyR in the different functional and pathological states provided valuable information about the gating and disease mechanisms, but the limited numbers of snapshots are still not enough to provide high resolution at the time-scale and describe the detailed conformational changes related to long-range allosteric domain linkages and the regulation of this large protein with a variety of modifying factors. On one hand, more cryo-EM structures describing the impacts of mutations from different interfaces will give a more comprehensive view of the pathological mechanism. On the other hand, the time-resolved cryo-EM or long MD runs combined with cryo-EM structures might provide further insights into the “functional linkage” by revealing the dynamic changes.
4 ENDOGENOUS AND EXOGENOUS MODULATOR REGULATING CA2+ RELEASE IN RYR
RyR is one of the biggest known ion channels. It is activated predominantly by Ca2+ but also regulated by many factors, including Mg2+, ATP, phosphorylation, the redox potential, and via the interactions with several modulatory proteins, such as DHPR, FKBP, CaM, etc. The regulations of RyR by several proteins [calsequestrin (Beard and Dulhunty, 2015), sorcin (Meyers et al., 1995), triadin (Chopra et al., 2009), homer (Pouliquin and Dulhunty, 2009), histidine-rich Ca2+ binding protein (Arvanitis et al., 2018), S100A1 (Rebbeck et al., 2016), and junctin (Li et al., 2015)] and pharmacological agent [(Paul-Pletzer et al., 2002; Kobayashi et al., 2005; Oo et al., 2015; Diszházi et al., 2019), flecainide (Hilliard et al., 2010), K201 (Kaneko et al., 2009), S107 (Bellinger et al., 2008; Lehnart et al., 2008; Bellinger et al., 2009), scorpion toxins imperatoxin A (Gurrola et al., 2010), maurocalcine (Esteve et al., 2003), hemicalcin (Shahbazzadeh et al., 2007), hadrucalcin (Schwartz et al., 2009), ryanodine (Meissner, 1986), diamide (Ma et al., 2020), and carvedilol (Zhou et al., 2011)] have been extensively characterized by electrophysiological and biochemical experiments (Santulli et al., 2018), and reviewed elsewhere (Lanner et al., 2010; Van Petegem, 2012; Meissner, 2017; Woll and Van Petegem, 2021). Recently, several high-resolution structures of RyRs in complex with different modulators have been determined (Wu et al., 2015; Bai et al., 2016; des Georges et al., 2016; Wu et al., 2016; Chi et al., 2019; Gong et al., 2019; Ma et al., 2020), revealing a wealth of information about the ligand-binding sites, the detailed interaction modes, and the conformational changes induced by these molecules. In this section, we mainly focus on the recent structural studies of some important RyR modulators (Figures 6A,B), including both endogenous and exogenous ones.
[image: Figure 6]FIGURE 6 | Structures revealing the modulations of RyRs by the endogenous and exogenous modulators. (A) The locations of different ligand-binding sites within the full-length RyR1 (PDB: 6M2W) are indicated by colored boxes. A single protomer is shown. (B) The zoomed-in views of the binding sites for FKBPs (red dot square), apo-CaM (brown dot square), Ca2+-CaM (orange dot square), Ca2+, ATP, caffeine (green dot square), and chlorantraniliprole (CHL) (blue dot square). The different domains are displayed in surface view by the same color scheme as. (A,C) Zoomed-in view of the binding sites for Ca2+ (magenta dot square), caffeine (yellow dot square), and ATP (blue dot square) in RyR1. The contact residues are labelled in black (RyR1) and magenta (RyR2). (D) Zoomed-in view of the CHL binding site in RyR1. The detailed interactions and ligand-coordinating residues are labeled in. (C,D).
4.1 Endogenous Modulators
4.1.1 Calcium Ion
The determination of the high-resolution cryo-EM structures of RyR1 and RyR2 isoforms has shed light on the intricate regulatory mechanism governing Ca2+ modulation (des Georges et al., 2016; Chi et al., 2019). Several studies previously reported that RyR channel contains a moderate-affinity micromolar Ca2+-binding site for Ca2+-dependent activation and a lower-affinity millimolar Ca2+-binding site for Ca2+-dependent inhibition (Watras and Ehrlich, 1991; Clapham, 1995). The cryo-EM structures of rabbit RyR1 solved by des Georges et al. showed that the moderate-affinity of Ca2+-binding site at the interdomain interfaces between Csol and CTD is highly occupied at 30 μM Ca2+ concentration (Figure 4A), and the Ca2+-coordinating residues (E3893, E3967, T5001, Q3970, and H3895) are conserved between RyRs and IP3Rs (des Georges et al., 2016). They propose that the binding of 30 μM Ca2+ primes the channel and makes it ready for activation, and the binding of other channel activators, e.g., ATP and caffeine, would induce the channel to a fully open-state (Figure 6C) (des Georges et al., 2016). This observation was supported by the reports from other independent structural studies on RyR1 (Efremov et al., 2015; Ma et al., 2020). Later, Yan’s group investigated whether Ca2+ alone could open RyR2 in the absence of other modulators using cryo-EM. They discovered that the channel is inactivate in the absence of Ca2+, but that increasing Ca2+ to 20 μM concentration with the addition of PCB95 in the absence of FKBP12.6 (Peng et al., 2016) or with the simultaneous addition of ATP and caffeine in the presence of FKBP12.6 (Gong et al., 2019) induces a contraction of the central domain, which applies a pulling force, facilitating the dilation of the S6 bundle and opens the pore. Overall, these studies reveal the location of the moderate-affinity Ca2+-activation site and indicate that Ca2+ is essential for the opening of RyRs, and multiple modulators highly regulate the calcium-induced channel opening by stabilizing the open-state of the channel. In contrast, the location of the low-affinity Ca2+-binding site remains elusive probably due to the low occupancy at the experimental condition, although a study using the chimeric channels between RyR1 and RyR2 suggests that it might be located in one of the two EF hands (Gomez and Yamaguchi, 2014).
4.1.2 ATP and Magnesium Ion
Adenine-derived nucleosides and nucleotides are competitive partial agonists of both RyR1 (Laver et al., 2001) and RyR2 (Kermode et al., 1998). ATP enhances the maximal opening probability (PO) of the channel, without affecting its conductance (Kermode et al., 1998). des Georges et al. (2016). solved cryo-EM structure of ATP-binding site in RyR1 in the absence or presence of other modulators, revealing that ATP-binding site is constituted by the cytoplasmic extension of S6 and C-terminal components. M4954, F4959, T4979, and L4985 intimately interact with adenine-base; three positive residues, K4211, K4214, and R4215 contact with the negatively charged triphosphate tail; while E4955 appears to contact with the ribose ring. Similar to the structure of RyR in Ca2+ alone condition, ATP alone also primes the channel and the addition of other activators are required to open RyR1, especially Ca2+ (Figure 6C).
Mg2+ was proposed to have a complex role on RyR activity: it acts as a competitive inhibitor by binding to the moderate-affinity Ca2+ site which is essential for Ca2+-dependent activation, but also shows inhibitory effects on RyRs by binding to the low-affinity inactivation site with similar affinity as Ca2+ (Laver, 2018). In addition, Mg2+ also binds to the luminal regulatory site and reduces the conductance of Ca2+ through the channel (Gusev and Niggli, 2008; Laver and Honen, 2008).
In addition, the majority of cellular ATP appears as MgATP complex, which is the most physiologically active form of ATP in cells. An increase in Mg2+ concentration, which increases MgATP and decreases non-complexed ATP, also decreases RyR activity (Walweel et al., 2014). However, whether MgATP or ATP is a physiological regulator of RyRs remains debatable. It is argued that RyR can be activated by “free” ATP because ATP activates RyRs in the absence of Mg2+ and because three positively charged amino acid residues in the ATP-binding site balance out the negatively charged triphosphate tail of ATP (des Georges et al., 2016). Experimental evidence on the preference of ATP or MgATP in physiological regulation of RyR has not yet been provided (des Georges et al., 2016)
4.1.3 Calmodulin
CaM binds to RyR under both apo-CaM and Ca2+-CaM conditions and exhibits biphasic regulation of RyR1. Briefly, it inhibits both RyR1 and Gomez and Yamaguchi, 2014RyR2 at high Ca2+ concentrations, while activating RyR1 but inhibiting RyR2 at low Ca2+ concentrations (Fruen et al., 2000; Balshaw et al., 2001). As a result, CaM regulates RyRs in an isoform-specific manner. The binding of CaM has been widely investigated via X-ray crystallography and cryo-EM, demonstrating that both apo-CaM and Ca2+-CaM may bind to the periphery of the cytosolic cap, although the exact binding mode relies on the Ca2+ concentrations (Samsó and Wagenknecht, 2002; Huang et al., 2012).
The crystal structures of Ca2+-CaM bound to the calmodulin-binding domain (CaMBD2) of RyR1 and RyR2 have been solved (Maximciuc et al., 2006; Holt et al., 2020). The binding modes of both isoforms are similar, with W3620 (RyR1 numbering) interacting with a hydrophobic pocket of the C-lobe and F3636 (RyR1 numbering) interacting with the N-lobe. This dual binding mode explains the nanomolar affinity of the CaMBD2 peptide for Ca2+-CaM.
The recent cryo-EM structures of RyRs in complex with CaM confirmed the findings from the crystal structures and shed light on the regulation of RyR channel gating by CaM (Figure 6B). Gong et al. (2019) solved the cryo-EM structures of RyR2 in complex with apo-CaM (resolution of 3.6 Å) and Ca2+-CaM (resolution of 4.4 Å). The structures show that apo-CaM and Ca2+-CaM establish different but overlapping contacts in an elongated cleft formed by the handle, helical, and central domains, which is consistent with prior low-resolution structures of RyR1 (Samsó and Wagenknecht, 2002; Huang et al., 2012). Upon binding of Ca2+-CaM, both N- and C-lobes of CaM wrap around an α-helix by interacting with the same two aromatic anchors (F3604 and W3588 in RyR2) in their hydrophobic cavities as revealed by the previous crystal structures (Figure 6B) (Maximciuc et al., 2006). In contrast, for apo-CaM, the N-lobe of CaM contacts with the region of BSol domain, whereas the C-lobe lies in the JSol domain, the binding and conformation of apo-CaM bound to the RyR2 are similar to the ones of CaM1234 bound to RyR1 (Ma et al., 2020). These structures were further validated via mutagenesis analysis (Gong et al., 2019). The binding of Ca2+-CaM stabilizes the RyR in a closed-state. Ca2+-PCB95, which normally facilitates channel opening, can be counteracted effectively by Ca2+-CaM, which keeps the channel closed. However, the RyR in complex with Ca2+-CaM remains open in the presence of caffeine and ATP. This suggests that CaM acts only as one modulator of the channel whose conformational and functional state is delicately regulated by the presence and absence of a combination of positive and negative regulators.
4.1.4 FKBP12 and FKBP12.6
Two FKBPs, FKBP12 (also named calstabin1) and FKBP12.6 (also named calstabin2), are generally regarded to be components of the massive RyR complexes and selectively associated with RyR1 (FKBP12) and RyR2 (FKBP12.6) in an isoform and tissue specific manner (Chelu et al., 2004; Santulli and Marks, 2015). They stabilize the closed state of the channel and prevent intracellular Ca2+ leak (Ahern et al., 1997; MacMillan, 2013; Santulli and Marks, 2015). An early investigation demonstrated that a hydrophobic cluster within SPRY1 is required for FKBP binding based on the combined results from crystal structures, FRET experiment, mutagenesis, and molecular docking to cryo-EM maps (Yuchi et al., 2015). Later, low and high resolution of cryo-EM studies has determined the binding sites of FKBP12 and FKBP12.6 on RyR1 at the periphery of the tetrameric assembly (Samsó et al., 2006; Yan et al., 2015; Zalk et al., 2015). FKBP binds at the N-terminus of the BSol (Figure 6B). It stabilizes the link between the pore and cytoplasmic region by rigidifying the interface between BSol and SPRY1/SPRY2 (Yan et al., 2015; Zalk et al., 2015; des Georges et al., 2016).
The regulation of RyR2 by FKBP is complicated and controversial. While FKBP12.6 has a higher affinity to RyR2, FKBP12 is more abundant in the heart (Galfre et al., 2012). Some studies showed that FKBP12 acts as a high-affinity activator of RyR2 to sensitize the channel to cytosolic Ca2+, while FKBP12.6 has lower efficacy but can antagonize the effect of FKBP12 (Galfre et al., 2012). But other studies support that FKBP12.6-binding promotes the closed state of RyR2 and inhibits its function (Marx et al., 2000; Wehrens et al., 2003). This avenue of thought is corroborated by a number of studies showing that lack of binding of FKBPs causes leaky RyRs in pathologies such as muscular dystrophy (Fauconnier et al., 2010), sarcopenia (Andersson et al., 2011), cardiac arrhythmias (Wehrens et al., 2004a), and heart failure (Marx et al., 2000). In this scenario, overexpression of FKBP12.6 likely to serve as an inhibitor of arrhythmogenesis by lowering diastolic RyR2 Ca2+ leak and halting spontaneous Ca2+ release (Gómez et al., 2004; Guo et al., 2010; Zhang et al., 2016). Fernández-Morales et al. (2022) reported that RyR2 N771D mutation located in FKBP-binding site (corresponding to N760D in RyR1) has a minor effect on Ca2+ signaling but promotes “arrhythmogenesis” in human stem cells derived cardiomyocytes. In a recent study Chi et al. (2019), solved the cryo-EM structures of RyR2 in the absence or presence of FKBP12.6 at a resolution of 6.1 and 4.6 Å, respectively. FKBP12.6 causes relaxation in the central domain of the channel, stabilizing RyR2 in a closed state in the presence of Ca2+-PCB95, Ca2+-ATP, or Ca2+-caffeine, indicating that FKBP12.6 is involved in pathophysiological regulation of RyR2 (Marx et al., 2000; Wehrens et al., 2003). In the presence of FKBP12.6, however, combining the synergistic effects of Ca2+-ATP or Ca2+-caffeine is sufficient to open the channel (Chi et al., 2019).
4.1.5 Cav1.1, STAC3, and Junctophilin
The voltage dependent Ca2+ channels (CaV1.1 and CaV1.2) are also referred as dihydropyridine receptors (DHPRs). CaV1.1 is expressed in skeletal muscle, whereas cardiac myocytes express CaV1.2 with a trace of CaV1.3 in atrial myocytes (Zamponi et al., 2015). CaV1.1 modulates RyR1 activity through direct mechanical interactions, while CaV1.2 modulates RyR2 by an indirect Ca2+-induced Ca2+ release (CICR) release pathway. RyR1 is activated physiologically via direct physical interaction with the CaV1.1 complex and the surrounding RyR1 tetramers in the crystal line-like assembly (Tanabe et al., 1990; Protasi et al., 1997). Several domains of the cytoplasmic region of RyR1, such as SPRY3 domain, were shown to be involved in coupling with the CaV1.1 complex (Perez et al., 2003). The architecture organization of a pseudotetrameric eukaryotic CaV channel in complex with its auxiliary subunits has been solved (Wu et al., 2015; Wu et al., 2016), advancing our understanding of EC-coupling mechanism and providing a three-dimensional template for molecular interpretations of CaV and NaV channel functions and disease mechanisms. Although, the structures of CaV1.1 (Wu et al., 2015; Wu et al., 2016; Zhao et al., 2019) and RyRs (Efremov et al., 2015; Yan et al., 2015; Zalk et al., 2015; Bai et al., 2016; Peng et al., 2016; Wei et al., 2016; Chi et al., 2019; Gong et al., 2019; Ma et al., 2020) have been solved individually, the detailed interaction mode between these two channels remains elusive. Furthermore, the key elements in CaV for RyR1 binding, such as the II-III loop of the α1 subunit and part of the β subunit, are still missing from the determined CaV structure. Bai et al. (2016). docked structures of the CaV1.1 complex (PDB: 3JBR) and RyR1, hypothesizing that domains of Cav1.1α1 would cause shifts of the β-subunit and other cytoplasmic segments of CaV1.1 upon depolarization, which might prompt movement of the neighboring cytoplasmic RyR1, such as SPRY3 domain. Perni et al. (2017) showed that the functional coupling can be reconstituted in tsA201 cells by expressing five junctional proteins, CaV1.1, RyR1, β1a, STAC3, and junctophilin2, highlighting the importance of these proteins in skeletal muscle EC-coupling. Ultimately, the determination of a cryo-EM structure of EC-coupling super-complex would provide a long-awaited answer to how this complex molecular machine works.
STAC3 is an essential protein for EC-coupling and acts as the auxiliary protein linking CaV1.1 and RyR1. The interactions between STAC3 and CaV1.1 are well-known and functionally validated (Polster et al., 2018; Rufenach et al., 2020). The crystal structures of tandem-SH3 domains of different STAC isoforms was solved up to 1.2 Å resolution. Combined with the results from ITC and calcium imaging experiments, they proved that STAC3 binds to CaV1.1 through interacting with the II-III loop of the α1 subunit of CaV1.1 (Yuen et al., 2017).
Junctophilins (JPHs) are known to stabilize the structure of the junctional membrane complex by bridging the plasma membrane and the sarcoplasmic membrane. In muscle tissue, JPHs allow for the communication between CaV, located in the transverse-tubule (T-tubule) membrane, and RyRs in the SR membrane. Currently, the structure of a JPH2 alone and in complex with CaV1.1 has been solved (Yang et al., 2022), showing that this interaction is required for clustering of these channels and for robust muscle EC-coupling. However, the complex structure of JPHs-RyRs is still a missing jigsaw piece, with which one can appreciate the assembly of the full CaV-JPH-RyR complex.
4.1.6 PKA and CaMKII
The large cytoplasmic region of RyRs has numerous phosphorylation sites (Takeshima et al., 1989) that can be targeted by protein kinases, including cAMP-dependent protein kinase (PKA) and CaM-dependent kinase II (CaMKII) (Dulhunty et al., 2001; Marx et al., 2001). However, the location and physiological importance of many phosphorylation target sites remains questionable. Among, the best studied sites are RyR2 S2808 (S2843 in RyR1) targeted by PKA (Witcher et al., 1991; Marx et al., 2000) and S2814 targeted by CaMKII (Wehrens et al., 2004b). These two residues are found within the Repeat34 domain, in a linker loop (phosphorylation loop) connecting Repeats3 and 4 (Yuchi et al., 2012). Crystal structures of the Repeat34 domain of all three mammalian isoforms have been determined (Yuchi et al., 2012). The electron density of the phosphorylation loop is low in both RyR1 and RyR2 crystal structures, preventing direct visualization of the phosphorylation target sites. The flexibility of the phosphorylation loop might be essential for the recognition by the kinases because the linker in non-phosphorylatable RyR3 is more structured.
Recently, Haji-Ghassemi et al. (2019) solved a crystal structure of the mouse RyR2 Repeat34 domain bound to the catalytic domain of PKA (PKAc) in complex with an ATP analogue, revealing the detailed interactions between the phosphorylation loop and the active site of PKAc. The activity of PKA can be positively or negatively regulated by different phosphorylation patterns of this loop. In addition, they solved the structure of PKAc in complex with the CaMKII phosphomimetic mutant (S2814D). The mutation induced the formation of a new ɑ-helix which promotes the binding of PKAc to RyR2 Repeat34. This implies that there is substantial cross-talk between different kinase pathways: the phosphorylation by CaMKII at one site can enhance the phosphorylation level of another site by PKA.
In addition to phosphorylation, other types of post-translational modifications (PTM), such as oxidation, nitrosylation, and glutathiolation, can also modulate the open probability and gating behavior of RyRs (Sun et al., 2003; Denniss et al., 2018). RyR has 80–100 cysteines per monomer, of which about 25–50 cysteines are in the reduced state and 6–8 are regarded as “hyperreactive” (Xu et al., 1998; Dulhunty et al., 2000). The oxidation, nitrosylation or glutathiolation of critical sulfhydryls on the cytoplasmic region of RyR1 and RyR2 affects the gating properties and the sensitivity to modulators such as ATP, caffeine, Ca2+, Mg2+, calmodulin (Zhang et al., 1999), and FKBP (Aracena et al., 2005). Ca2+ efflux from the cardiac SR vesicles is increased by reactive oxygen, and calmodulin has been identified as a mediator of reactive oxygen-triggered Ca2+ release via the RyR (Kawakami and Okabe, 1998; Xu et al., 1998; Sun et al., 2003; Voss et al., 2004; Aracena-Parks et al., 2006; Gangopadhyay and Ikemoto, 2006; Gonzalez et al., 2010). The large number of PTMs and their heterogeneity make it difficult to obtain the high-resolution structures and study their specific impacts. The recent development of genetic code expansion technique could provide powerful tools to generate homogeneously modified proteins suitable for high-resolution structural studies.
4.2 Exogenous Modulators
4.2.1 Ryanodine and Caffeine
Ryanodine and caffeine have been extensively used in controlling cytoplasmic and ER luminal Ca2+ concentrations. The ryanodine, a plant alkaloid, affects RyR function in two ways: at low nanomolar concentrations it locks the channel in a subconductance state, while at high micromolar concentrations it blocks the conductance (Meissner, 1986). According to the results of [3H]Ryanodine binding studies, binding to a single high-affinity site locks RyRs into an open subconductance state, while binding to one or more ryanodine to low-affinity sites totally abolishes the current (Lai et al., 1989; Pessah and Zimanyi, 1991). According to a cryo-EM structure (des Georges et al., 2016), the high-affinity ryanodine-binding site is located within the pore, close to Q4933, and ryanodine binding to this site causes the transmembrane pore to dilate. The density does not match the exact shape of ryanodine molecule. This is because only one molecule of ryanodine binds to the site in the pore. Due to the C4 symmetry applied during the data processing this ryanodine molecule was averaged over four symmetrically equivalent sites. However, the mutation in this site specifically reduces ryanodine binding without affecting channel function, proving this is the real high-affinity binding site of ryanodine (Fessenden et al., 2001).
The caffeine binds to a site located between the S2S3 domain and the CTD in RyR1 (Figure 6C). Caffeine is sandwiched by the hydrophobic side chains of W4716 from the helical bundle domain between transmembrane helices S2 and S3 (S2S3) and I4996 from CTD, and also stabilized by the hydrogen bonds between one of the two carbonyls and the carboxyl side chain of E4239 from TaF domain (des Georges et al., 2016). These interactions are also conserved in RyR2 (corresponding to RyR2 E4195, W4646, and I4927) (Murayama et al., 2018b). The caffeine-binding site is located directly below the Ca2+-binding site. The close proximity of Ca2+- and caffeine-binding sites suggests that the two sites play a direct role in regulating Ca2+ sensitivity. One of the CPVT mutation, RyR2 W4645R, corresponds to a caffeine-coordinating residues. It not only affects the caffeine binding, but also the structure of the neighboring Ca2+-binding site regulating Ca2+ sensitivity (Murayama et al., 2018b), which represents a potential mechanism for CPVT.
4.2.2 Chlorantraniliprole
Chlorantraniliprole (CHL), belonging to the diamide insecticide family, is one of the top-selling insecticides on the global market. CHL has a novel mode of action: it can target pest RyRs and cause disruption of feeding and muscle paralysis and ultimately death of the treated insects. One merit of CHL is that it can selectively activate insect RyRs with high nanomolar affinity but binds mammalian RyRs only with a low micromolar affinity (Chen et al., 2019). Recently, the cryo-EM structure of rabbit RyR1 in complex with CHL was solved. It clearly revealed the binding site and the binding pose of CHL at a local resolution of 3.2 Å (Ma et al., 2020). The binding site of CHL was found in a pocket at the interface between the pseudo-voltage-sensor domain (pVSD) from the transmembrane region of RyR and the cytoplasmic core solenoid (CSol) (Figure 6D). The binding of CHL induces a conformational change of pVSD, causing a displacement of the S4-S5 linker to relax the constriction in the S6 bundle and open the pore.
Due to the heavy usage, many mutations have been identified in the insect RyRs, developing the resistance in several agricultural pests, such as diamondback moth (P. xylostella) (Nauen and Steinbach, 2016), tomato leafminer (Tuta absoluta) (Roditakis et al., 2017), and beet armyworm (Spodoptera exigua) (Zuo et al., 2020). The identification of the four resistant mutations (G4946E, I4790M, Y4701D, and Y4922F in DBM numbering) in the transmembrane domain of RyR suggested a potentially nearby diamide-binding pocket, but the exact mechanisms of these resistant mutations remained enigmatic. The RyR1-CHL cryo-EM structure reveals that these four resistance mutations are distributed at the CHL-binding site, but interestingly, they affect CHL binding in two distinct ways: G4946E and I4790M cause steric hindrance with the diamide, while Y4701D and Y4922F reduce the contacts. The Ca2+ imaging experiments and insect toxicity results confirm that the mutations cause the resistance in the order of Y4922F→G4946E→Y4701D→I4790M, which agrees with the computational docking results based on the structural model (Ma et al., 2020). The structural basis of diamide modulation of insect RyR provides new insights for the development of diamide derivatives to combat pest resistance.
In addition, as RyR activators, the diamide compounds are also shown to have potential therapeutic effects to treat CCD caused by some loss-of-function (LoF) mutations (Ma et al., 2020). Two cell lines stably expressing LoF CCD mutants, RyR1 R4824C and R4860C, could be activated by CHL with slightly increased EC50 values compared to the one expressing WT RyR1, implying that CHL may reduce the LoF effects of these mutations by increasing the opening probability (Ma et al., 2020).
4.2.3 Dantrolene
Dantrolene was used to treat MH and cardiomyopathies effectively by targeting skeletal muscle ryanodine receptors (RyR1) (Paul-Pletzer et al., 2001; Paul-Pletzer et al., 2002) and the cardiac ryanodine receptors (RyR2), respectively (Kobayashi et al., 2009; Uchinoumi et al., 2010). However, the molecular mechanism of dantrolene is mostly unclear. Inter-domain interactions between the N-terminal and central regions of RyRs may be stabilized by binding to the N-terminal residues 590–609 in RyR1 (Paul-Pletzer et al., 2002) and residues 601–620 in RyR2 (Paul-Pletzer et al., 2005). Direct structural evidence supporting these binding sites is missing. According to recent study, dantrolene has no intrinsic effect on purified RyR1 and only shows its effects on the channels pre-activated by other modulators, such as CaM, Mg2+, and ATP (Oo et al., 2015; Diszházi et al., 2019).
Wang et al. (2011) used a combination of GFP as a structural marker, FRET, and three-dimensional cryo-EM structures to determine the dantrolene-binding motif in RyR1/RyR2. They proposed that the location of the dantrolene-binding site is located distal to the central region of RyR2 and dantrolene might allosterically modulate the interaction between the N-terminal and central domains. Insertion of GFP after R626, near the proposed dantrolene-binding site, abolished the binding of GST-FKBP12.6, implicating the dantrolene-binding site in close proximity to that for binding FKBP12.6 and the outer periphery of the cytoplasmic assembly (Wang et al., 2011). But the full extent of the functional relationship between these two sites was not investigated. This location was further supported by FRET analyses using 10 FRET pairs (Wang et al., 2011). Further clarification of the dantrolene-regulation on RyR will likely rely on the determination of some high-resolution cryo-EM complex structures or crystal structures of RyR dantrolene-binding domain.
4.3 Development of Therapeutic RyR-Targeting Drugs
As a key therapeutic target for many skeletal and cardiac muscle diseases, RyR has recently attracted a lot of attention in drug development. Considering the high structural similarity between RyR1 and RyR2, it is important to develop skeletal or cardiac specific drugs to treat these disease with low side effect. Dantrolene is the only clinically approved drug for MH (Kobayashi et al., 2009). However, it has significant drawbacks in clinical application, including poor water solubility that makes quick preparation difficult under emergency conditions and a long plasma half-life that causes long-lasting side effects such muscle weakness. To tackle this problem, Murayama group identified RyR1-selective inhibitor, oxolinic acid, with improved water solubility using fluoresence-based high-throughput screening (HTS) platform that monitors ER luminal [Ca2+] change (Murayama et al., 2018a; Murayama and Kurebayashi, 2019). Following that, they developed a series of oxolinic acid derivatives and successfully developed a compound, 6,7-(methylenedioxy)-1-octyl-4-quinolone-3-carboxylic acid (Cpd1), with comparable potency as dantrolene in in vitro study (Mori et al., 2019). This compound effectively rescued mice with MH and heat stroke. Cpd1 has great advantages of higher water solubility and shorter plasma half-life compared to dantrolene, thus representing a promising new candidate drug for the treatment of patients carrying related RyR1 mutations (Yamazawa et al., 2021). In addition, Cornea group developed a series of delicate FRET-based HTS assays to screen isoform-specific inhibitors of RyRs by monitoring the changes of distances between different regulators of RyR, such as CaM, FKBP, DPc10, etc, using which they have identified several promising candidate compounds (Oda et al., 2015; Rebbeck et al., 2017; Rebbeck et al., 2020).
Mutations in RyR2 generally lead to the Ca2+ leak that is associated with heart failure and arrhythmias. Current therapy includes indirect inhibition of RyR2 through upstream blockage of β-adrenergic receptors, direct modulation of RyR2, or use of implantable cardioverter defibrillator (ICD). Because β-blockers and ICD devices often fail to prevent potentially lethal arrhythmias, the development of new therapeutic compounds targeting mutant RyR2 is urgently needed (van der Werf et al., 2012). The first compound identified using CPVT mice model was the 1,4-benzothiazepine derivative K201, also known as JTV519, which suppressed ventricular tachycardia caused by SR Ca2+ leak (Wehrens et al., 2004a). Subsequently, compound S107, an orally available 1,4-benzothiazepine derivative with high potency on RyR2 and no significant off-target effects, was shown to suppress ventricular arrhythmias in a RyR2 R2474S knock-in mouse model (Lehnart et al., 2008). JTV519 and S107 were proposed to treat CPVT by enhancing the binding of FKBP12.6 to the mutant RyR2 (Wehrens et al., 2004a; Lehnart et al., 2008). Other lead compounds tested for anti-arrhythmic effects in CPVT mouse models include flecainide and carvedilol derivatives (Watanabe et al., 2009; Zhou et al., 2011). But flecainide has some safety problem in patients with structural heart disease (Echt et al., 1991). Knollmann group discovered another antiarrhythmic drug, propafenone, that is effective for CPVT patients through the inhibition of RyR2, similarly to flecainide (Hwang et al., 2011). They also developed ent-1 verticilide, a RyR antagonist derived from a fungal cycloligomeric depsipeptide (Batiste et al., 2019). Compared to those treated with dantrolene, flecainide, and tetracaine, CPVT mice treated with ent-1 verticilide experienced less VT and fewer delayed afterdepolarisations (DADs) (Batiste et al., 2019). Recently, Wehrens group developed tetracaine and its derivatives (EL1-9) for the treatment of ventricular tachycardia (Li et al., 2017). The IC50 of EL9 was approximately 400-fold lower than that of JTV519 (Li et al., 2017). Later, a new derivative, known as EL20 [2-(diethylamino)ethyl 4-(butylamino)-2-methoxybenzoate], was discovered and showed similar effect to that of EL9 (Klipp et al., 2018). Furthermore this compound also showed good efficacy against CPVT in human induced pluripotent stem cell-derived cardiomyocytes (iPS-CMs) carrying the R176Q mutation (Word et al., 2021). In addition, Wan et al. 2(2022). reported the discovery that a natural product, Z16b, isolated from Ganoderma cochlear, has a potent therapeutic effect on CPVT. It reduces CPVT episodes not only in a mouse model of CPVT but also in iPS-CMs derived from a patient with CPVT. Functional analyses and molecular assays demonstrated that Z16b serves as an RyR2 stabilizer by enhancing the interaction between the CTD and NTD. Given their promising efficacy, the above mentioned compounds represent intriguing therapeutic options, and further development of those compounds may result in a viable therapy for SR Ca2+ leak-induced arrhythmia and heart failure. However, the exact binding sites and binding modes of these promising pharmacological compounds agent remain elusive. The determination of high-resolution cryo-EM structures of RyRs in complex with these compounds will clarify their modulatory mechanisms on RyR dysfunctions, thus facilitating the development of isoform-selective potent therapeutic molecules to treat RyR-associated diseases.
5 CONCLUDING REMARK AND FUTURE PROSPECT
Ryanodine receptors are one of the most complex classes of ion channels, highlighted by their large size and a large number of regulators. The combination of cryo-EM and crystal structures at near-atomic resolution, and biochemical analysis of RyR has provided major insights toward a detailed mechanistic understanding of their function in physiology and pathophysiology. Furthermore, the distribution pattern of mutations in the 3D structure of RyR has been used to generate an efficient tool for diagnosis purpose. Finally, the complex structures of RyR with different modulators not only revealed the positions of several druggable pockets but also provided accurate templates for the rational structure-based drug design. It should be noticed that the present cryo-EM models of RyRs cover only ∼70% of the protein with still ∼1,500 residues missing. Many critical functional domains are missing, including some transmembrane segments, luminal loops, and cytoplasmic fragments. The accurate binding sites of several modulatory small molecules and protein-binding partners are also called into question. Furthermore, the effects of many disease mutations on the full-length RyR structures remain enigmatic, preventing the structure-based rational design of new therapeutics. Determining the structures of recombinant RyRs with disease mutations or PTMs, the super-cluster of RyRs involved in “coupled-gating” and the EC-coupling super-complexes in the absence or presence of a combination of modulators will continue to be a significant focus of future research. The advance in structural biology, such as CLEM and time-resolved cryo-EM, combined with genetic code expansion and long-MD, would shed more light on the challenges in the field.
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Voltage-gated sodium (NaV) channels are responsible for the rapid rising-phase of action potentials in excitable cells. Over 1,000 mutations in NaV channels are associated with human diseases including epilepsy, periodic paralysis, arrhythmias and pain disorders. Natural toxins and clinically-used small-molecule drugs bind to NaV channels and modulate their functions. Recent advances from cryo-electron microscopy (cryo-EM) structures of NaV channels reveal invaluable insights into the architecture, activation, fast inactivation, electromechanical coupling, ligand modulation and pharmacology of eukaryotic NaV channels. These structural analyses not only demonstrate molecular mechanisms for NaV channel structure and function, but also provide atomic level templates for rational development of potential subtype-selective therapeutics. In this review, we summarize recent structural advances of eukaryotic NaV channels, highlighting the structural features of eukaryotic NaV channels as well as distinct modulation mechanisms by a wide range of modulators from natural toxins to synthetic small-molecules.
Keywords: voltage-gated sodium channel, cryo-EM, pharmocology, gating mechanism, drug modulation mechanism
INTRODUCTION
Voltage-gated sodium (NaV) channels are a family of integrated membrane proteins, which selectively conduct sodium ions across cell membrane in response to depolarizing stimuli (Catterall, 2000; Hille, 2001). The primary function of NaV channels was related to the generation of action potentials (Hodgkin And Huxley, 1952a; Hodgkin And Huxley, 1952b). Subsequently, the voltage-dependent activation, sodium selectivity, fast inactivation and components of NaV channels were characterized by extensive biophysical and biochemical studies (Armstrong and Bezanilla, 1973; Tamkun and Catterall, 1981; Weigele and Barchi, 1982; Hartshorne and Catterall, 1984; Stühmer et al., 1987). Since the first NaV channel gene was cloned by Noda in 1984 (Noda et al., 1984), nine highly conserved NaV channel subtypes (NaV1.1- NaV1.9) in humans have been identified (Catterall et al., 2005). These channels have specific tissue-expression patterns. NaV1.1, NaV1.2 and NaV1.3 are mainly expressed in the central nervous system (CNS), which are crucial for nerve excitability. Hundreds of mutations in these channels cause inherited epilepsy and other form diseases of hyperexcitability (Meisler and Kearney, 2005; Catterall et al., 2008; Catterall, 2014; Huang et al., 2017). Phenytoin, lamotrigine, and carbamazepine are clinical drugs for treatment of epilepsy that act as NaV channel blockers (Zuliani et al., 2012; Catterall, 2014). NaV1.4 and NaV1.5 are predominantly expressed in skeletal muscle and cardiomyocytes, respectively. Malfunction of these two NaV channels are associated with periodic paralysis, myotonia and cardiac arrhythmias (Sokolov et al., 2007; Catterall et al., 2020a). Class I anti-arrhythmic drugs, which block NaV1.5 to remove the abnormal component, are broadly used for treating arrhythmias. Based on the rate of binding and unbinding, the Class I anti-arrhythmic drugs are divided into three subclasses: IA (e.g., quinidine), IB (e.g., lidocaine) and IC (e.g., flecainide) (Kowey, 1998; Huang et al., 2020). NaV1.6 is widely distributed in both CNS and the peripheral nervous system (PNS). The unique features of NaV1.6 such as generating persistent current and resurgent current, contribute to neuronal excitability and repetitive neuronal firing (Raman and Bean, 1997; Raman et al., 1997). Mutations in NaV1.6 are related to epilepsy, ataxia and dystonia (O'Brien and Meisler, 2013). NaV1.7, NaV1.8 and NaV1.9 are highly expressed in PNS, which are closely related to pain perception (Bennett et al., 2019; Dib-Hajj and Waxman, 2019). NaV1.7 was also reported to be essential for odour sensation (Weiss et al., 2011). Many programs have been established in searching for NaV1.7 and NaV1.8 selective inhibitors as potential analgesics (Kingwell, 2019; Alsaloum et al., 2020). In addition, a wide range of natural toxins from animal or plant venoms target the NaV channels and modulate channel functions by binding in at least six distinct receptor sites (Catterall et al., 2007).
Further studies revealed that NaV channels are widely distributed in eukaryotes, as well as in prokaryotes (Koishi et al., 2004; Ren et al., 2001) and marine unicellular phytoplankton (Helliwell et al., 2020; Helliwell et al., 2019), highlighting the evolutionary conservation of NaV channels. The metazoan NaV channels are composed of a large pore-forming α-subunit and one or two auxiliary β-subunits (β1-β4) (Figure 1A) (Catterall, 2000; Hartshorne and Catterall, 1984; Isom et al., 1994; O'Malley and Isom, 2015). The α-subunit consists of 24-transmembrane helices, which are divided into four homologous domains (DI-DIV). The four domains are connected by intracellular loops. The loop between DIII and DIV contains a highly conserved fast inactivation gate, which mediates the fast inactivation of NaV channels (West et al., 1992; Goldin, 2003). The first four transmembrane segments (S1-S4) form the voltage-sensing domain (VSD), the S5 and S6 form the pore module (PM). Distinct from the metazoan NaV channels, NaV channels from bacteria and the unicellular phytoplankton are formed by four identical protomers in a homotetrameric organization (Ren et al., 2001; Helliwell et al., 2020). In 2001, Sato pioneered the structural study of NaV channels reporting a ∼19 Å cryo-electron microscopy (cryo-EM) map of NaV channel from the electrical eel (Sato et al., 2001). However, the low-resolution map did not permit model building of the NaV channel. The crystal structure of voltage-gated potassium (KV) channel also provided useful homologous template for NaV channels (Long et al., 2005). Since 2011, Catterall lab and other groups reported high-resolution crystal structures of prokaryotic NaV (BacNaV) channels (Payandeh et al., 2011; Payandeh et al., 2012; Zhang et al., 2012; Lenaeus et al., 2017; Sula et al., 2017; Wisedchaisri et al., 2019), which revealed structural basis for bacterial NaV channel architecture, activation and inactivation, gating, ion conductance and selectivity at atomic level. These bacterial NaV channels had also been used as templates to investigate the structural pharmacology of human NaV channels (Bagnéris et al., 2014; Boiteux et al., 2014; Ahuja et al., 2015; Tang et al., 2016; Gamal El-Din et al., 2018; Wisedchaisri et al., 2021). Recent advances from cryo-EM structures of the eukaryotic NaV channel NaVPas (Shen et al., 2017; Shen et al., 2018; Clairfeuille et al., 2019), NaV1.4 (Yan et al., 2017; Pan et al., 2018), NaV1.7 (Shen et al., 2019), NaV1.2 (Pan et al., 2019), NaV1.5 (Jiang et al., 2020; Jiang et al., 2021a; Li et al., 2021a; Li et al., 2021b; Jiang et al., 2021c), NaV1.1 (Pan et al., 2021) and NaV1.3 (Li et al., 2022) reveal detailed structural basis for the eukaryotic NaV channel subunits assembly, fast inactivation, modulation by natural animal toxins, and pore blockade by anti-arrhythmic drugs (Figures 1B,C). In this review, we highlight the structural features of the eukaryotic NaV channels and the distinct molecular mechanisms for NaV channel modulation by natural toxins and clinical drugs.
[image: Figure 1]FIGURE 1 | Topology and architecture of mammalian NaV channels. (A) Topology of mammalian NaV channels. DI, DII, DIII, IFM-motif and DIV of α-subunit, β1 and β2 subunit are colored in cyan, red, green, purple, blue, brown and gray, respectively. A unique N-glycosylation site in NaV1.5 and the cysteine residue for linking β2 are highlighted. P represents phosphorylation sites. (B) Subunits assembly of mammalian NaV channels. A sugar moiety of N319 glycosylation and L869 block the binding of β1 and β2 to NaV1.5 (PDB code: 6UZ3), respectively (Upper panels). Cryo-EM map of human NaV1.7/β1/β2 (lower panel, EMDB code: EMD-33292). Dashed lines indicate the invisible region of β2 subunit. (C) Multiple ligand binding sites in mammalian NaV channel α-subunit. Sodium ion and small-molecule modulators shown in spheres, polypeptide toxins shown in surface.
Assembly of Voltage-Gated Sodium Channels
The homotetrameric bacterial NaVAb had been an ideal model for investigating molecular mechanisms of NaV channel activation, inactivation, gating, electromechanical coupling and mutation induced channelopathies (Payandeh et al., 2011; Payandeh et al., 2012; Lenaeus et al., 2017; Jiang et al., 2018; Wisedchaisri et al., 2019) (Reviewed in Ref (Catterall et al., 2020b)). However, there are significant structural and functional differences between the homotetrameric BacNaV channels and the asymmetric eukaryotic NaV channels. The eukaryotic NaV channels withheld their detailed structural features owing to their extremely low yield of recombinant expression and sample heterogeneity. In 2017, Nieng Yan lab reported the ground breaking high-resolution cryo-EM structure of a eukaryotic NaV channel NaVPas from the American cockroach (Shen et al., 2017). Although NaVPas was found to be non-functional in heterologous expression system and lack of the conserved fast inactivation gate, the NaVPas structure does provide important insights into the architecture of NaV channel α-subunit, four VSDs in distinct conformations and the asymmetric selectivity filter (SF). In addition, the structure proved that human NaV channels could possibly be resolved to high-resolution by the advanced cryo-EM technique. After extensive efforts had been conducted to improve the sample quality (Jiang et al., 2021b; Shen et al., 2021), cryo-EM structures of the electrical eel and human NaV1.4-β1, human NaV1.7-β1-β2, human NaV1.2-β2, rat and human NaV1.5, human NaV1.1-β4 and human NaV1.3-β1-β2 were subsequently reported at 3–4 Å resolution (Yan et al., 2017; Pan et al., 2018; Pan et al., 2019; Shen et al., 2019; Jiang et al., 2020; Li et al., 2021b; Pan et al., 2021; Li et al., 2022). These structures reveal detailed insights into the assembly of NaV channel α- and β-subunits, allosteric inhibition mechanism of the fast inactivation and multiple ligand binding sites (Figures 1B,C).
These high-resolution structures suggest that the overall structures of the NaV channels are structurally conserved. The transmembrane core-regions closely resemble the bacterial NaV channels, which are formed similarly in a domain-swapped manner, e.g., VSD and PM of one domain are separated by a S4S5 linker helix, thus VSD of one domain closely engages PM from the other domain. Distinct from the BacNaV channels, the metazoan NaV channels possess large extracellular loops (ECLs) between S5 and S6 helices of each domain. Multiple glycosylation sites on the ECLs were visualized from these structures, which are important for the channel maturation and modulation. On the cytoplasmic side, the N-terminal domain (NTD), long loops of DI-DII and DII-DIII, and the C-terminal domain (CTD) were invisible to cryo-EM, which are probably due to mobility of these regions. These intracellular regions were reported to be essential for NaV channel function and modulation (West et al., 1991; Mantegazza et al., 2001; Scheuer, 2011; Clatot et al., 2012). However, it’s challenging to capture a snapshot of the transient modulation state such as phosphorylation. The relative short loop between DIII-DIV of the mammalian NaV channels, which contains the fast inactivation particle Ile-Phe-Met (IFM) motif, were all clearly resolved in a nearly identical conformation (Pan et al., 2018; Pan et al., 2019; Shen et al., 2019; Jiang et al., 2020; Pan et al., 2021). The IFM-motif binds to a hydrophobic pocket adjacent to the intracellular activation gate, rather than directly blocking the activation gate, elucidating a unique local allosteric inhibition mechanism for the fast inactivation.
The β-subunits (β1-β4) bind to the α-subunit and regulate the NaV channel properties such as cell surface expression, voltage-dependent activation and gating kinetics (Hartshorne and Catterall, 1984; Isom et al., 1994; O'Malley and Isom, 2015; Vijayaragavan et al., 2001). The four β-subunits share conserved topology of an extracellular immunoglobulin-like domain and a single transmembrane helix (Das et al., 2016; Gilchrist et al., 2013; Namadurai et al., 2014). The NaV1.4-β1, NaV1.7-β1-β2, NaV1.2-β2, NaV1.1-β4 and NaV1.3-β1-β2 complex structures confirmed that the β1 noncovalently binds to the α-subunit, whereas β2 or β4 is linked to the α-subunit via a disulfide bond (Figures 1A,B). Surprisingly, the rat and human NaV1.5 structures showed that the β1 binding is blocked by a sugar moiety of a unique glycosylation modification in the ECLI, and the cysteine for linking β2 or β4 is substituted by a Leu869 in NaV1.5 or an Ala822 in NaV1.8 (Figure 1B) (Jiang et al., 2020; Li et al., 2021a). These structural observations demonstrate that the β subunits bind weakly to NaV1.5, which is in agreement with previous biophysical reports that the β subunits have negligible effect on the kinetics or voltage-dependence of NaV1.5 (Makita et al., 1994; Qu et al., 1995). However, pathogenic mutations in the NaV β-subunits were reported to be associated with cardiac arrhythmias (Ruan et al., 2009; Watanabe et al., 2009; Olesen et al., 2011). These results indicate that the β-subunits might be important for NaV1.5 folding or trafficking to the plasma membrane, rather than modifying NaV1.5 functional properties. It has also been reported that the β-subunits play other physiological functions unrelated to NaV1.5, such as cell adhesion in the cardiomyocytes (Patino et al., 2011; Namadurai et al., 2015).
Ion Path of NaV Channels
Hille tested the sodium selectivity of NaV channels and estimated a ∼3.0 Å by ∼5.0 Å constriction site at the extracellular side (Hille, 1971a; b; 1972; 1975). Point-mutagenesis studies revealed that an Asp in DI, Glu in DII, Lys in DIII and Ala in DIV, often termed the DEKA-locus, are responsible for the sodium selectivity (Favre et al., 1996; Sun et al., 1997). The crystal structure of the bacterial NaVAb provides the first atomic model for investigating the molecular mechanism of sodium selectivity (Payandeh et al., 2011). At the center of NaV channels, four pore-loops (P-loop) and S6 helices form an ion conductance path across the membrane. The ion path consists of a narrow extracellular constriction site termed selectivity filter (SF), a large central cavity (CC) and a size-variable intracellular activation gate (AG) (Figure 2A). Unlike the asymmetric DEKA-locus of the metazoan NaV channels, four identical P-loops (TLESWSM) of NaVAb constitute the SF with diameter of ∼4.6 Å by ∼4.6 Å, close to Hille’s estimation (Hille, 1975; Payandeh et al., 2011). The SF of NaVAb is significantly wider than that of potassium channels, suggesting that sodium may pass through the SF in partially hydrated form (Doyle et al., 1998; Hille, 1971a; Payandeh et al., 2011; Yellen, 2002). The four Glu at +3 position of the SF loop determine sodium selectivity, which form a high-field strength site to coordinate sodium ions (Figure 2B). Substitution of the TLESWSM with TLDSWDD converts the sodium channel to a highly calcium selective channel (Yue et al., 2002; Tang et al., 2014), suggesting that the ion path of sodium and calcium channels are closely related. Crystal structure of the chimeric calcium channel CaVAb revealed high affinity binding sites for Ca2+ supporting the stepwise “knock-off” permeation mechanism, which are not observed in the BacNaV channel structures (Payandeh et al., 2011; Zhang et al., 2012; Tang et al., 2014). These observations suggested that the NaV and CaV channel are evolutionarily highly-related, the subtle compositional differences in the SFs discriminate Na+ and Ca2+ ions. Based on the BacNaV structures and molecular dynamics simulation studies, potential models had been proposed to explain the sodium selectivity (Corry and Thomas, 2012; Chakrabarti et al., 2013; Naylor et al., 2016). However, these possible mechanisms may not be fully applicable to the metazoan NaV channels, because the asymmetric DEKA-locus is absent in the BacNaV channels.
[image: Figure 2]FIGURE 2 | The ion path of mammalian NaV channels. (A) The pore radii of human NaV1.7 (PDB code: 7XM9) calculated by HOLE. Only two opposing subunits shown for clarity. The constriction sites of selectivity filter (SF) and intracellular activation gate (AG) are highlighted. (B) A close-up view of the SF (top panel) and AG (bottom panel) of human NaV1.7 (PDB code: 7XM9). The SF of NaV1.7 was aligned with the SF of NaVAb (gray, PDB code: 3RVY). The side-chains of key residues in the SF and the AG are depicted in sticks. (C) The TTX binding site in NaV1.7 (PDB code: 6J8I). The TTX-insensitive channel NaV1.5 (PDB code: 6UZ3) shown in gray. (D) Fenestrations of human NaV1.7 (PDB code: 7XM9). Red arrows indicate potential access for lipids or pore-blockers.
The cryo-EM structures of metazoan NaV channels revealed that the SF is comparable to that of the BacNaV structures (Jiang et al., 2020; Pan et al., 2019; Pan et al., 2018; Shen et al., 2019; Shen et al., 2017). The Asp in DI and Glu in DII of the DEKA-locus provide the high-field strength site similar to the BacNaV channels (Figure 2B), which coordinates and facilitates partially dehydration of sodium ions (Payandeh et al., 2011; Chakrabarti et al., 2013). The Lys in DIII of the DEKA-locus was consistently found pointing its sidechain deep inside the SF and narrowing the SF in one dimension, which meets Hille’s estimation (Hille, 1971b, 1975; Jiang et al., 2020). A positively-charged Lys embedded in the SF would likely block the ion permeation rather than conduct. Considering pKa value of Lys-NH2 can be dramatically affected by its interacting chemical environments (Isom et al., 2011), one possibility is that the pKa of the Lys is significantly decreased and its positive charge is delocalized by nearby carbonyl groups (Jiang et al., 2020). In this case, the neutralized Lys may serve as an energetically favorable coordinating ligand for Na+ or Li+, whereas the larger alkali cations like K+, Rb+ and Cs+ are energetically unfavorable.
The tetrodotoxin (TTX) from puffer fish is a highly NaV channel specific and highly lethal neurotoxin, which was initially used to discriminate Na+ and K+ currents in the squid giant axons and to map the location of the SF (Kao, 1966; Noda et al., 1989). Based on the binding affinity, NaV1.1, NaV1.2, NaV1.3, NaV1.4, NaV1.6 and NaV1.7 are classified as TTX-sensitive channels with TTX affinity at nanomolar level; NaV1.5, NaV1.8 and NaV1.9 are TTX-insensitive channels with micromolar affinity. A Tyr or Phe residue located in the DI P-loop was found as the key determinant for the TTX sensitivity, this residue is substituted by a Cys or Ser in the TTX-insensitive NaV channels (Sivilotti et al., 1997; Sunami et al., 2000). The detailed binding site for TTX and another guanidinium neurotoxin Saxitoxin (STX), termed site-1, was depicted by the high-resolution cryo-EM complex structures of NaVPas and NaV1.7 (Shen et al., 2018; Shen et al., 2019). The positively-charged TTX or STX forms extensive electrostatic interactions with the negatively-charged vestibule of the NaV channels, that physically blocks ions entering the SF. The Tyr on DI P-loop of NaV1.7 forms an additional π-cation interaction with the TTX or STX, which is absent in NaV1.5 (Figure 2C). Consequently, the affinity of TTX for NaV1.7 is over 500-fold higher than that for NaV1.5. These structures provide an excellent example showing that a single residue at the receptor site could confer isoform selectivity. Recently, guanidinium neurotoxin analogues ST-2262 and ST-2530 were discovered as potent and selective NaV1.7 inhibitors (Pajouhesh et al., 2020), suggesting that the TTX receptor site is a potential therapeutic site. Because the blockade of the guanidinium neurotoxin is state-independent, high affinity and isoform selectivity is critical to minimize potential side effects. The structures of human NaV channel complexed with the guanidinium neurotoxins should facilitate rational development of isoform selective candidate drugs.
The Central Cavity of NaV Channels
The bulky central cavity of NaV channels connects the extracellular SF and the intracellular activation gate, but also opens to four fenestrations formed by adjacent PMs (Figure 2D). Lipids or small-molecule drugs access the central cavity through these connecting tunnels to modulate channel properties. The central cavity accommodates multiple receptor sites for site-2 neurotoxins (Deuis et al., 2017), local anesthetic, anti-epilepsy and antiarrhythmic drugs (Hille, 1977; Hondeghem and Katzung, 1984). Batrachotoxin, veratridine and aconitine are natural alkaloids, which modulate the voltage-dependent activation, inactivation and ion selectivity of NaV channels (Catterall et al., 2007; Quandt and Narahashi, 1982; Ulbricht, 1969). The site-2 neurotoxins usually activate NaV channels at hyperpolarized membrane potential or increase the open probability, thus they are considered as NaV channel activators (Deuis et al., 2017). Bulleyaconitine A (BLA), the active substance of the traditional herb Aconitum bulleyanum plant (Tang et al., 1986; Wang et al., 2007), exhibits strong inhibition of NaV channels in a use-dependent manner. The complex structure of human NaV1.3-β1-β2 with BLA reveals a binding site for the site-2 neurotoxin (Li et al., 2022). BLA binds tightly to the central cavity of NaV1.3 via multiple polar and non-polar interactions with P-loops and S6 helices of DI and DII (Figure 3A). The BLA engages V416 and L420 on DI-S6 helix, N972 and L976 on DII-S6 helix (Figure 3B), which are in line with the biophysical studies that these residues are important for batrachotoxin, grayanotoxin or veratridine binding (Wang and Wang, 1998; Ishii et al., 1999; Wang et al., 2000; Wang et al., 2001). However, DIII-S6 and DIV-S6 helices, which were reported to be involved in batrachotoxin binding (Wang and Wang, 1999; Deuis et al., 2017), have no direct contact with BLA in the NaV1.3-BLA complex structure. These results suggest that the site-2 neurotoxins may bind to overlapping but not identical receptor sites in the central cavity. The binding of BLA partially blocks the ion path, which causes the strong inhibitory effect on NaV1.3. The weak activation potency of BLA probably because BLA sticks into the DI-DII fenestration, which prevents the closure of the pore-lining S6 helices of DI and DII during state transition (Figure 3C). Owing to the shape and chemistry differences, site-2 neurotoxins with strong activation potency such as batrachotoxin and veratridine likely bind in the central cavity partially overlapping with the BLA site, which stabilize the pore in open conformation and cause less pore blockade.
[image: Figure 3]FIGURE 3 | Pore modulators of mammalian NaV channels. (A) The binding site of site-2 neurotoxin BLA in NaV1.3 (PDB code: 7W77). BLA is depicted in spheres. (B) A close-up view of the BLA binding site. Key interacting residues are shown side chains in sticks. BLA is shown in sticks. (C) BLA binding prevents S6II helix shifting to the resting state. (D) Superposition of NaV structure bound BLA (PDB code: 7W77), Flecainide (PDB code: 6UZ0), Propafenone (PDB code: 7FBS) and Quinidine (PDB code: 6LQA) in the pore. Arrows indicate possible access path for the drugs. (E) Top-down view of the BLA binding site and the antiarrhythmic drug binding sites from panel (D).
The structures of NaV1.5 in complex with antiarrhythmic drugs flecainide, propafenone and quinidine reveal antiarrhythmic drugs binding sites in the central cavity (Jiang et al., 2021a; Jiang et al., 2020; Li et al., 2021a), which are distinct from the BLA binding site (Figures 3D,E). All three drugs block NaV1.5 in use-dependent manner. The Class IC drug flecainide binds in the central cavity close to DII-DIII fenestration. Its positively-charged piperidine nitrogen lies beneath the SF, which prevents the exit of Na+ from the SF. Meanwhile, the hydrophobic side of the piperidine ring faces the sidechain of Phe1759 (rat NaV1.5), the key residue for antiarrhythmic and local anesthetic drugs binding (Ragsdale et al., 1994). Mutation of this Phe1759 to Ala significantly drops the affinity of flecainide (Liu et al., 2003; Ragsdale et al., 1996; Wang et al., 2003). One of the two hydrophobic trifluoromethoxy tails of flecainide is inserted into the DII-DIII fenestration, which suggests that flecainide may access the binding sites through the fenestrations (Gamal El-Din et al., 2018; Nguyen et al., 2019). Compared to class IA (e.g., quinidine) and IB (e.g., lidocaine) drugs, flecainide is larger in size and more hydrophobic, the higher affinity and slower binding kinetics of flecainide and other class IC drugs likely reflect their stronger interaction with NaV1.5. The structure of human NaV1.5-quinidine reveals a quinidine binding site which is also located in the central cavity (Li et al., 2021a). Quinidine lies under the SF and physically blocks the ion path. The quinolone ring of quinidine overlaps with the piperidine ring of flecainide (Figure 3D). Unlike the flecainide binding without causing obvious local conformational changes, the quinidine binding was reported to induce the side chain rotation of Tyr1767 (human NaV1.5) and a slightly smaller activation gate compared to the human NaV1.5 structure with a Glu1784Lys mutation (Li et al., 2021a; Pan et al., 2021). However, similar “up” and “down” conformations of the Tyr1755 at the equivalent position were also observed in the NaV1.7 structures (Shen et al., 2019). In addition, the side chain rotation of Tyr1767 could also be affected by the pathogenic Glu1784Lys mutation, which alters the NaV1.5 gating by significantly shifting the voltage-dependent activation toward depolarized membrane potential and the voltage-dependent inactivation toward hyperpolarized membrane potential (Makita et al., 2008).
Class IC drug propafenone preferentially blocks open NaV1.5 (Kohlhardt and Fichtner, 1988). The open state structure of NaV1.5 was achieved by importing the IFM/QQQ mutations (termed NaV1.5/QQQ) to remove the fast inactivation gate, also with the help of propafenone blocking the constant opening activity of the NaV1.5/QQQ during protein expression (Jiang et al., 2021a). The NaV1.5/QQQ structure revealed a high affinity binding site for propafenone in the central cavity. Propafenone engages both the Phe1762 and Tyr1769 (rat NaV1.5) on DIV S6 helix by forming π-π stacking interaction and on-edge van der Waals interactions, respectively (Figure 3E). The positively-charged amino group blocks the exit of Na+ from the SF, which is similar to the piperidine of flecainide and the quinolone ring of quinidine (Jiang et al., 2020; Li et al., 2021a). The open activation gate of NaV1.5/QQQ is wide enough for propafenone passing through, which suggests that propafenone probably access its high affinity binding site through the open activation gate. In the resting state, the intracellular activation gate is closed, the antiarrhythmic and local anesthetic drugs may access their receptor sites through the fenestrations in a less efficient manner (Figure 3D) (Gamal El-Din et al., 2018; Catterall et al., 2020a), thus exhibiting low affinity blocking. Structural superposition of the NaV isoforms show that the wall of the central cavity is nearly identical, suggesting it’s very difficult to achieve selective receptor site inside the central cavity. Thus, the state- and use-dependent block of the antiarrhythmic and local anesthetic drugs relies on the membrane potential and firing frequency (Hille, 1977; Hondeghem and Katzung, 1984), which allows the drugs to access their active sites in the favorable states without affecting the channels in unfavorable states (Catterall et al., 2020a).
Fast Inactivation of Sodium Channel
Fast inactivation is one of the hallmark features of eukaryotic NaV channels (Goldin, 2003). The fast inactivation of NaV channels is crucial for preventing hyperexcitability and priming firing frequency (Catterall, 2000; Catterall et al., 2017). In 1973, Armstrong found that the fast inactivation was dramatically destructed by intracellularly applying proteolytic enzyme in the squid giant axons (Armstrong et al., 1973), indicating that the fast inactivation gate is located in the cytosol. Site-direct antibody studies identified that the fast inactivation gate is located in the loop between DIII and DIV (Vassilev et al., 1988; Stühmer et al., 1989). More detailed point mutagenesis studies confirmed a triple-hydrophobic Ile-Phe-Met (IFM) motif in the DIII-DIV loop is responsible for the fast inactivation (West et al., 1992; Eaholtz et al., 1994). The cysteine substitution accessibility results indicated that the IFM-motif is buried in a receptor site inaccessible to solvent during inactivation process (Kellenberger et al., 1996). Further extensive site-directed mutagenesis screening studies mapped the IFM-motif receptor site which is constituted by the S4-S5 linkers of DIII and DIV, and also the cytoplasmic end of DIV-S6 helix (McPhee et al., 1994, 1998; Lerche et al., 1997; Smith and Goldin, 1997). Bases on these results, a hinged-lid mechanism for the fast inactivation was proposed, that is, the IFM-motif acts as a hydrophobic latch that binds to its receptor site to close the activation gate. Furthermore, the fast inactivation was found to be electromechanically coupled to the activation of the VSDIV (Chanda and Bezanilla, 2002; Capes et al., 2013).
The solution structure of the DIII and DIV linker showed that the flexible IFM-motif is tethered to an α-helix (Rohl et al., 1999), suggesting that the IFM-motif is readily available to bind to its receptor site once close to it. The detailed binding mode of the IFM-motif was consistently revealed by the cryo-EM structures of the eukaryotic NaV channels (Jiang et al., 2020; Pan et al., 2019; Pan et al., 2018; Shen et al., 2019; Yan et al., 2017). In agreement with the mutagenesis studies and the hinged-lid model, the IFM-motif is embedded in a hydrophobic receptor site formed by the DIV-S6 helix and the S4-S5 linkers of DIII and DIV, adjacent to the intracellular activation gate (Figure 4A). The binding pose of the IFM-motif is further stabilized by extensive hydrophobic interactions and hydrogen-bond network (Jiang et al., 2020; Pan et al., 2018). In particular, the activated conformation of VSDIII and VSDIV are required for the formation of the IFM-motif receptor site (Jiang et al., 2020). These structures also showed that the activation gate is in the non-conductive state with a diameter of <5 Å, elucidating an allosteric inhibition mechanism for the fast inactivation (Figures 2A, 4A). Meanwhile, the electromechanical coupling was observed to be disrupted by α-Scorpion toxins, which specifically bind to the VSDIV and trap it in a deactivated state (Clairfeuille et al., 2019; Jiang et al., 2021c). There structures provide a structural framework for the fast inactivation of sodium channels. Pathogenic mutations target the fast inactivation gate and cause life-threatening diseases. For example, mapping the location of the arrhythmia associated mutations in NaV1.5 revealed that the gain-of-function mutations are dense around the fast inactivation gate (Jiang et al., 2020). These gain-of-function mutations impair the fast inactivation, thus cause the channel to generate large abnormal persistent currents or repetitive firing that lead to arrhythmias such as Long-QT syndrome type-3 (Clancy and Kass, 2005).
[image: Figure 4]FIGURE 4 | The IFM-motif mediated fast inactivation and the open activation gate. (A) Allosteric inhibition of mammalian NaV channels by the IFM-motif (PDB code: 6J8I). The pore domain viewed from cytosol is shown in surface. The IFM-motif shown in yellow spheres. (B) Releasing of the IFM-motif leads to channel opening. Activation gate comparison between rat NaV1.5 (PDB code: 6UZ3) and NaV1.5/QQQ (PDB code: 7FBS). Red arrows indicate the S6 helix shift. (C) Non-conductive ion path of the inactivated state NaV channel (PDB code: 6UZ3). (D) Na+ conductive ion path of the open-state NaV channel (PDB code: 7FBS). (E) The open activation gate of NaV channel provides potential accessing path for the open-state blockers. Propafenone is shown in spheres.
Sodium ions across the ion path are believed to undergo de-hydration by the SF and re-hydration in the central cavity, then pass the activation gate in hydrated form. The open state structures of BacNaV channels have shown that the activation gate is wide enough for conducting hydrated Na+ (Lenaeus et al., 2017; Sula et al., 2017). The overall structure of the open state NaV1.5/QQQ is similar to the inactivated state NaV1.5 structures (Jiang et al., 2021a; Jiang et al., 2020). However, releasing of the IFM-motif from its receptor site caused marked local conformational changes in the activation gate (Figure 4B). Especially, The DIV-S6 helix shifts toward the receptor site by ∼6 Å at the cytoplasmic end. The resulting dilated activation gate of the NaV1.5/QQQ is sufficient for free passing of hydrated Na+, also provides an access for pore-blocking drugs such as propafenone (Figures 4C–E) (Jiang et al., 2021a).
VSD and Gating Modifier Toxins
The VSDs control both the activation and inactivation of the eukaryotic NaV channels in response to membrane potential changes. The molecular gating mechanisms of NaV channels have been reviewed by Ahern (Ahern et al., 2016) and Catterall (Catterall et al., 2017; 2020b). The NaV channel amino acid sequence revealed that the fourth helix (S4) contains at least four positively-charged Arg or Lys (gating-charges) repeated in a pattern of every three-residues (Noda et al., 1984). In light of the sequence and the biophysical results, the “sliding-helix” and “helical-screw” models were soon proposed to explain the voltage sensing, both models suggest that the positive gating-charges on the S4 helix serve as voltage sensors which move up and down in the membrane in response to membrane potential changes (Catterall, 1986; Guy and Seetharamulu, 1986). The BacNaV structures captured in the resting and activated states show that the gating-charges underwent a two helical-turns shift, supporting the “sliding-helix” or “helical-screw” models (Payandeh et al., 2011; Sula et al., 2017; Wisedchaisri et al., 2019; Zhang et al., 2012). Because there is no membrane potential in purification conditions (0 mV), most NaV structures were determined in the activated state (Figures 5A,B). The S4 helix is wrapped by the S1-S3 helices, forming a V-shaped aqueous cleft toward the extracellular side. Three of the four gating-charges in the activated NaVAb structure adopt the activated “up” conformation, which are neutralized by extracellular negatively-charged clusters (ENC). Wisedchaisri obtained the resting state structure of NaVAb by a combination of importing positive voltage-shifting mutations and cysteine disulfide-bond lock (Wisedchaisri et al., 2019). Compared to the activated VSD, the VSD in the resting state shifts the S4 helix two helical-turns downward to the intracellular side, while the conformation of the S1-S3 helices remains unchanged (Figures 5A,B). The inward movement of the S4 helix further bends the S4-S5 linker helix via an elbow-like turn. The twisted S4-S5 linker directly causes the bending and rotation of the S6 helix to close the activation gate. These structures define a possible general mechanism for electromechanical coupling of voltage-gated ion channels.
[image: Figure 5]FIGURE 5 | GMTs bind to VSDs of NaV channels. (A,B) Resting (PDB code: 6P6W) and activated (PDB code: 3RVY) state structure of NaVAb. Red arrows indicate conformational shifts between resting and activated state NaVAb. The gating charges on the S4 helix shown side chains in sticks. (C) Site-3 toxin LqhIII (PDB code: 7K18) and site-4 toxin HwTxIV (PDB code: 7K48) bind to VSDIV and VSDII of NaV channel, respectively. The Ig-like domain of β1 and β2 subunits project on the VSDIII and VSDI, respectively, which block the accessibility for potential GMTs binding to VSDIII and VSDI. (D) High affinity binding site for site-4 toxin HwTxIV in the deactivated VSDII (PDB code: 7K48). (E) Detailed binding site for α-Scorpion toxin LqhIII in the deactivated VSDIV (PDB code: 7K18). (F) Detailed binding site for aryl sulfonamide derivatives ICA121431 and GX-936 in the activated VSDIV of NaV1.3 (PDB code: 7W7F) and NaV1.7 (PDB code: 5EK0), respectively.
Distinct from the homotetrameric BacNaV channels, metazoan NaV channels possess four non-identical VSDs (Noda et al., 1984; Catterall et al., 2017). The VSDI and VSDII have four gating-charges, VSDIII has five gating-charges, and VSDIV has six to eight gating-charges. The four asymmetric VSDs response asynchronously to membrane depolarization (Chanda and Bezanilla, 2002; Ahern et al., 2016). This asynchronous activation is closely related to the voltage-dependent activation and fast inactivation of NaV channels. According to the asynchronous gating model (Ahern et al., 2016), activation of VSDI-VSDIII precedes VSDIV leading to channel opening, and VSDIV activates subsequently to induce the fast inactivation (Chanda and Bezanilla, 2002; Chanda et al., 2004; Capes et al., 2013). The mammalian NaV channel structures confirmed the asymmetric activation of the four VSDs (Pan et al., 2018; Pan et al., 2019; Shen et al., 2019; Jiang et al., 2020). The VSDI and VSDII closely resemble the activated VSD of NaVAb, R1-R3 adopt the “up” conformation above the hydrophobic constriction stie (HCS). The VSDIII is more activated, K1-R4 point up and R5 is stuck in the HCS. In contrast, the VSDIV is less activated, R1-R4 are located above the HCS, whereas R5-R6 point downward interacting with the intracellular negatively-charged clusters (INC). The VSDIII and VSDIV also recover slower than the VSDI and VSDII, which is probably because the VSDIII and VSDIV carry more gating charges that limit their moving rate across the HCS (Capes et al., 2013; Goldschen-Ohm et al., 2013; Jiang et al., 2020).
Modulation of NaV Channels by Site-4 Toxins
Many natural gating modifier toxins (GMTs) target the VSDs and alter NaV channel properties (Catterall et al., 2007). These GMTs are important tools to study the NaV channel properties because of their high-affinity and specific binding mode (Lazdunski et al., 1986). Among them, a group of polypeptide toxins from spiders or scorpions specifically bind to the VSDII of NaV channels, classified as site-4 neurotoxins, which are used as weapons to paralyze prey (Catterall et al., 2007; Dufton and Rochat, 1984; Rochat et al., 1979). The site-4 toxins were found to inhibit the activation of NaV channels (Sokolov et al., 2008; Xiao et al., 2008), or cause abnormal activation (Cestèle et al., 1998). The binding site for the site-4 toxins is located in the VSDII, especially the extracellular loops linking S1-S2 and S3-S4 (Cestèle et al., 1998; Marcotte et al., 1997). Two site-4 toxins, Protoxin-II (β/ω-theraphotoxin-Tp2a; ProTx-II) from the Peruvian green velvet tarantula Thrixopelma pruriens (Middleton et al., 2002) and Huwentoxin-IV (μ-theraphotoxin-Hs2a; HwTx-IV) from the Chinese bird tarantula Haplopelma schmidti (Peng et al., 2002), show higher potency in inhibiting NaV1.7 than other NaV isoforms. Shen reported the cryo-EM structures of human NaV1.7 in complex with ProTx-II and HwTx-IV, showing that ProTx-II binds to both the VSDII and VSDIV, whereas HwTx-IV only binds to the VSDII (Figure 5C) (Shen et al., 2019). However, the EM density for ProTx-II and HwTx-IV are insufficient to define a detailed binding site. The binding of the two toxins appear only to induce subtle local conformational changes in the activated VSDs (Shen et al., 2019). It has been shown that ProTx-II has higher affinity to the resting state of NaV1.7 than the activated state (Sokolov et al., 2008; Xu et al., 2019). These observations suggest that the binding poses of ProTx-II and HwTx-IV in the NaV1.7 structures may reflect a low-affinity binding state. Meanwhile, Xu reported the ProTx-II bound structures of a chimeric bacterial NaVAb with VSDII of NaV1.7 (designated as NaVAb-NaV1.7VSDII) in different activation states (Xu et al., 2019). By sorting cryo-EM images of the NaVAb-NaV1.7VSDII-ProTxII yielded two maps in distinct conformations. The VSDs of the major class are in the activated conformation, while the structure of the minor class clearly showed that ProTx-II binding shifted the S4 helix ∼10 Å downward into a deactivated state. The deactivated NaVAb-NaV1.7VSDII-ProTxII may represent the high-affinity binding state for ProTx-II. However, the limited resolution prevented revealing a clearer picture for the high-affinity binding site (Xu et al., 2019). Subsequently, Wisedchaisri refined the chimeric NaVAb-NaV1.7VS2A construct by importing a voltage-shifting mutation to stabilize the channel in the resting state even under positive membrane potential (Wisedchaisri et al., 2021), and reported the structure of the NaVAb-NaV1.7VS2A complexed with a modified HwTx-IV (m3-HwTx-IV) (Rahnama et al., 2017; Revell et al., 2013). The NaVAb-NaV1.7VS2A:m3-HwTx-IV structure unveiled the high affinity binding site for m3-HwTx-IV and demonstrated that the m3-HwTx-IV inhibits the channel by locking the VSDII in the resting state (Wisedchaisri et al., 2021). The m3-HwTx-IV forms extensive interactions with the S3-S4 loop (811ELFLADVE818) of the VSDII, which is consistent with the deactivated NaVAb-NaV1.7VSDII-ProTxII structure (Xu et al., 2019) and the site-direct mutagenesis studies (Xiao et al., 2008; Xiao et al., 2010). Among the S3-S4 loop (811ELFLADVE818) of the VSDII, the F813G mutation drops the affinity of ProTx-II by ∼9-fold, but does not affect the binding of HwTx-IV (Xiao et al., 2010); by contrast, the E818C mutation significantly increases the affinity of HwTx-IV, whereas it has little effect on ProTx-II (Xiao et al., 2010; Xu et al., 2019). These opposite effects suggest that the detailed binding poses for the HwTx-IV and ProTx-II are different, despite both of the toxins bind to the same region of the VSDII (Figure 5D). The NaVAb-NaV1.7VSDII-ProTxII and NaVAb-NaV1.7VS2A:m3-HwTx-IV structures elucidate a common inhibition mechanism for the site-4 toxins (Figures 6A,B), that is, the positively-charged residues in the C-terminus of the toxins insert their side-chains into the cleft of the VSDII and trap the VSDII in the resting state to prevent the activation (Xu et al., 2019; Wisedchaisri et al., 2021).
[image: Figure 6]FIGURE 6 | Putative models for modulation of VSDs of NaV channels. (A) Activation of VSDI and VSDII cause channel opening. Green balls represent sodium ions. Red arrow indicates activation of the VSD. (B) Site-4 toxin HwTx-IV traps VSDII in a deactivated state and inhibits channel opening. Green arrow indicates deactivation of the VSD. (C) α-Scorpion toxin LqhIII traps VSDIV in a deactivated state and inhibits fast inactivation. (D) Aryl sulfonamide analogue ICA121431 binds to activated VSDIV and inhibits channel opening.
The site-4 toxins ProTxII and HwTx-IV are more potent in inhibiting NaV1.7 than other NaV subtypes (Schmalhofer et al., 2008). NaV1.7 plays crucial roles in pain sensation (Bennett et al., 2019; Dib-Hajj and Waxman, 2019), thus, selective inhibition of NaV1.7 may bring potentially non-addictive medical benefits in treating chronic pain. Given the fact that NaV1.7 are in the resting state for most of the time in the nociceptive afferents (Wisedchaisri et al., 2021), the resting-state trapping mechanism revealed by the above structures suggests that optimization of these gating-modifier toxins could potentially generate effective and selective analgesics. These structures also provide structural templates for future development of new analgesics targeting the resting-state NaV channels.
Modulation of NaV Channel by α-Scorpion Toxins
α-Scorpion toxins belong to a family of peptide neurotoxins which inhibit fast inactivation of NaV channels, causing prolonged and/or repetitive action potentials (Catterall et al., 2007; Jiang et al., 2021c; Kopeyan et al., 1974). Site-directed mutagenesis studies have localized the binding site of α-Scorpion toxins in the S3-S4 loop of VSDIV, termed site-3 (Rogers et al., 1996; Thomsen and Catterall, 1989). In addition, a negatively-charged Asp or Glu residue on S3 of VSDIV was identified as the key determinant for the α-Scorpion toxins binding (Benzinger et al., 1998; Rogers et al., 1996). These findings also support the electromechanical coupling between the fast inactivation gate and the VSDIV. The α-Scorpion toxin LqhIII and AaHII are lethal toxins extracted from venoms of the “deathstalker scorpion” Leiurus quinquestriatus hebraeus and the Androctonus australis Hector “man killer” scorpion (Chen and Heinemann, 2001; Martin et al., 1987), both of which dramatically inhibit the fast inactivation of the NaV channels. In particular, LqhIII exhibits higher affinity to NaV1.5 and extremely slow disassociation rate (Chen and Heinemann, 2001). The cryo-EM structures of rat NaV1.5-LqhIII and the chimeric NaVPas-NaV1.7VSDIV-AaHII reveal detailed binding site for the α-Scorpion toxins (Clairfeuille et al., 2019; Jiang et al., 2021c). Consistent with previous mutagenesis studies, LqhIII and AaHII engage the S3-S4 loop of VSDIV by forming broad interaction interface (Figure 5C). The D1612 in DIV-S3 of NaV1.5 and D1586 in DIV-S3 of NaV1.7 form critical polar interactions with LqhIII and AaHII, respectively. The toxins binding shifts the S4 helix about two helical-turns inward and traps the VSDIV in an intermediate activated state (Figure 5E). The relatively flexible positively-charged C-terminal tails of LqhIII and AaHII dock into the extracellular aqueous cleft of VSDIV, displacing the gating-charges and preventing them moving upward. As expected, the two structures show very similar overall binding sites for the α-Scorpion toxins, and also similar conformational shifts in the VSDIV induced the toxins binding (Clairfeuille et al., 2019; Jiang et al., 2021c). Furthermore, the NaV1.5-LqhIII structure reveals a common gating mechanism for the α-Scorpion toxins (Figure 6C). That is, the α-Scorpion toxins specifically recognize the high-affinity binding site in the VSDIV and trap the VSDIV in the intermediate activated state, then deactivation of the VSDIV destabilizes the fast inactivation gate thus favors the channel opening (Jiang et al., 2021c).
Although the site-3 toxins and site-4 toxins bind to distinct receptor sites and cause different effects on NaV channels, these two types of neurotoxins use similar VSD trapping mechanism to modulation channel gating (Figures 5D,E). The different modulation effects are because that the activation and fast inactivation of NaV channels rely on the activation of VSDI-VSDII and VSDIV, respectively (Chanda and Bezanilla, 2002). From the NaV1.4-β1, NaV1.7-β1-β2, NaV1.2-β2, NaV1.1-β4 and NaV1.3-β1-β2 complex structures, we have known that β1 subunit projects its Ig-like domain on the VSDIII, β2 and β4 project their Ig-like domain on the VSDI, respectively (Figures 1B, 5C). Consequently, the accessibility of VSDIII and VSDI for potential neurotoxins are blocked by the β subunits, which may explain that only a few neurotoxins were reported to bind to VSDIII or VSDI. For instance, Hm-3, from the crab spider Heriaeus melloteei, was reported to inhibit NaV1.4 by binding to the VSDI with micromolar affinity (Männikkö et al., 2018). Recently, a spider toxin Gr4b from Grammostola rosea appears to selectively impair fast inactivation of NaV1.9 by binding to its VSDIII (Peng et al., 2021). However, the detailed binding sites and the underlying mechanisms for those toxins need further investigation. Meanwhile, because the β subunits bind loosely to NaV1.5 and NaV1.8 (Jiang et al., 2020), this raises a possibility that candidate modulators such as engineered neurotoxins or nanobodies can target NaV1.5 or NaV1.8 by binding to the VSDIII or VSDI without affecting other β subunit-bound NaV isoforms.
Aryl Sulfonamides Selectively Binds to VSDIV
The apo-form NaV channel structures show that activation of the VSDIV tightens the fast inactivation gate to close the channel (Jiang et al., 2020; Pan et al., 2018; Yan et al., 2017). Thus, trapping the VSDIV in the activated conformation inhibits the opening of NaV channels. In agreement with this concept, a family of synthetic aryl sulfonamide derivatives exhibit potent and selective inhibition of NaV channel isoforms via binding to the VSDIV (McCormack et al., 2013). For instance, PF-04856264 and GX-936 selectively and potently inhibit NaV1.7 (Ahuja et al., 2015; McCormack et al., 2013), whereas ICA121431 exhibits potent inhibition of NaV1.3/NaV1.1 with a factor of >1000-fold over other isoforms (McCormack et al., 2013). The promising selective inhibition is of great interest for developing potentially non-addictive analgesics (Alsaloum et al., 2020). The crystal structure of the chimeric NaVAb-NaV1.7VSDIV in complex with GX-936 revealed the first binding site for the aryl sulfonamide analogues (Ahuja et al., 2015). The GX-936 sticks deep into the extracellular aqueous cleft of the VSDIV, and its negatively-charged warhead engages the fourth gating-charge (R4), locking the VSDIV in the activated conformation (Figure 5F). Subsequently, the complex structure of human NaV1.3/β1/β2-ICA121431 confirmed the conserved binding site for the aryl sulfonamide analogues (Li et al., 2022). The conserved warhead of the aryl sulfonamide derivatives determines the potency via strong electrostatic interactions with the positively-charges R4, which is supported by the R4A mutation dramatically decreasing the affinity of GX-936 by >2000-fold (Ahuja et al., 2015). In addition, the S1559/R1560 on S2 helix of the NaV1.3-VSDIV are responsible for recognizing the tail of ICA121431, and Y1537/W1538 at the equivalent position on NaV1.7 are more favorable for GX-936 binding (Ahuja et al., 2015; Li et al., 2022; McCormack et al., 2013). Superposition of the ICA121431 bound NaV1.3-VSDIV with the deactivated LqhIII bound NaV1.5-VSDIV shows that the gating charges in the deactivated VSDIV cannot form proper interactions with the anionic warhead, elucidating why the aryl sulfonamide derivatives are in favor of binding to the activated VSDIV. In the NaV1.3/β1/β2-ICA121431 structure, the fast inactivation gate binds tightly to its receptor site resulting in a non-conductive activation gate (Figure 6D), which provides a full-picture for understanding the allosteric inhibition mechanism of the aryl sulfonamide antagonists (Li et al., 2022).
Several aryl sulfonamide derivatives, such as PF-05089771, GDC-0276 and RG6029, which selectively inhibit NaV1.7 (Alexandrou et al., 2016; McDonnell et al., 2018; Rothenberg et al., 2019; Alsaloum et al., 2020), have failed in Phase I or Phase II clinical trials because of low efficacy (Kingwell, 2019; Alsaloum et al., 2020). These discouraging results suggest that isoform selectivity is not the only challenge for developing candidate analgesics targeting pain related NaV channels.
SUMMARY AND PROSPECTS
NaV channels play fundamental roles in electrical signaling. Extensive studies on the biophysical characterization, gene sequence, physiological functions, ligands modulation and pharmacology of NaV channels have greatly enriched the knowledge of NaV channels. During the last a few years, cryo-EM structures of NaV channels from nerve, cardiomyocytes and skeletal muscle were resolved in different functional states or with the binding of distinct modulators. These structures provide in-depth mechanistic insights into the architecture, activation, inactivation, ion selectivity, electromechanical coupling, ligand modulation, and structural pharmacology of NaV channels. The structure-based drug design will be accelerated by those structural studies, which could potentially generate more efficient, safer and selective drugs for the treatment of NaV channel associated diseases. The cryo-EM technique will have broader application prospects in validating the structural pharmacology of NaV channels, also in expanding the fundamental understanding of NaV channel structure and function. We anticipate that more mammalian NaV channel structures in different functional states including the resting-state will be achieved, and high-resolution structures will also be very important to unveil more detailed information such as ion selectivity and lipid-channel interactions.
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N-methyl-D-aspartate receptors (NMDARs) are Ca2+-permeable ionotropic glutamate receptors (iGluRs) in the central nervous system and play important roles in neuronal development and synaptic plasticity. Conventional NMDARs, which typically comprise GluN1 and GluN2 subunits, have different biophysical properties than GluN3-containing NMDARs: GluN3-containing NMDARs have smaller unitary conductance, less Ca2+-permeability and lower Mg2+-sensitivity than those of conventional NMDARs. However, there are very few specific modulators for GluN3-containing NMDARs. Here, we developed a cell-based high-throughput calcium assay and identified 3-fluoro-1,2-phenylene bis (3-hydroxybenzoate) (WZB117) as a relatively selective inhibitor of GluN1/GluN3 receptors. The IC50 value of WZB117 on GluN1/GluN3A receptors expressed in HEK-293 cells was 1.15 ± 0.34 μM. Consistently, WZB117 exhibited strong inhibitory activity against glycine-induced currents in the presence of CGP-78608 but only slightly affected the NMDA-, KA- and AMPA-induced currents in the acutely isolated rat hippocampal neurons. Among the four types of endogenous currents, only the first one is primarily mediated by GluN1/GluN3 receptors. Mechanistic studies showed that WZB117 inhibited the GluN1/GluN3A receptors in a glycine-, voltage- and pH-independent manner, suggesting it is an allosteric modulator. Site-directed mutagenesis and chimera construction further revealed that WZB117 may act on the GluN3A pre-M1 region with key determinants different from those of previously identified modulators. Together, our study developed an efficient method to discover modulators of GluN3-containing NMDARs and characterized WZB117 as a novel allosteric inhibitor of GluN1/GluN3 receptors.
Keywords: N-methyl-D-aspartate (NMDA) receptors, GluN3 subunits, WZB117, allosteric modulator, ion channels, drug discovery
INTRODUCTION
N-methyl-D-aspartate receptors (NMDARs) are glutamate-gated ion channels that play pivotal roles in neuronal development and synaptic plasticity in the central nervous system (Traynelis et al., 2010; Paoletti et al., 2013; Hansen et al., 2018). Seven NMDAR subunits have been identified, including GluN1, GluN2 (2A-2D) and GluN3 (3A-3B) subunits. Conventional NMDARs are heterotetramers comprising two glycine-binding GluN1 subunits and two glutamate-binding GluN2 (2A-2D) subunits, with high Ca2+-permeability and voltage-dependent Mg2+ blockage (Ulbrich and Isacoff, 2007; Paoletti et al., 2013; Karakas and Furukawa, 2014). Over the past 3 decades, conventional NMDARs have been intensively studied as potential therapeutic targets for various psychiatric or neurological disorders (Hansen et al., 2021).
Much less is known about GluN3-containing NMDARs (hereafter GluN3-NMDARs) than about conventional NMDARs (Crawley et al., 2022). Coassembly with GluN3 (3A-3B) subunits dramatically changes the biophysical properties of NMDARs by promoting smaller unitary conductance, less Ca2+-permeability and lower Mg2+-sensitivity. Thus, GluN3A and GluN3B have been proposed to be dominant negative subunits of NMDARs (Das et al., 1998; Perez-Otano et al., 2001; Chatterton et al., 2002). Under physiological conditions, GluN3A expression is maintained in a narrow time window in early postnatal development and remains at a low level in adults (Ciabarra et al., 1995; Sucher et al., 1995; Sasaki et al., 2002; Wong et al., 2002). Multiple studies have reported that GluN3A may regulate synaptic maturation and pruning (Perez-Otano et al., 2006; Roberts et al., 2009; Fiuza et al., 2013; Kehoe et al., 2013; Kehoe et al., 2014). Dysfunction of GluN3A due to failure of downregulation or aberrant reactivation beyond the physiological time window is implicated in multiple neurological diseases, such as Huntington’s disease (Marco et al., 2013; Wesseling and Perez-Otano, 2015; Mahfooz et al., 2016; Marco et al., 2018), addiction (Yuan and Bellone, 2013; Yuan et al., 2013; Jin et al., 2014), and schizophrenia (Glantz and Lewis, 2000; Mueller and Meador-Woodruff, 2004; Takata et al., 2013). Different from that of GluN3A, the expression of GluN3B increases slowly throughout the developmental stages but appreciably in caudal areas (Chatterton et al., 2002). Limited studies have suggested that GluN3B may be involved in motor function, as the expression of GluN3B is restricted to the motor neurons of spinal cord and brainstem (Chatterton et al., 2002). The pharmacological and physiological functions of these two GluN3 subunits need to be further studied, especially regarding whether they can be drug targets for the treatment of neurological diseases, in which GluN3-specific modulators may serve as pharmacological tools.
In contrast to conventional NMDARs, GluN1/GluN3 receptors belong to a special class of NMDARs that only require glycine for activation, since the endogenous ligands are glycine for both GluN1 and GluN3 (Ciabarra et al., 1995; Sucher et al., 1995; Chatterton et al., 2002; Sasaki et al., 2002; Kehoe et al., 2014). However, the glycine-induced currents measured with conventional methods such as whole-cell patch-clamp recording of GluN1/GluN3 receptors are negligible, possibly due to their rapid desensitization caused by the preferential binding of glycine to the GluN1 subunit (Grand et al., 2018). Mutagenesis of the glycine-binding sites (GluN1F484A/T518L) (Kvist et al., 2013) or pre-incubation with CGP-78608, a competitive antagonist of GluN1 (Grand et al., 2018), can prevent desensitization, which has enabled the discovery of GluN3-specific modulators, including TK series compounds (TK13, TK30, TK80) and EU1180-438 (Kvist et al., 2013; Zhu et al., 2020). Although TK compounds are less active and relatively mediocre in selectivity, their discovery suggests that the glycine-binding pocket in the GluN3A subunit could be suitable for GluN3-specific pharmaceutical development, as reflected in a 650-fold higher affinity of glycine for GluN3A than for GluN1 (Yao and Mayer, 2006). EU1180-438 was reported as a negative allosteric modulator of GluN1/GluN3 receptors with high potency and selectivity acting on the Glu3A pre-M1 region, a linker between the ligand binding domains (LBDs) and the first transmembrane helix (M1) (Zhu et al., 2020). In short, pharmacological tools targeting GluN3 are still scarce. Thus, it is important to develop a more efficient method to identify novel and potent modulators targeting GluN3-NMDARs.
Here, we developed a cell-based high throughput calcium assay and identified multiple novel inhibitors of GluN3-NMDARs from 2560 compounds. Most of the compounds were obtained from the Approved Drug Library (originally from Topscience, MCE, ApexBio and Selleck), and the rest that are in clinical or preclinical stages were collected by our lab. These compounds generally have known and well-characterized biological activity, safety and bioavailability. Among the identified hits, WZB117 was characterized as an allosteric inhibitor with high selectivity for recombinant and native GluN1/GluN3 receptors.
MATERIAL AND METHODS
Molecular Biology
To establish GluN1/GluN3A stable cell lines, the human GluN1-1a (GenBank: NP_015566.1) and the rat GluN3A (GenBank: NP_612555.1) genes were subcloned into the pcDNA5-FRT-To and pcDNA3.1 vectors, respectively. An EGFP tag was added to the C-terminus of GluN1 or GluN3A using a T2A linker for identification of transfected cells during transient transfection. Point mutations were introduced by site-directed mutagenesis using PrimeSTAR (Takara). The human GluN2A (GenBank: NP_000824.1) gene was subcloned into the pcDNA3.1 vector. The chimeras GluN3A670-673 MWPL/LEPF and GluN2A550-553 LEPF/MWPL were generated using In-Fusion HD Cloning kits (Takara). All constructs were confirmed by DNA sequencing (Beijing Genomics Institute).
Cell Culture and Transfection
The Flp-in T-Rex 293 cell lines (Invitrogen), stably expressing GluN1/GluN3A were grown in DMEM basal medium (Gibco) supplemented with 10% fetal bovine serum (FBS, Invitrogen), 15 μg/ml blasticidin S (Invitrogen), 50 μg/ml hygromycin B (Invitrogen) and 500 μg/ml G418 (Gibco). Expression in cell lines was induced with 1 μg/ml doxycycline (Invitrogen) 24–28 h prior to the experiments. Chinese hamster ovary (CHO) cells were grown in DMEM-F12 basal medium (Gibco) supplemented with 10% FBS. In the study on the action sites of WZB117, all whole-cell patch-clamp recordings were performed on CHO cells. The transfections were carried out using Lipofectamine 3000 transfection reagent (Thermo Fisher) according to the manufacturer’s instructions. All cells mentioned above were cultured in a 5% CO2 incubator at 37°C and passaged every other day at a ratio of 1:3.
qRT-PCR
Total RNA was extracted from cells using TRIzol (Invitrogen) and reverse-transcribed into cDNA using PrimeScript RT Master Mix (Takara) following the manufacturer’s instructions. The quantifications were performed using the SYBR Green Master Mix kit (Yeasen) in the Fast Real-Time PCR system (Applied Biosystems 7500, CA, United States). The results were processed with the mean values of delta Ct and Standard Error of Mean (SEM). The primers used for quantification are as follows:
GluN1-F: 5′-CCA​GTC​AAG​AAG​GTG​ATC​TGC​AC-3′;
GluN1-R: 5′-TTC​ATG​GTC​CGT​GCC​AGC​TTG​A-3′;
GluN3A-F: 5′-GCA​TAG​TGC​GCC​ACG​AGT​T-3′;
GluN3A-R: 5′-GGT​CAG​GAT​TGA​GAC​AGT​GAC​AT-3′;
GAPDH-F: 5′-GTC​AAG​GCT​GAG​AAC​GGG​AA-3′;
GAPDH-R: 5′-AAA​TGA​GCC​CCA​GCC​TTC​TC-3′.
Western Blot Analysis
Total protein was extracted with strong RIPA lysis buffer (Yeasen), quantified with the BCA protein quantification kit (Thermo Fisher) and separated by 8% SDS-PAGE electrophoresis, and then the membrane was incubated with primary antibodies against GluN3A (at a working concentration of 10 μg/ml) and GAPDH (Yeasen, at a working concentration of 1 μg/ml). The primary antibody against GluN3A was produced by our own lab. Briefly, GluN3A-NTD protein was used as an antigen to immunize Balb/c mice. Seropositive splenocytes detected by ELISA were fused with myeloma cells (SP2/0) to obtain hybridoma cells. Total RNA was extracted from hybridoma cells and reverse-transcribed into cDNA. The sequence of the heavy and light chains of the antibody were cloned and sequenced using multiple mixed primers (von Boehmer et al., 2016), and the antibody was expressed and purified in HEK-293T cells in vitro. The second antibody was peroxidase AffiniPure goat anti-mouse IgG (H + L) (Yeasen).
High-Throughput Screening Assay
The HEK-293 cells stably expressing GluN1/GluN3A receptors were seeded at a density of 10,000 cells/well in the 384-well plates, and expression was induced with 1 μg/ml doxycycline for 24–28 h. Then the culture medium was removed, Fluo-4 (Invitrogen) was loaded and the cells were incubated in the 37°C incubator away from light for 1 h (Gee et al., 2000). The plates were gently washed twice with Ca2+-free buffer and then incubated with one of the 2560 compounds (from the Chinese National Compound Library) or DMSO (1% and 0.33%) for 20 min. A fixed concentration of 30 μM and dual concentrations of 10 μM and 30 μM were applied in the primary and secondary screening, respectively. Two replicates were set up for each condition. After incubating 30 μl of the tested compounds, 10 μl of CGP-78608 (Tocris, at a working concentration of 500 nM) was added and incubated for 3 min, and the cells were subsequently stimulated by 10 μl of glycine (Amresco, at a working concentration of 100 μM). A FDSS/μCell platform (Hamamatsu) was used to measure the fluorescence signals. The excitation (Ex) and emission (Em) wavelengths were set to 480 and 540 nm, respectively. The inhibitory effects of tested compounds were compared by the ratios of fluorescence (F) with (Fdrug) and without (Fcontrol) the compounds. The Fcontrol value in these assays represented the value of basal Fluo-4 fluorescence plus glycine-stimulated fluorescence, and the Fdrug indicated the total Fluo-4 fluorescence after treatment of the drugs. Both the Fdrug and Fcontrol values were taken at the peak. The Ca2+-free buffer used to dilute Fluo-4 and wash cell-plates contained (in mM): 140 NaCl, 5 KCl, 1 MgCl2, 10 glucose, 10 HEPES, and 0.5 EGTA. The pH was adjusted to 7.2 using NaOH. To dilute the compounds, 2 mM of free Ca2+ was added in addition to the other components of the buffer.
Acutely Isolated Hippocampal Neuron Preparations
Hippocampal neurons were obtained from Sprague-Dawley rats (aged P7-14). Briefly, the isolated hippocampal tissues were cut into approximately 800 μM slices along the sagittal plane and were digested with 3 mg/ml proteinase (Sigma-Aldrich) at 32°C for 8 min. Then 1 mg/ml bovine serum albumin (Sangon Biotech) and 1 mg/ml trypsin inhibitor (Sigma-Aldrich) were used to stop the digestion. A few slices of the hippocampus were gently blown into single cells with the dissecting solution, then transferred to a dish and left to rest for 20 min before experiments. The dishes were preprocessed. Essentially, the bottom of the dish was covered with discarded cell suspension the day before the experiment and was washed and dried the next day, which prevented the neurons from sticking to the bottom too tightly. The dissecting solution contained (in mM): 82 Na2SO4, 30 K2SO4, 5 MgCl2, 1 Na pyruvate, 10 HEPES, and 20 glucose. The pH was adjusted to 7.2 using NaOH (Xie et al., 2020).
Whole-Cell Patch-Clamp Recording
Whole-cell patch-clamp recordings were performed at room temperature (22–25°C) using an EPC-10 amplifier and Patch Master Software (HEKA). Pipettes were pulled from borosilicate glass capillaries (World Precision Instruments), and the resistances were 3–5 MΩ when filled with the intracellular solution. The extracellular solution contained (in mM): 140 NaCl, 2.8 KCl, 1 CaCl2, 10 HEPES and 20 sucrose (290–300 mOsm), pH adjusted to 7.3 using NaOH. The pipette solution contained (in mM): 115 CsF, 10 CsCl, 10 HEPES and 10 BAPTA (280–290 mOsm), pH adjusted to 7.2 using CsOH (Grand et al., 2018). When recording in hippocampal neurons, the extracellular solution contained (in mM): 140 NaCl, 5 KCl, 1 CaCl2, 1.25 MgCl2, 10 glucose, and 10 HEPES, and the pH was adjusted to 7.4 using NaOH, and the pipette solution contained (in mM): 140 KCl, 1 MgCl2, 10 EGTA, and 10 HEPES, and the pH was adjusted to 7.2 using KOH (Xie et al., 2020). Drug-containing solutions were applied through an RSC-200 Rapid Solution Changer with a 9-tube head (BioLogic Co., France), in which the cell is positioned close to the output of a capillary. The solution, containing either one drug or a combination of different drugs, to be assayed flows out of the capillary at a moderate flow rate by gravity. The lifted cell, exposed to this stream, rapidly equilibrates in the perfusion solution. Whole-cell patch-clamp recordings in heterologous cells and hippocampal neurons were performed at a holding potential of −60 mV. Currents were sampled at 10 kHz and low pass filtered at 2.9 kHz. To record the native GluN1/GluN3 receptor-mediated currents, the extracellular solution was supplemented with 10 μM bicuculline (Sigma-Aldrich), 2 μM NBQX (Topscience), 100 μM D-APV (MCE), and 50 μM strychnine (UHN Shanghai) to block γ-aminobutyric acid type A (GABAA), α-amino-3-hydroxy-5-methylisoxazole-4-propionate (AMPA), GluN1/GluN2 NMDA and glycine receptors, respectively. To record the native GluN2-NMDARs-mediated currents, 10 μM bicuculline and 2 μM NBQX were added into the extracellular solution to block GABAA receptors and AMPA receptors, respectively (Grand et al., 2018; Otsu et al., 2019; Zhu et al., 2020).
Two-Electrode Voltage-Clamp Recordings
Two-electrode voltage-clamp (TEVC) recordings were performed on Xenopus oocytes expressing various subtypes of recombinant NMDARs. Each oocyte was injected with a mixture of 0.5–1.0 ng cDNAs or cRNAs encoding wild-type (WT) or mutant GluN1 (GluN1-1a or GluN1-4a) and GluN2 (2A-2D) or GluN3 (3A-3B) at a ratio of 1:1. The mutant GluN1-4a F484A/T518L was injected together with GluN3B to boost the currents of GluN1/GluN3B receptors, and WT GluN1-1a was used unless otherwise stated. The cRNAs of GluN1-4a, GluN3A and GluN3B were transcribed from corresponding DNAs using the mMESSAGE mMACHINE T7 Ultra kit (Life Technologies) according to the manufacturer’s instructions, and the others not specified were cDNAs. TEVC recording was performed 24–72 h post injection in extracellular solution containing (in mM): 100 NaCl, 0.3 BaCl2, 2.5 KCl, 0.01 DTPA and 5 HEPES, and the pH was adjusted to 7.3 using NaOH. All recordings were carried out at a holding potential of −60 mV.
Molecular Modeling
The structural model of GluN1/GluN3A receptor was generated using Modeller 9.24 (Webb and Sali, 2016) based on two templates, the diheteromeric GluN1/GluN2B receptor structure (PDB ID: 6WHS) (Chou et al., 2020) and the truncated GluN3A-LBD structure (PDB ID: 2RC7) (Yao et al., 2008). Then, the structure was refined using the Protein Preparation Wizard Workflow embedded in the Maestro 9.0, and all the parameters were set as the default. The potential binding pockets around the pre-M1 region of GluN1/GluN3A receptors were predicted using the Fpocket program (Le Guilloux et al., 2009). Afterward, the program Glide (Friesner et al., 2004) integrated in Maestro was employed to perform molecular docking. The residues in the range of 10 Å around the residue W671 were defined as the binding sites. The compound WZB117 was prepared through LigPrep provided by Maestro to generate protonation states with Epik (Shelley et al., 2007) with a pH value of 7.0 ± 2.0. The Glide XP mode was used to dock the prepared ligand into the defined docking grid of GluN1/GluN3A receptors.
Statistical Analysis
Patch-clamp data were processed using Clampfit 10.4 (Molecular Device, Sunnyvale, CA, United States) and analyzed with GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, United States). Concentration-response curves were fitted using the following 3-parameter Hill equation: Y=Bottom + (Top-Bottom)/(1 + 10^(X-LogIC50)), where Top and Bottom, respectively, represent the channel’s maximum and minimum responses to the compounds, X is the value of the logarithm of the concentration, Y is the Idrug/Icontrol value, and IC50 is the drug concentration producing a half-maximum response. All results are given as the mean ± SEM. Statistical analyses were performed using Student’s t-test or two-way ANOVA. Asterisks (*) indicate statistically significant differences from the control group (*p < 0.05, **p < 0.01 and ***p < 0.001).
RESULTS
Establishment of a HTS Method for GluN1/GluN3A Receptors
To discover GluN3A-specific modulators, we have developed a cell-based HTS method by measuring Ca2+ influx using Fluo-4 as fluorescent indicator. First, a cell line stably expressing GluN1/GluN3A receptors was established using the Flp-in T-REx system (Figure 1A). To induce GluN1/GluN3A expression, 1 μg/ml doxycycline was added into the culture medium 24–28 h before the experiments. The GluN1/GluN3A Flp-in T-REx 293 stable cell lines remained healthy despite the induction. Unlike in the host cells, qRT-PCR (Figure 1B) and Western blot assays (Figure 1C) showed that both GluN1 and GluN3A were well expressed in the GluN1/GluN3A stable cell lines with induction. As illustrated in Figure 1D, after administration of CGP-78608 and glycine, only the GluN1/GluN3A stable cell line yielded fluorescence signal, whereas neither GluN1 stable cell lines nor host cells did. These data showed that a functional HTS method was successfully established.
[image: Figure 1]FIGURE 1 | Generation and functional verification of GluN1/GluN3A Flp-in T-REx 293 stable cell lines. (A) Schematic graph showing the generation of GluN1/GluN3A Flp-in T-REx 293 stable cell lines. (B and C) Expression levels of GluN1 and GluN3A in the GluN1/GluN3A stable cell lines verified by qRT-PCR (B) and Western Blot (C). (D) GluN1/GluN3A stable cell lines formed functional ion channels. When the channels were activated by CGP-78608 and glycine, Ca2+ flowed into cells and bound to Fluo-4, resulting in a fluorescence signal detected by a FDSS/μCell platform. The basal fluorescence value was automatically normalized to 1 in the FDSS/μCell platform, so the real-time fluorescence response was displayed as a fluorescence ratio. Significance was tested using one-way ANOVA; ∗p < 0.05, ∗∗p < 0.01 and ∗∗∗p < 0.001.
Identification of Modulators for GluN1/GluN3A Receptors
Taking advantage of the established HTS method, we carried out two rounds of screening (Figure 2A). The appropriate concentrations of CGP-78608 were optimized in a preliminary experiment and we found that the saturated concentration of CGP-78608 was approximately 500 nM (Supplementary Figure S1). The tested compounds were incubated for 20 min before the administration of 500 nM CGP-78608. In the first round, a total of 2560 compounds were tested at a fixed dose of 10 μM, and 160 compounds with Fdrug/Fcontrol < 0.75 were defined as the pre-hits (Figure 2B). To improve the accuracy of screening, the pre-hits were further examined at 10 μM and 30 μM in the second round. After the secondary screening, 13 hits were obtained, which met the following criteria: 1) Fdrug/Fcontrol < 0.75 at 10 μM; 2) a dose-dependent change in the Ca2+ fluorescence between 10 μM and 30 μM. Notably, although this relatively strict criterion will reduce false positive ratio, it is also possible to miss some potential hits because their effects have been saturated at 10 μM; 3) No effect on NMDARs has been reported previously (Figures 2C,D). As shown in Figure 2D, a substantial fluorescence increase was visible upon CGP-78608 addition in the control condition, which appeared to depend on the concentration of Ca2+ and expression of GluN3A (Supplementary Figure S2). The inhibitory effects of these 13 hits were validated at a concentration of 3 μM using whole-cell patch-clamp recording. Among them, 2-chloro-N-[2'-(N-cyanosulfamoyl) biphenyl-4-ylmethyl]-N-(4-methylbenzyl) benzamide (S0859), 7-bromo-2-(4-hydroxyphenyl) benzoxazol-5-ol (WAY200070) and 3-fluoro-1,2-phenylene bis(3-hydroxybenzoate) (WZB117) showed relatively strong inhibitory activity, among which WZB117 was the most potent one (Table 1; Figure 2E). Notably, both the positive control (5,7-DCKA) and four previously reported NMDAR modulators, including L-701324 (Priestley et al., 1996), flupirtine maleate (Osborne et al., 1998; Kornhuber et al., 1999), riluzole (Debono et al., 1993) and D-serine (Wolosker, 2007), were also identified in both the primary screening and secondary screening, suggesting that the HTS method is relatively reliable. Together, our results showed that the HTS method enables the identification of potential modulators targeting GluN1/GluN3A receptors.
[image: Figure 2]FIGURE 2 | HTS for GluN1/GluN3A modulators. (A) Flow chart of the HTS. (B) Overview of the first round results. The Ca2+ fluorescence signal ratio (Fdrug/Fcontrol) of all compounds (2560) is represented by a circle. Compounds (30 μM) with a ratio less than 0.75 (the dashed line) were considered as the pre-hits and are displayed as red circles. Data represent the mean of the duplicate results. (C) Discovery of hits. A total of 160 pre-hits were selected for the second round. Compounds (10 μM) with a ratio less than 0.75 (the dashed line) and showing a dose-dependent inhibitory activity were considered as potent hits of GluN1/GluN3A receptors. (D) Representative fluorescence signal of a hit in the FDSS/μCell. The well-to-well variation was 0.01 at 10 μM and 0.02 at 30 μM (calculated with standard deviation). (E) Chemical structures of previously reported (black) and newly discovered (red) modulators.
TABLE 1 | Inhibitory effects of 13 compounds on GluN1/GluN3A receptors.
[image: Table 1]WZB117 Selectively Inhibits the Activity of GluN1/GluN3 Receptors
To fully understand the influences of WZB117 on NMDA receptors, the inhibitory activity and subtype selectivity of WZB117 were evaluated in HEK-293 cells stably expressing GluN1/GluN3A receptors and Xenopus oocytes transiently expressing NMDARs, respectively. As shown in Figure 3A, WZB117 dose-dependently suppressed the GluN1/GluN3A receptor-mediated currents in the presence of 100 μM glycine. The inhibitory data were fitted to the Hill equation, revealing an IC50 value of 1.15 ± 0.34 µM (Figure 3B). The selectivity of WZB117 against other NMDARs was examined in Xenopus oocytes. Consistent with the inhibitory effect observed in the GluN1/GluN3A stable cell line, 30 μM WZB117 potently suppressed the currents recorded in the Xenopus oocytes expressing GluN1/GluN3A receptors (Figures 3C,D). Due to the failure to record currents of WT GluN1/GluN3B receptors, GluN1-4aF484A/T518L/GluN3B mutants were used here, which had been reported to delay desensitization and amplify the currents (Kvist et al., 2013). We found that 30 μM WZB117 showed inhibitory effects on the GluN1-4aF484A/T518L/GluN3B receptor-mediated currents similar to those on the GluN1/GluN3A receptors-mediated currents (Figures 3C,D). To induce the GluN1/GluN2 (2A-2D) receptors-mediated currents, 100 μM glycine and 100 μM glutamate were coapplied. Infusion of 30 μM WZB117 produced relatively weak inhibition on the GluN1/GluN2 (2A-2D) receptors (Figures 3C,D). Our results indicated that WZB117 is a relatively selective inhibitor of GluN1/GluN3 receptors.
[image: Figure 3]FIGURE 3 | Effects of WZB117 on GluN1/GluN3A receptors. (A) Representative traces of GluN1/GluN3A receptors with WZB117 application at the indicated concentrations. Whole-cell patch-clamp recording was performed on HEK-293 cells stably expressing GluN1/GluN3A receptors. (B) Dose-response curve of WZB117 on recombinant GluN1/GluN3A receptors (IC50 = 1.15 ± 0.34 μM, n = 6-7). (C) Representative traces of indicated receptors with WZB117 application. TEVC recording was performed on Xenopus oocyte expressing indicated receptors. Since currents were not observed for WT GluN1/GluN3B receptors, the mutant channel GluN1-4aF484A/T518L/GluN3B was used instead (Kvist et al., 2013). GluN1-1a was always used unless otherwise stated. (D) Inhibitory effects of WZB117 on various NMDAR subtypes in Xenopus oocytes.
WZB117 Inhibits GluN3-NMDARs Neuronal Responses
The potent and selective inhibition of WZB117 on GluN1/GluN3 receptors expressed in the heterologous system prompted us to study whether WZB117 could inhibit native GluN1/GluN3 receptors in juvenile hippocampal neurons (Grand et al., 2018; Zhu et al., 2020). Consistent with the results obtained in HEK-293 cells stably expressing GluN1/GluN3A receptors, after incubation with CGP-78608, perfusion of 10 μM WZB117 produced a strong inhibition (Idrug/Icontrol = 0.18 ± 0.03) of glycine-induced currents in neurons (Figures 4A–C). In contrast, administration of 10 μM WZB117 showed a relatively weak inhibition (Idrug/Icontrol = 0.73 ± 0.01) on the native currents primarily mediated by GluN2-containing NMDARs (Figures 4D–F). However, this inhibitory effect was still larger than that of 30 μM WZB117 on the recombinant GluN1/GluN2 receptors on Xenopus oocytes (Figures 3C,D), suggesting that the native currents are possibly not only derived from GluN1/GluN2 receptors, but are also partially originated from GluN1/GluN2/GluN3 receptors. This speculation was then examined in the HEK-293 cells transiently transfected with GluN1/GluN2/GluN3 (1:1:2 ratio) plasmids. We found that the inhibitory effect of 30 μM WZB117 on GluN1/GluN2A/GluN3A (Idrug/Icotrol = 0.22 ± 0.04) was indeed higher than those of GluN1/GluN2A (Idrug/Icotrol = 0.84 ± 0.01) (Supplementary Figure S3). Notably, when the three plasmids were expressed simultaneously, there was a mixture of GluN1/GluN2A, GluN1/GluN3A and GluN1/GluN2A/GluN3A receptors on the plasma membranes, making it difficult to conclude the real effects on GluN1/GluN2A/GluN3A receptors. AMPA and KA receptors are also important iGluRs expressed in the central nervous system. We found that, at 10 μM, WZB117 showed little effect on the KA-induced currents (Figures 4G–I) and was almost ineffective on the AMPA -induced currents (Figures 4J–L). Our data revealed that WZB117 preferentially suppresses native GluN1/GluN3 currents over those of the other iGluRs.
[image: Figure 4]FIGURE 4 | Effects of WZB117 on the native iGluRs. (A–C) WZB117 (10 μM) potently inhibited GluN1/GluN3 receptors on acutely isolated rat hippocampal neurons. (D–L) WZB117 (10 μM) showed relatively weak inhibition of GluN2-NMDARs (D–F) and non-NMDA receptors (G–L). Significance was tested using a t-test; ∗p < 0.05, ∗∗p < 0.01 and ∗∗∗p < 0.001.
WZB117 is a Negative Allosteric Modulator of GluN1/GluN3A Receptors
To understand how WZB117 inhibits GluN1/GluN3A receptors, the dose-response curves of WZB117 were compared in the presence of 10 μM and 100 μM glycine individually. The similar IC50 values indicated that WZB117 is not a competitive antagonist for the glycine binding sites (IC50 = 1.15 ± 0.34 μM at 100 μM glycine; IC50 = 1.08 ± 0.31 μM at 10 μM glycine) (Figure 5B). The voltage-dependence of WZB117 was also evaluated. As shown in Figure 5C, there was no significant change of inhibition activity at +40 mV and −60 mV. The current-voltage relationship (I-V curve) of WZB117 also argued against the possibility that WZB117 is a voltage-dependent pore blocker (Figure 5D). Given that extracellular pH conditions can affect the current amplitudes of GluN1/GluN3 receptors (Cummings and Popescu, 2016), we generated dose-response curves for WZB117 at pH values of 6.9, 7.3, and 8.3, respectively. The comparable IC50 values under different pH conditions indicated that WZB117 is a pH-independent antagonist (IC50 = 1.27 ± 0.39 μM at pH 6.9; IC50 = 1.15 ± 0.34 μM at pH 7.3; IC50 = 1.09 ± 0.22 μM at pH 8.3) (Figures 5E,F). Together, our data showed that WZB117 is a negative allosteric modulator which inhibits GluN1/GluN3A receptors in a glycine-, voltage- and pH-independent manner.
[image: Figure 5]FIGURE 5 | Inhibition mechanism of WZB117 on GluN1/GluN3A receptors. (A) Representative traces of GluN1/GluN3A receptors in the presence of glycine at the indicated concentrations. (B) Dose-response curves of WZB117 under agonistic conditions of 10 μM (blue) and 100 μM (red) glycine. (C) Representative traces of GluN1/GluN3A receptors in the presence of 3 μM WZB117 at membrane potentials of −60 mV and +40 mV. (D) Effect of 3 μM WZB117 on the current-voltage relationship of GluN1/GluN3A receptors. The I-V curves were recorded at membrane potentials ranging from −80 mV to +40 mV, and the current amplitudes were normalized to the response of control at +40 mV. (E) Representative traces following 3 μM WZB117 inhibition of GluN1/GluN3A receptors at pH values of 6.9, 7.3, and 8.3. (F) Dose-response curves of WZB117 on GluN1/GluN3A receptors at pH of 6.9 (green), 7.3 (red) and 8.3 (blue). All data were recorded from GluN1/GluN3A Flp-in T-REx 293 stable cell lines.
Molecular Determinants of WZB117 Modulation
To explore the potential action sites of WZB117, we investigated whether the pre-M1 region, previously known to be critical for other inhibitors such as EU1180-438 (Zhu et al., 2020), contributes to WZB117 inhibition. Pre-M1 is a helix connecting the LBD and M1 with poor homology between GluN3 and other subunits of NMDARs (Figure 6A). Alanine-scanning mutagenesis across the pre-M1 region of GluN1 and GluN3A subunits was performed individually. We found that the mutations W671A and L673A of the GluN3A subunit significantly influenced the inhibitory effect of WZB117 (Figure 6C), while none of the mutations in the pre-M1 region of the GluN1 subunit showed a detectable influence on WZB117 activity (Figure 6B), which preliminarily indicated that GluN3A might be the dominant subunit for WZB117 activity. Then, we generated two chimeras of GluN3A670-673 MWPL/LEPF and GluN2A550-553 LEPF/MWPL based on the distinct effects of WZB117 between GluN1/GluN3A and GluN1/GluN2A (Figures 3C,D). Interestingly, after swapping the four amino acids in the pre-M1 regions of GluN2A and GluN3A, the chimera GluN1/GluN2A550-553 LEPF/MWPL acquired higher sensitivity to WZB117 (Figure 6E), while the inhibition on the chimera GluN3A670-673 MWPL/LEPF was greatly reduced (Figure 6D), which validated that pre-M1 of GluN3A is a key region for the inhibitory effect of WZB117.
[image: Figure 6]FIGURE 6 | Critical residues for WZB117 inhibition. (A) Homology model of the GluN1/GluN3A structure based on the structures of GluN1/GluN2B receptor (PDB ID: 6WHS) and the LBD of GluN3A subunit (PDB ID: 2RC7). GluN1 and GluN3A subunits are shown in gray and cyan, respectively (NTD: the N-terminal domain; LBD: the ligand binding domain; TMD: the transmembrane domain). The black box indicates the pre-M1 region. The bottom panel shows the sequence alignment of pre-M1 in all NMDAR subunits. Residues marked with an asterisk were selected for mutagenesis and whole-cell patch-clamp recordings. (B and C) Scanning mutagenesis across the pre-M1 region of GluN1 (B) and GluN3A (C) subunits. (D and E) Inhibition of WZB117 after amino acid substitutions in the pre-M1 regions between GluN3A (D) and GluN2A (E) subunits. (F) Putative binding mode of WZB117. The compound is shown as magenta sticks, and key residues are shown as cyan sticks. Hydrogen bonds are shown as a red dashed line. (G) 2D diagram of the interactions between compounds WZB117 and GluN1/GluN3A receptors. All recordings were carried out in transiently transfected CHO cells. Significance was tested using one-way ANOVA; ∗p < 0.05, ∗∗p < 0.01 and ∗∗∗p < 0.001.
In Silico Modeling of WZB117 Binding Sites
We have shown that the pre-M1 region in GluN3A contributes to WZB117 inhibition. Then WZB117 was docked into the potential binding pocket at pre-M1 region based on the homology model of GluN1/GluN3A receptors (Figure 6A). As shown in Supplementary Figure S5A, there are two neighboring cavities in the pre-M1 region. Cavity C1 refers to the potential binding pocket of EU1180-438 (Zhu et al., 2020), while WZB117 might bind to the Cavity C2 since it is surrounded by residues affecting WZB117 inhibition, which are W671 and L673 of GluN3A. For GluN1/GluN2A receptors, there is no obvious pocket located at the corresponding sites (Supplementary Figure S5B), which may account for the lower inhibitory activity of WZB117 against GluN1/GluN2A receptors. The putative binding mode of WZB117 suggested that the compound WZB117 may form hydrogen bonds with W671 as well as hydrophobic interactions with L673 (Figures 6F,G), confirming the important roles of the two residues. As substitutions of the two residues by glutamate, alanine or phenylalanine might lead to conformational changes of the main chain, thereby destroying the hydrogen bond and the hydrophobic interactions, the reduction of the inhibitory efficacy of WZB117 on the corresponding mutants might be ascribed to the destruction of these original interactions. Together, the molecular docking study supported the notion that pre-M1 is a key region for WZB117 activity.
DISCUSSION
To date, only few GluN3 modulators have been reported (Crawley et al., 2022). Due to the low sequence identity and structural conservation between GluN3 and the other NMDAR subunits, GluN3 subunits are hyposensitive to both competitive modulators acting on GluN2 subunits and broad-spectrum channel blockers (Chatterton et al., 2002; McClymont et al., 2012). GluN3A seems to be an attractive target compared to other NMDAR subunits. First, the expression level of GluN3A was found to be abnormally elevated in pathological conditions while low expression levels were found in healthy adults (Kehoe et al., 2013; Wesseling and Perez-Otano, 2015; Pérez-Otaño et al., 2016). Second, inhibition of GluN3A by genetic intervention at different developmental stages can prevent or rescue kinds of Huntington’s disease symptoms ranging from neuronal survival to cognitive and motor functions in mouse models (Marco et al., 2013; Marco et al., 2018). However, the feasibility of GluN3A as a therapeutic target has not been investigated from the perspective of molecular blockade. Similarly, the physiological roles of GluN3B are unclear due to limited research. Therefore, the discovery of GluN3-specific small-molecule modulators is of great significance.
Here, we established a cell-based calcium assay for screening GluN1/GluN3A modulators. First, the Ca2+ fluorescence signal is stable with good temporal resolution and sensitivity, and the screening window can be flexibly optimized by changing the stimulation conditions. Second, comparing to the isolated LBD of GluN3A applied in the screening (Kvist et al., 2013), the full length of GluN1/GluN3A receptors may greatly facilitate the discovery of new molecules with different characteristics. In our study, a total of 2560 compounds were tested, and finally 3 compounds (≥50% inhibition at 3 μM) were identified as GluN1/GluN3A receptor antagonists with completely different structures than those of the previously reported molecules (Figure 2; Table 1). Based on both the positive experiences and negative experiences learned from this pilot screening, a large-scale HTS would accelerate the identification of more GluN3 modulators.
Among the three identified hits in the pilot screening, WZB117 showed strong inhibitory potency with an IC50 value of 1.15 ± 0.34 μM (Figure 3), which is similar to that of EU1180-438 (IC50 = 1.80 ± 0.30 μM) (Zhu et al., 2020) and much higher than that of TK compounds (Kvist et al., 2013). Due to the desensitization of the GluN1/GluN3 receptors (Grand et al., 2018), the inhibitory effect of WZB117 could be overestimated in the TEVC and whole-cell patch clamp experiments. In addition, WZB117 exhibited a good subtype selectivity for GluN1/GluN3 receptors relative to GluN1/GluN2 receptors and other iGluRs in acutely isolated rat hippocampal neurons (Figure 3; Figure 4). However, to define WZB117 as a good pharmacological tool, a more comprehensive evaluation of selectivity is needed. For example, WZB117 has been reported to be a glucose transporter (GluT) inhibitor with antitumor activity. Besides, S0859 is a high-affinity inhibitor of Na+/HCO3− cotransporter (NBC) with potential activity in the regulation of cardiac function, and WAY-200070 is an agonist of estrogen receptor beta (ERRβ) with potential anxiolytic and antidepressant activity (Ch’en et al., 2008; Hughes et al., 2008; Liu et al., 2012; Xintaropoulou et al., 2015; Wei et al., 2018). Accordingly, it appears difficult to identify an ideal probe with potent activity and excellent selectivity for GluN3A or GluN3B simply through HTS. Further structural modifications would help to improve both potency and selectivity and eliminate potential side effects of these lead compounds.
In the past 30 years, clinical studies have shown that competitive antagonists and channel blockers of NMDARs commonly display severe side effects, possibly due to their broad-spectrum inhibitory effects, and thereby greatly limiting their clinical development (Kalia et al., 2008; Hardingham and Bading, 2010; Traynelis et al., 2010; Hansen et al., 2012). Allosteric modulators generally show strong subunit-selectivity and better clinical development prospects as they bind to less conserved pockets (Hansen et al., 2012; Zhu and Paoletti, 2015; Burnell et al., 2019; Strong et al., 2021). Our data indicated that WZB117 is a negative allosteric modulator inhibiting GluN1/GluN3A receptors in a glycine-, voltage- and pH-independent manner (Figure 5). We further demonstrated that GluN3A pre-M1 is a potential binding pocket for WZB117, which was profoundly implicated by the significant changes in the activity of WZB117 against the chimeras GluN1/GluN3A670-673 MWPL/LEPF and GluN1/GluN2A550-553 LEPF/MWPL. Particularly, the chimera GluN1/GluN2A550-553 LEPF/MWPL, owning a short motif containing only four amino acids from the GluN3A pre-M1 region, gained sensitivity towards WZB117 inhibition, which further confirmed the importance of the pre-M1 region (Figure 6). Recent structural pharmacological studies of NMDARs have provided cogent evidence for the important contribution of the linkers between the LBDs and the transmembrane domains (TMDs) to channel gating (Wang et al., 2021). In addition, many de novo mutations related to neurological diseases, such as epilepsy and developmental delay, are associated with the pre-M1 regions of both GluN1 and GluN2 subunits, which also appear to affect the kinetics of the channels (Sobolevsky et al., 2007; Ogden et al., 2017; Vyklicky et al., 2018; XiangWei et al., 2019; McDaniel et al., 2020). Although no studies about GluN3A pre-M1 related structures or pathogenic mutations have been reported, our work provides insights from a pharmacological perspective that GluN3A pre-M1 is a potential target for drug development. Considering that the critical residues of WZB117 are different from those of EU1180-438, there may be different drug binding pockets near to each other (Supplementary Figure S5A).
In conclusion, we have established a cell-based high-throughput screening and identified WZB117 as a novel and potent allosteric modulator against GluN1/GluN3 receptors. WZB117 exhibited relative selectivity for GluN1/GluN3 inhibition over other iGluRs. A mechanistic study revealed that multiple residues located at pre-M1 region of the GluN3A subunit are critical for the activity of WZB117. Our study provided new active molecules for channel function research and drug development targeting GluN3-NMDARs.
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Extracellular ATP is a critical signaling molecule that is found in a wide range of concentrations across cellular environments. The family of nonselective cation channels that sense extracellular ATP, termed P2X receptors (P2XRs), is composed of seven subtypes (P2X1-P2X7) that assemble as functional homotrimeric and heterotrimeric ion channels. Each P2XR is activated by a distinct concentration of extracellular ATP, spanning from high nanomolar to low millimolar. P2XRs are implicated in a variety of physiological and pathophysiological processes in the cardiovascular, immune, and central nervous systems, corresponding to the spatiotemporal expression, regulation, and activation of each subtype. The therapeutic potential of P2XRs is an emerging area of research in which structural biology has seemingly exceeded medicinal chemistry, as there are several published P2XR structures but currently no FDA-approved drugs targeting these ion channels. Cryogenic electron microscopy is ideally suited to facilitate structure-based drug design for P2XRs by revealing and characterizing novel ligand-binding sites. This review covers structural elements in P2XRs including the extracellular orthosteric ATP-binding site, extracellular allosteric modulator sites, channel pore, and cytoplasmic substructures, with an emphasis on potential therapeutic ligand development.
Keywords: purinergic receptors, P2X, ion channels, cryo-EM, X-ray crystallography, antagonist, allosteric modulator, structure-based drug design
INTRODUCTION
Membrane proteins that recognize extracellular purine nucleotides, termed purinergic receptors, are grouped into three unique families: G-protein coupled P1 receptors that recognize adenosine, G-protein coupled P2Y receptors that recognize ADP and ATP, and ligand-gated P2X receptor (P2XR) ion channels that recognize ATP exclusively (Burnstock, 1976; van Calker et al., 1979; Londos et al., 1980; Webb et al., 1993; Brake et al., 1994; Valera et al., 1994). The seven P2XR subtypes, denoted P2X1-P2X7, are trimeric non-selective cation channels that are activated by distinct extracellular concentrations of ATP, a key signaling molecule released from cells in a broad range of physiological and pathophysiological states, from low concentrations during homeostasis to high concentrations in chronic inflammation or ischemia (Burnstock, 1972; Roman and Fitz, 1999; Taylor et al., 1999; Burnstock, 2004). Individual P2XR subtypes are activated by a wide range of distinct extracellular ATP (eATP) concentrations, from high nanomolar to low millimolar (Jarvis and Khakh, 2009; Illes et al., 2021). The binding of eATP to the receptor induces a conformational change, opening the ion channel and facilitating the influx of Na+ and Ca2+ ions and the efflux of K+ ions (Samways et al., 2014). The resultant net inward current following P2XR activation plays a significant role in downstream signaling and cellular function.
The functional and clinical significance of P2XR subtypes is related to both their individualized affinity to eATP and the cell types in which they are expressed. These include, but are not limited to, platelets (P2X1), smooth muscle cells (P2X1-7, predominantly P2X1), sensory neurons (P2X1-7, predominantly P2X3), epithelial cells (P2X4, P2X5, P2X6, P2X7), and immune cells (P2X4 and P2X7) (Burnstock and Kennedy, 2011). Accordingly, P2XRs are implicated in an array of pathological conditions. For instance, in animal models of Alzheimer’s disease (AD), pharmacologic inhibition or genetic depletion of P2X7 significantly improves the symptoms and neuropathology of AD (Francistiova et al., 2020). Several other examples of P2XR-implicated pathological conditions include: platelet aggregation (P2X1), hearing loss (P2X2), asthma (P2X3), vascular inflammation (P2X7), and cancer (P2X7) (Kamei et al., 2005; Baroni et al., 2007; Burnstock and Kennedy, 2011; Furlan-Freguia et al., 2011; Mahaut-Smith et al., 2011; North and Jarvis, 2013; Yan et al., 2013; Burnstock and Knight, 2018; Lara et al., 2020; Illes et al., 2021). As a result, P2XRs are an active area of therapeutic research with several subtype-specific antagonists currently in clinical trials to treat persistent cough (clinicaltrials.gov: NCT02502097), rheumatoid arthritis (clinicaltrials.gov: NCT00628095), and depression (clinicaltrials.gov: NCT04116606), among others (Kamei et al., 2005; Pfizer, 2008; Keystone et al., 2012; Abdulqawi et al., 2015; Afferent Pharmaceuticals, 2015; CCTU-Core et al., 2019; Richards et al., 2019).
P2XRs assemble as both homotrimeric and heterotrimeric channels. The known heterotrimeric assemblies include: P2X1/2, P2X1/4, P2X1/5, P2X2/3, P2X2/6, P2X4/5, P2X4/6, and P2X4/7 (Murrell-Lagnado and Qureshi, 2008). Very little is known about heterotrimeric composition, stoichiometry, and function. This is compounded by the increased pharmacologic complexity of heterotrimeric receptors, which poses an additional challenge to therapeutic targeting of P2XR activity. For example, heterotrimeric P2X2/3 has a ligand dose-response profile that is distinct from either homotrimeric P2X2 or P2X3 (Lewis et al., 1995). Currently, there are published structures for only three of seven homotrimeric subtypes and none for heterotrimeric receptors. The first P2XR structure, solved by X-ray crystallography, characterized the apo (unbound) closed state, defined the overall architecture of this receptor family, and confirmed three-fold symmetry for the homotrimeric assembly (Kawate et al., 2009). Subsequent crystallographic studies have identified the extracellular orthosteric ATP-binding site, revealed two distinct extracellular allosteric binding sites, and defined the molecular mechanisms of P2XR gating (Hattori and Gouaux, 2012; Karasawa and Kawate, 2016; Mansoor et al., 2016; Kasuya et al., 2017; Wang et al., 2018). While these crystallographic studies established a foundational understanding of P2XR structure and function, truncation of the cytoplasmic N- and C- termini (necessary for crystallization) limited the scope of our understanding of P2XR biology. The application of single-particle cryogenic electron microscopy (cryo-EM) to rat P2X7 overcame these limitations and provided visualization of the first full-length, wild-type P2XR, revealing novel features in the cytoplasmic domain that are essential for receptor function (McCarthy et al., 2019).
The “resolution revolution” in cryo-EM is advancing the ability of researchers to solve high-resolution protein structures (Kuhlbrandt, 2014). Compared to X-ray crystallography, cryo-EM requires less protein, tolerates more sample heterogeneity, and allows for the study of proteins in more native-like membrane environments, all of which are challenges in studying membrane protein structure (Su et al., 2021). Moreover, cryo-EM structures of wild-type proteins and protein complexes are consistently reaching sufficient resolutions to discover novel ligands and identify post-translational modifications (McCarthy et al., 2019; Flores et al., 2020; Nakane et al., 2020; Rahman et al., 2020). In turn, these new high-resolution structures of therapeutically relevant proteins have accelerated structure-based drug design (SBDD) efforts, which are significantly more efficient and generate higher-specificity ligands when compared to classical in vitro based assays (Lionta et al., 2014; Batool et al., 2019; Ballante et al., 2021; Ford et al., 2021; Lees et al., 2021). Cryo-EM is well suited to visualize novel receptor structures and receptor-ligand interactions for use in SBDD techniques, ultimately leading to more potent therapeutic compounds with fewer and less severe side effects for patients.
Careful examination of the available P2XR structures provides insights into the molecular pharmacology of this therapeutically relevant receptor family. This review highlights both known and potentially targetable sites within P2XRs that are critical to modulate receptor function.
OVERALL P2XR DOMAIN ARCHITECTURE
The first P2XR structure to be solved, the apo closed state of a truncated zebrafish P2X4 (zfP2X4), defined the architecture of the extracellular and transmembrane regions for this receptor family (Kawate et al., 2009). Within each protomer of a trimeric receptor, the extracellular and transmembrane domains were imagined to resemble a breaching dolphin (Figure 1A) (Kawate et al., 2009). This overall architecture was confirmed to be conserved for apo closed states of the human P2X3 (hP2X3), giant panda P2X7 (pdP2X7), and rat P2X7 (rP2X7) receptors in successive structural studies (Karasawa and Kawate, 2016; Mansoor et al., 2016; McCarthy et al., 2019). Comparing the molecular architecture of several P2XRs reveals conserved sites that are targetable across this receptor family and highlights the structural differences across subtypes.
[image: Figure 1]FIGURE 1 | Overall, dolphin-resembling architecture of P2XRs exemplified by rP2X7 (PDB: 6U9V). (A) Left: Ribbon representation of one subunit of rP2X7 colored by domain architecture. Right: Orthogonal view colored by domain architecture. (B) Surface representation of the biological trimeric assembly of rP2X7 colored by domain architecture, viewed parallel to the membrane and with select structural elements labeled. The orthosteric ATP-binding site and the extracellular and cytoplasmic fenestrations are structurally conserved amongst P2XRs. The allosteric site found in hP2X3 is mapped to its respective spatial position on the presented P2X7 model. This allosteric site has not been confirmed to exist in P2X7, but the structural similarity amongst P2XRs allows visualization of its relative position. (C) Top-down view of the trimeric assembly of the rP2X7 extracellular domain colored by domain architecture, with denoted symmetry-related allosteric site confirmed in P2X7. This view highlights the three identical, symmetry-related, allosteric binding sites found on top of the extracellular domain of homotrimeric P2X7. (D) Biological trimeric assembly of rP2X7, colored by domain architecture, viewed perpendicular to the membrane from the center of the transmembrane domain into the cytoplasm. *Denotes structural elements found only in the P2X7 subtype.
The Extracellular Domain
The extracellular domain, which has been likened to a dolphin’s head and body, is composed of thirteen β-strands and four α-helices (Figure 1A). The β-sheets of the lower and upper body compose the central backbone of the extracellular domain of all P2XRs, with peripheral α-helices and loops variable between subtypes. Tucked within the loops, β-sheets, and α-helices of the extracellular domain are several ligand-binding pockets that modulate P2XR function. The orthosteric ATP-binding site, defined as the location of endogenous ligand (eATP) binding, has been structurally characterized for three P2XR subtypes: hP2X3, zfP2X4, and rP2X7 (Mansoor et al., 2016; Kawate et al., 2009; Hattori and Gouaux, 2012; McCarthy et al., 2019). This site is found in all P2XRs at an interface formed by the head, left flipper, and upper body of one protomer and the lower body of the neighboring protomer (Figures 1A,B). Thus, a functional trimeric P2XR has three symmetry-related orthosteric binding sites. However, it is generally accepted that the occupation of all three of these binding sites by ATP is not necessary to activate the channel (Friel and Bean, 1988; Coddou et al., 2011; Kawate, 2017).
In addition, extracellular allosteric binding sites—distinct from the orthosteric binding site—have been structurally confirmed in hP2X3 and pdP2X7 and are predicted in other P2XRs (Figures 1B,C) (Ase et al., 2019; Bidula et al., 2022; Karasawa and Kawate, 2016; Obrecht et al., 2019; Wang et al., 2018). One structurally confirmed allosteric site in hP2X3 is found towards the base of the extracellular domain, formed by the left flipper of one subunit and the lower body and dorsal fin of another (Figure 1B) (Wang et al., 2018). Due to symmetry, there are three such allosteric sites in homotrimeric hP2X3 (Figure 1B). Another allosteric site, structurally confirmed in pdP2X7, is located on top of the extracellular domain and is formed by the upper body between neighboring protomers (Figure 1C) (Karasawa and Kawate, 2016). Similarly, due to symmetry, there are three such allosteric sites in homotrimeric pdP2X7 (Figure 1C). Ligand binding at allosteric sites modulates protein activity through structural rearrangements, resulting in either inhibited (negative allostery) or enhanced (positive allostery) orthosteric ligand binding. Negative allosteric modulators are non-competitive antagonists as they do not compete with orthosteric ligand binding. The orthosteric and two distinct allosteric sites are critical targets to consider when developing potential therapeutic ligands that modulate P2XR activity.
The Transmembrane Domain
The transmembrane (TM) domain, the dolphin’s tail, is composed of two α-helices (the peripheral TM1 and internal, pore-lining TM2) that span the membrane, connecting the extracellular and cytoplasmic domains (Figures 1A,B). Together, the six TM helices of the trimeric receptor form the pore and undergo distinct conformational rearrangements upon ATP binding (Li et al., 2010). The three conformational states of the gating cycle include the apo closed state, the ATP-bound open state, and the ATP-bound desensitized (closed) state (Mansoor et al., 2016). Desensitization refers to progressive pore closure during sustained agonist binding, which has been thoroughly reviewed for P2XRs (Werner et al., 1996; North, 2002; Kawate, 2017; Mansoor, 2022, in press). The rearrangements of the pore during the gating cycle are described in the helical recoil model of receptor desensitization, first proposed from the published structures of hP2X3 (Mansoor et al., 2016). The P2X7 subtype is the only P2XR that does not undergo desensitization. Currently, there are no structures characterizing P2XR pore-modulating ligands, but such a class of antagonists would have therapeutic potential for modulating P2XR function.
The Cytoplasmic Domains
Not much is known about the structure of cytoplasmic domains for the majority of P2XR subtypes. However, the hP2X3 ATP-bound open state structure and the full-length rP2X7 structures highlight aspects of intracellular elements (Mansoor et al., 2016; McCarthy et al., 2019). The first segment of the cytoplasmic domain was elucidated by the hP2X3 ATP-bound open state structure, which revealed the cytoplasmic ends of the TM helices are flanked by a substructure termed the “cytoplasmic cap” (Figures 1A,D) (Mansoor et al., 2016). The cytoplasmic cap is a product of domain swapping, composed of intertwining β-strands from all three protomers knitted together to form β-sheets that run parallel to the membrane. The stability of the cytoplasmic cap plays a pivotal role in the gating cycle of distinct subtypes by setting the rate of desensitization (Mansoor et al., 2016). Two additional cytoplasmic structural features unique to P2X7 were revealed by cryo-EM, a cysteine rich domain termed the “C-cys anchor“ and a ∼200 residue C-terminal domain termed the “cytoplasmic ballast” (Figures 1A,B) (McCarthy et al., 2019). Further elucidation of P2XR cytoplasmic structural diversity by cryo-EM will provide invaluable information about receptor biology.
The array of P2XR structures to date have supplemented our understanding of P2XR function and defined orthosteric and allosteric ligand binding, the path of ion flow through the pore, and the helical recoil model of desensitization. The recent discoveries of the previously unknown cytoplasmic elements of rP2X7, facilitated by cryo-EM, have raised new questions regarding its metabotropic signaling properties (Surprenant et al., 1996; Wilson et al., 2002; Cheewatrakoolpong et al., 2005; Adinolfi et al., 2010; Costa-Junior et al., 2011; McCarthy et al., 2019). The nuances of the structural elements contained within the P2XR architecture are discussed below, focusing on potential strategies to target them therapeutically with ligands.
P2XR SEQUENCE CONSERVATION
Protein sequence alignments of human P2XRs reveal these receptors share ∼35–53% sequence identity between any two subtypes (Figure 2). P2XRs vary in length by up to 207 amino acids per protomer, with P2X7 having the longest sequence and P2X4 having the shortest (595 and 388 amino acids per protomer, respectively). The most significant variations between P2XR sequences lay in their cytoplasmic termini, which are known to play a critical role in receptor desensitization, trafficking, and signaling (Brandle et al., 1997; Koshimizu et al., 1999; Boue-Grabot et al., 2000; North, 2002; Chaumont et al., 2004; Jarvis and Khakh, 2009; Hausmann et al., 2014; Mansoor et al., 2016; Sattler and Benndorf, 2022). The N-termini vary in length by up to 18 amino acids, with P2X2 having the longest N-terminus at 20 residues before the first α-helix of the cytoplasmic cap and P2X3 having the shortest at only two residues. The C-termini vary in length by up to 191 amino acids after the last β-strand in the cytoplasmic cap, with P2X7 having the longest C-terminus at 203 residues and P2X4 having the shortest at 12 residues. Despite significant sequence similarity between P2XRs, subtype-specific sequence differences confer distinct receptor functionality. As our interests lie in human specific drug design, unless stated otherwise, all residues discussed will be from the register of human orthologs.
[image: Figure 2]FIGURE 2 | Protein sequence alignment of the seven human P2XR subtypes, P2X1-P2X7. Amino acids are shown in grayscale by level of sequence conservation across human subtypes as calculated with Alscript (Barton, 1993) (white text on black background denotes full sequence conservation). Residues with direct ligand interactions are highlighted, with the orthosteric ATP-binding site residues in yellow and the residues of the two distinct allosteric sites in pink and blue. These residues are highlighted only for subtypes for which there are published structures. Secondary structure (SS) is denoted in the top row and is colored by domain architecture corresponding to the color scheme in Figure 1. The break at the end of the sequence alignment condenses the divergent cytoplasmic domains. The ancestral difference in TM2 of hP2X5, as described in the text, is indicated with lower case letters. The sequence alignment was generated in Clustal Omega and the figure created using Aline (Bond and Schuttelkopf, 2009; Sievers and Higgins, 2018). Sequences were obtained from the UniProt database with accession numbers P51575, Q9UBL9, P56373, Q99571, Q93086, O15547, and Q99572 for hP2X1-hP2X7, respectively.
There is no published structure of P2X5 but this subtype is known to be expressed in humans predominantly as a non-functional isoform (Kotnis et al., 2010). A single-nucleotide polymorphism leads to the canonical isoform which lacks 22 residues (328–349) encoded by exon 10, including the N-terminal (outer leaflet) portion of TM2 (Figure 2) (Le et al., 1997). Without a significant portion of TM2, this isoform is prone to subunit aggregation (Duckwitz et al., 2006). Restoration of the amino acids encoded by exon 10 is found to re-establish P2X5 function, producing strong currents in response to ATP (Bo et al., 2003). While, in humans, the allele encoding the non-functional protein is predominant, alleles encoding full-length, functional P2X5 have also been reported (Kotnis et al., 2010). Notably, the full-length, functional P2X5 isoform predominates in other species. Structures of the truncated and full-length isoforms might provide insight into the evolution of this P2XR subtype and the structural basis for the corresponding pharmacological effects.
While the sequence of hP2X6 appears to be quite similar to other P2XRs, this subtype lacks nine residues that compose the main portion of the left flipper, a key element in the activation of P2XRs (Figure 2) (Wang et al., 2017; Zhao et al., 2014; Li et al., 2010; Kawate, 2017; Jiang et al., 2012). These missing residues might explain why P2X6 homotrimers do not produce currents in response to ATP (Soto et al., 1996; Le et al., 1998; King et al., 2000). However, all residues that are known to coordinate ATP in other P2X subtypes are conserved within hP2X6 (Figure 2). This suggests that while ATP may be able to bind in the orthosteric binding site of hP2X6, the lack of a functional left flipper may be the cause of this subtype’s inability to transition to an ATP-bound open state. The functional significance of hP2X6 may be found in its ability to form heterotrimers, thereby expanding the pharmacological complexity of purinergic signaling (Le et al., 1998; King et al., 2000; Antonio et al., 2014).
Easily seen in the sequence alignment, P2X7 has several features that are specific to this subtype, including the C-cys anchor (residues 360–377) and its uniquely large cytoplasmic domain, referred to as the cytoplasmic ballast (Figure 2) (McCarthy et al., 2019). Post-translational palmitoylation of residues on the C-cys anchor explains the distinct ability of P2X7 to remain open without undergoing desensitization (McCarthy et al., 2019). Mapping the unique features of P2X7 from sequence to structure demonstrates the importance of resolving the cytoplasmic domains for each of the other P2XRs.
ORTHOSTERIC LIGAND BINDING
It is crucial to elucidate how ATP interacts with the orthosteric binding site in order to understand the mechanism and modulation of P2XR activation. One approach to inhibit P2XR function is to develop competitive antagonists that target the orthosteric ATP-binding site (Figure 1B). The residues that compose the orthosteric pocket are positively charged, hydrophilic, and highly conserved across all receptor subtypes (Figures 2, 3A,B) (Chataigneau et al., 2013). Similarity of the orthosteric site across P2XRs might impede the development of subtype-selective competitive antagonists. However, structural studies can provide crucial insights into the subtle differences in molecular pharmacology between P2XR subtypes at the orthosteric site.
[image: Figure 3]FIGURE 3 | Characteristics of the orthosteric binding site of hP2X3, zfP2X4, and rP2X7. (A) Electrostatic surface rendering of rP2X7 (PDB: 6U9V) with blue and red coloring representing positive and negative electrostatic potential, respectively, highlighting the electropositive nature of the P2XR orthosteric ATP-binding site. (B) Hydrophobic surface rendering of rP2X7 (PDB: 6U9V) with hydrophobic regions colored brown and hydrophilic regions colored turquoise, each defined by positive and negative molecular lipophilicity potential (MLP), respectively (Laguerre et al., 1997). This rendering highlights the hydrophilic nature of the orthosteric ATP-binding pocket. (C–E) Conserved residues involved in the coordination of ATP in the orthosteric binding pocket across structurally characterized P2XRs. Panels are annotated with ortholog-specific residue numbering. Orthosteric site of (C) the ATP-bound open state hP2X3 structure (light purple, PDB: 5SVK), (D) the ATP-bound open state zfP2X4 structure (green, PDB: 4DW1), and (E) the ATP-bound open state rP2X7 structure (blue, PDB: 6U9W). All bound ATP molecules occupy a nearly identical U-shaped pose. The MLP and electrostatic surface potential were calculated in ChimeraX (Pettersen et al., 2021).
The published structures of hP2X3, zfP2X4, and rP2X7 receptors in an ATP-bound open state define the orthosteric binding site (Figure 3). A close look at these structures reveals that ATP occupies a virtually identical U-shaped pose and the principal residues responsible for ATP coordination are highly conserved: four lysines, a threonine, an asparagine, and an arginine (Figures 2, 3C–E) (Hattori and Gouaux, 2012; Mansoor et al., 2016; McCarthy et al., 2019). Despite this conservation, the molecular pharmacology of P2XR activation by ATP is remarkably variable across subtypes. For example, P2X7 requires ∼200-fold higher concentration of eATP than P2X3 for activation (Jarvis and Khakh, 2009; Illes et al., 2021). A comparison of the ATP-bound open state structures of hP2X3, zfP2X4, and rP2X7 reveals there are differences in only two of the residues that directly coordinate ATP. The first difference is a hydrophobic residue that interacts with the adenosine base (F174, L191, and L191 in hP2X3, zfP2X4, and rP2X7, respectively) (Figures 2, 3). The second variable residue is on a loop within the left flipper which differs between a serine (S275) in hP2X3 that interacts with the α-phosphate of ATP, an alanine (A292) in zfP2X4 that makes no contacts to ATP, or a phenylalanine (F288) in rP2X7 that interacts with C5 on the ribose of ATP. These minor variations in the principal residues of the orthosteric binding site between subtypes seem unlikely to fully explain the dramatic differences in ATP sensitivity, suggesting there are other factors at play.
A kinetic limitation to ATP-binding may be one such factor contributing to differential ATP sensitivities between P2XR subtypes. Solvent accessibility to the orthosteric binding site in the apo closed state structures of hP2X3, zfP2X4, and rP2X7 are strikingly different (Figure 4) (Stank et al., 2016; McCarthy et al., 2019). The surface-accessible volume of the orthosteric binding site in rP2X7 is approximately 44% smaller than in hP2X3 and 32% smaller than in zfP2X4 (Figure 4) (Tian et al., 2018). The effects of variable accessibility can perhaps be explained by small side-chain fluctuations and backbone or interdomain vibrational movements, referred to as “pocket breathing” (Ferrari et al., 2003; Stank et al., 2016). Local protein dynamics and flexibility would affect the kinetics of ligand binding by restricting pocket accessibility, thereby requiring higher concentrations of ATP to activate P2X7. The identity of the coordinating residues and the accessibility of the orthosteric site are valuable insights gained from structural analysis, both of which are necessary considerations during the design of subtype-selective antagonists.
[image: Figure 4]FIGURE 4 | Surface representations of orthosteric ATP-binding pockets highlight differential ligand accessibility between P2XR subtypes. (A) ATP-bound open (top) and apo closed (bottom) states of hP2X3 (light purple, PDBs: 5SVK and 5SVJ) reveal the highly accessible pocket. (B) ATP-bound open (top) and apo closed (bottom) states of zfP2X4 (green, PDBs: 4DW1 and 4DW0) reveal a slightly less accessible pocket. (C) ATP-bound open (top) and apo closed (bottom) states of rP2X7 (blue, PDBs: 6U9W and 6U9V) reveal the least accessible pocket. The approximate binding pockets are outlined with dashed lines for visual clarity. Reported solvent accessible pocket volumes of the orthosteric ATP-binding site in the apo states of hP2X3, zfP2X4, and rP2X7 were calculated with CASTp (using a 2.0 Å probe radius) to be 776, 634, and 432 Å3, respectively (Tian et al., 2018).
The effect that divalent cations have on the activity of select P2XRs is another consideration for the difference in ATP sensitivities between subtypes. The presence of divalent cations in the extracellular environment shifts the activation requirements for P2X2, P2X4, and P2X7 to higher concentrations of ATP (Garcia-Guzman et al., 1997; Virginio et al., 1997; Li et al., 2013). In P2X2, the affinity and efficacy of MgATP2- is lower than that of free ATP, suggesting Mg2+ acts as an inhibitor and constrains receptor function. In contrast, MgATP2- effectively agonizes P2X1 and P2X3 at similar concentrations to free ATP (Li et al., 2013). The crystal structures of the apo closed state and ATP-bound open state of hP2X3 confirm that Mg2+ binds in two distinct conformations at an acidic chamber near the orthosteric binding site (Mansoor et al., 2016; Li et al., 2019). Functional data for hP2X3 suggest that Mg2+ slows ATP release and receptor recovery from desensitization (Li et al., 2019). However, direct equilibrium binding data demonstrate the presence of Mg2+ does not influence the affinity of hP2X3 for ATP (Mansoor et al., 2016). The subtype-specific effects of divalent cations on P2XR activation and gating need to be investigated further.
The information gained from the few known competitive antagonists that target P2XRs provides crucial insight into receptor modulation (Wolf et al., 2011; North and Jarvis, 2013; Muller, 2015; Muller and Namasivayam, 2021; Illes et al., 2021). The two structures of competitive antagonists bound to hP2X3 (TNP-ATP and A-317491) reveal these high-affinity antagonists bind at the orthosteric binding site in a Y-shaped pose, distinct from the U-shaped pose of ATP (Figures 5A,B) (Mansoor et al., 2016). This shift in ligand pose allows for deeper penetration into the binding pocket and is postulated to prevent the conformational changes necessary for channel opening (Mansoor et al., 2016). Residues D158 and F174 (hP2X3) are theorized to confer high specificity of TNP-ATP for hP2X3 and hP2X1, as this pair of key residues is only conserved in these two P2XR subtypes (Figure 2) (Mansoor et al., 2016). TNP-ATP occupies a different, extended conformational pose in the orthosteric binding site of ckP2X7, distinct from both the U-shaped pose of ATP in rP2X7 and Y-shaped pose of TNP-ATP in hP2X3 (Figures 5B,C) (Kasuya et al., 2017). The phosphate groups of TNP-ATP in ckP2X7 are stabilized in this extended conformation by hydrogen bond interactions from residues K236 and K298. Notably, while TNP-ATP inhibits P2X1 and P2X3 with low nanomolar affinity, hundreds of micromolar of TNP-ATP are required to antagonize P2X7 (Virginio et al., 1998). This drastic difference in apparent affinity and the distinct binding poses of TNP-ATP between hP2X3 and ckP2X7 may be correlated. The multitude of poses occupied by ATP, TNP-ATP, and A-317491 reveal the targetable space within the orthosteric pocket, providing knowledge that should be used in development of general and subtype-specific competitive antagonists. These structures reveal the importance of subtype-specific residues and pocket accessibility as critical factors for consideration in SBDD.
[image: Figure 5]FIGURE 5 | Comparative ligand poses of competitive antagonist-bound closed state and ATP-bound open state P2XR structures. (A) The Y-shaped pose of competitive antagonist A-317491 (tan) bound to hP2X3 contrasts with the U-shaped pose of ATP (green) bound to hP2X3 (purple). Superimposed PDBs: 5SVR and 5SVK. (B) The Y-shaped pose of competitive antagonist TNP-ATP (tan) bound to hP2X3 contrasts with the U-shaped pose of ATP (green) bound to hP2X3 (purple). Superimposed PDBs: 5SVQ and 5SVK. (C) The extended pose of competitive antagonist TNP-ATP (tan) bound to ckP2X7 contrasts with the U-shaped pose of ATP (green) bound to rP2X7 (blue). Superimposed PDBs: 5XW6 and 6U9W.
ALLOSTERIC LIGAND BINDING
Identification of allosteric binding sites in P2XRs is crucial for the development of novel therapeutic ligands (Muller, 2015; Muller and Namasivayam, 2021). These sites bind secondary ligands non-competitively, promoting structural conformations that enhance or suppress orthosteric ligand binding. From a therapeutic perspective, allosteric modulators are advantageous as they often have fewer side effects compared to orthosteric ligands due to higher receptor specificity, resulting in less disruption of other functional pathways (Coddou et al., 2011; Nussinov and Tsai, 2012; Wenthur et al., 2014; Muller, 2015; Changeux and Christopoulos, 2016; Wang et al., 2018). This is particularly important when targeting a protein whose orthosteric ligand is ATP, a common substrate for proteins involved in metabolism and neurotransmission. Until recently, all known allosteric modulators against P2XRs were non-natural synthetic ligands. Current data now indicate bilirubin is an endogenous ligand that acts as a negative allosteric modulator of P2X7, suggesting the possibility for native cellular mechanisms of P2XR allosteric regulation (Zhao et al., 2021). It would be intriguing to discover other endogenous ligands that modulate P2XRs, determine their role in physiological or pathophysiological states, and adapt their chemical scaffold for the development of novel ligands. In support of the proposed therapeutic value of the P2XR allosteric sites, there are numerous small-molecule antagonists of P2XRs in various phases of clinical trials (Kamei et al., 2005; Pfizer, 2008; Keystone et al., 2012; Abdulqawi et al., 2015; Afferent Pharmaceuticals, 2015; CCTU-Core et al., 2019; Richards et al., 2019).
There are currently two distinct allosteric binding sites within P2XRs that have been confirmed with high-resolution structures, one near the orthosteric binding site and another on the top of the extracellular domain, visualized in hP2X3 and pdP2X7, respectively (Figures 1B,C) (Karasawa and Kawate, 2016; Wang et al., 2018). Electrophysiological and biochemical studies additionally show allosteric sites exist in P2X1 and P2X4 (Muller, 2015; Ase et al., 2019; Obrecht et al., 2019; Illes et al., 2021; Muller and Namasivayam, 2021; Bidula et al., 2022). Sequence analysis further suggests the remaining P2XRs also contain allosteric sites (Figure 2). Since each distinct allosteric site exists at the interface of two protomers, it is unclear to what extent similar allosteric sites exist within heterotrimeric receptors where the interface between subtypes might be markedly different. Examination of the available P2XR structures in complex with allosteric modulators provides pivotal insights into the regulation of P2XRs.
One of the visualized allosteric sites in P2XRs was revealed in the structure of hP2X3 bound to the nanomolar-affinity negative allosteric modulator gefapixant (Wang et al., 2018). This site is composed of residues at a protomer interface formed by the left flipper of one subunit and the lower body and dorsal fin of another (Figures 1A,B, 6A,B). This allosteric site is located on the opposite side of the left flipper as the orthosteric binding site. Movement of the left flipper is an essential step in the transition to an ATP-bound open state (Wang et al., 2017; Zhao et al., 2014; Li et al., 2010; Kawate, 2017; Jiang et al., 2012). Negative allosteric modulators that bind this site, including gefapixant, restrict left flipper mobility and thereby inhibit channel opening. Analysis of the gefapixant-bound hP2X3 structure indicates that residue K176, which is fully conserved across all human P2XRs, is of particular importance (Figure 2). It is the only residue in common between this allosteric site and the orthosteric ATP-binding site, interacting with the two oxygens of the sulfonyl nitrene moiety of gefapixant or with an oxygen on the α-phosphate of ATP (Figures 3C, 6B). More biochemical experimentation is required to determine if both ligands can occupy their respective binding sites simultaneously. Several other residues interacting with gefapixant in hP2X3 are of note; N190 is fully conserved and L191, V238, and L265 display hydrophobicity across all P2XR subtypes (Figures 2, 6B). Interestingly, all residues in this allosteric site (except V61 and S267) are conserved between hP2X3 and hP2X1, suggesting this allosteric site is present and quite similar in both subtypes. To support this idea, the ligand aurintricarboxylic acid (ATA) is a high-affinity negative allosteric modulator of hP2X1 and hP2X3 (proposed to bind the same site as gefapixant), but does not effectively antagonize other subtypes (Obrecht et al., 2019). The characterization of this allosteric site within P2X3 (and potentially P2X1) provides a structural template for the development of P2XR subtype-specific antagonists to this novel site.
[image: Figure 6]FIGURE 6 | The two known allosteric sites of P2XRs. (A) Ribbon representation of the negative allosteric modulator gefapixant (tan) bound to hP2X3 (PDB: 5YVE). (B) Magnified view of panel A showing gefapixant interacting with residues at the interface of the left flipper of one protomer (purple) and lower body of another (grey) in hP2X3. (C) Top-down view of five superimposed negative allosteric modulators (yellow) bound to a ribbon representation of pdP2X7, highlighting the nearly identical binding mode of the chemically distinct ligands (PDBs: 5U1W, 5U1X, 5U1Y, 5U1V, and 5U1U). (D) Magnified and rotated view of panel C showing one of the five negative allosteric modulators (JNJ-47965567) bound to the hydrophobic pocket of pdP2X7 (PDB: 5U1X). Hydrophobic surface rendering of pdP2X7 with hydrophobic regions colored brown and hydrophilic regions colored turquoise, each defined by positive and negative molecular lipophilicity potential (MLP), respectively (Laguerre et al., 1997). (E) Ribbon representation of panel D with negative allosteric modulator JNJ-47965567 bound to pdP2X7 highlighting interacting residues (PDB: 5U1X). *Demarcating residues in the purple and blue protomers in panel B and in panel E, respectively. The MLP was calculated in ChimeraX (Pettersen et al., 2021).
Crystallographic structures of five unique negative allosteric modulators bound to pdP2X7 provide a view of another allosteric site present in P2XRs (Karasawa and Kawate, 2016). Located on the top of the extracellular domain, ligands bound at this allosteric site prevent a conformational rearrangement required for all P2XRs to undergo transition to an ATP-bound open state (Figures 1C, 6C) (Karasawa and Kawate, 2016; Kawate, 2017). This binding pocket is generally hydrophobic and the entrance is lined by charged residues (Figures 6D,E). The five negative allosteric modulators structurally characterized in complex with pdP2X7, despite varying in size, share a common scaffold that generally complements the properties of the pocket, with a mostly hydrophobic tail and a hydrophilic head connected through a narrow, nitrogenous linker (Figure 6D) (Karasawa and Kawate, 2016). The residues at this allosteric binding pocket of pdP2X7 are similar or conserved in hP2X7 and across other human P2XRs, suggesting this site may be present in other subtypes. In support of this, the proposed negative allosteric modulator 5-(3-Bromophenyl)-1,3-dihydro-2H-benzofuro [3,2-e]-1,4-diazepin-2-one (5-BDBD) is reported to bind to P2X4 at the equivalent allosteric site (Bidula et al., 2022). Altogether, the structures of allosteric modulators bound to pdP2X7 and the biochemical experiments on P2X4 suggest this site is a promising target for the development of novel high-affinity and subtype-specific P2XR antagonists by SBDD.
P2XR PORE ARCHITECTURE
As the primary function of P2XRs is to serve as non-selective cation channels in response to activation by eATP, another approach to inhibit ion channel function is by obstructing the ion path through the protein. The pore through the transmembrane region of P2XRs is formed by a bundle of TM helices in a structure similar to those found in acid-sensing ion channels (ASICs) and epithelial Na+ channels (ENaCs) (Noreng et al., 2018; Jasti et al., 2007; Baconguis et al., 2014). Ions flow through lateral, phospholipid-lined fenestrations into vestibules on both sides of the TM helices (Figures 1, 7, 8) (Samways et al., 2011; Samways et al., 2014). To validate the ion flow path, hP2X3 was crystallized in the presence of CsCl and probed for the location of Cs+ ions by anomalous signal (Mansoor et al., 2016). Glutamate E46 was found to coordinate a Cs+ ion at the entrance to each of the three extracellular fenestrations, indicating this residue similarly coordinates Na+ ions under physiological conditions (Figure 7B). The residue at this position is a glutamate or aspartate in four of the human subtypes (P2X1, P2X3, P2X4, and P2X7), but a glutamine in hP2X2 and a lysine in hP2X5 and hP2X6 (Figure 2). In hP2X2, hP2X5, and hP2X6, this ion-coordinating role in the fenestrations is likely fulfilled by a nearby acidic residue on an alternate protomer (E69, D57, or E66, respectively). This conserved charge at the lateral extracellular fenestrations could be targeted by designing ligands that prevent ion entry, regardless of whether the pore is open or closed. Such a ligand would need to selectively bind and block each extracellular fenestration, which are large surface domains with substantial void space in the ATP-bound open state (Figures 1B, 7A). This may be one instance where P2XR modulation is best achieved by a larger biologic therapeutic, such as an antibody or an aptamer (Nelson et al., 2010; Zhou and Rossi, 2017). These structured protein and nucleic acid affinity reagents are ideally suited for targeting large extracellular epitopes, where accessing small binding pockets is not necessary and diffusion across the cell membrane is not desired.
[image: Figure 7]FIGURE 7 | The modeled flow of Na+ ions through the ATP-bound open state hP2X3 structure (PDB: 5SVK). (A) Molecular dynamic simulations show Na+ ions (blue spheres) enter the receptor through the extracellular fenestrations, pass through the extracellular vestibule and the pore, and enter the cell via the cytoplasmic fenestrations (Mansoor et al., 2016). Left: View highlighting the flow of Na+ ions through the pore. Right: 50o rotated view highlighting the flow of Na+ ions through extracellular and cytoplasmic fenestrations. (B) Magnified view of Na+-coordinating residue (E46) within the extracellular fenestration. (C) Magnified view of key residues in the cytoplasmic fenestration. Mutations T13P/S15V/V16I were needed to slow the rate of desensitization and capture the ATP-bound open state hP2X3 crystal structure (Hausmann et al., 2014).
[image: Figure 8]FIGURE 8 | Mapping the interior space of the hP2X3 pore in different conformational states. (A) A coronal section of a surface representation of the ATP-bound open state of hP2X3 (PDB: 5SVK) reveals the upper, central, extracellular, and intracellular vestibules.(B) Pore-lining surface along the axis of hP2X3 for the ATP-bound open, apo closed, and ATP-bound desensitized states (PDBs: 5SVK, 5SVJ, and 5SVL, respectively), calculated by the program HOLE: red <1.15 Å radius, green between 1.15–2.30 Å radius, and purple >2.30 Å radius (Smart et al., 1996). (C) Plot of pore radius as a function of distance along the pore axis for the ATP-bound open, apo closed, and ATP-bound desensitized states of hP2X3. The positions of the residues making up the narrowest radius in each conformational state are labeled. The Cα position of I341 in hP2X3 is set as zero. This figure was from adapted from Mansoor et al. (2016).
Ions travel from one of the extracellular fenestrations to the extracellular/central vestibule lined by the first β-strand after TM1 and the last β-strand before TM2 (Figures 1A, 8A,B). Through molecular modeling and mutagenesis studies, this large vestibule has been found to be a binding site for ginsenoside (“steroid-like” dammarane triterpenoid glycosides) allosteric modulators of hP2X7 (Bidula et al., 2019). Simulations suggest these molecules bind in the upper part of this vestibule (central vestibule), making key interactions to the β-strand immediately preceding TM2. While no structures of ginsenoside molecules bound to P2XRs exist at this time, this site may prove to be an attractive target for new allosteric modulators due to its location near the transmembrane pore. The upper vestibule is also the location of a Zn2+-binding site seen in the tick P2X structure (AmP2X) (Kasuya et al., 2016). Of the human subtypes, only hP2X4 has residues (Q94, E95) similar to the Zn2+-coordinating residues (E105, E106) of AmP2X (Figure 2). The activity of hP2X4 has been shown to be modulated by Zn2+, an interesting consideration for development of P2X4-specific ligands (Garcia-Guzman et al., 1997).
From the extracellular/central vestibule, ions cross the membrane through a channel (the pore) at the symmetry axis formed by a set of six TM helices consisting of two antiparallel helices from each protomer (Figures 1, 8A). In each protomer, the N-terminal α-helix (TM1) is oriented from cytosolic to extracellular and TM2 is oriented oppositely, forming a short section of antiparallel coiled-coil. The interior of the bundle is formed by TM2 from each protomer. The pore of the apo closed state is gated towards the extracellular side of the transmembrane region, with minimum radii of 0.3 Å at symmetry-related I323 in hP2X3 and 0.1 Å at S339 in rP2X7 (Figures 8B,C). Interestingly, these residues are on different turns of TM2 in the superimposed structures, showing there is some variability in the placement of the extracellular gate between subtypes. Upon the binding of ATP, movement of the three TM2 helices opens the channel to a pore radius large enough for passage of partially hydrated sodium ions (minimum radii of 3.2 Å in hP2X3 and 2.5 Å in rP2X7) (Degrève et al., 1996). Desensitization of P2X3, and presumably other P2XRs (except P2X7 which does not desensitize), occurs through another movement of the TM2 helices, whereby disassembly of the cytoplasmic cap leads to a new gate near the center of the transmembrane region at V334 in hP2X3 (radius of 1.5 Å). This new gate is too narrow to allow passage of hydrated sodium ions (Figures 8B,C) (Mansoor et al., 2016).
ASICs and ENaCs have known pore-blocking molecules such as amiloride, which binds near the extracellular end of the TM2 helices (PDB: 4NTX) (Kleyman and Cragoe, 1988; Baconguis et al., 2014). Considering the structural similarities between ASICs, ENaCs, and P2XRs, it is conceivable that amiloride derivatives or other molecules might also be found to target this region in P2XRs. Deeper areas of the pore, elucidated by cryo-EM, could also prove to be attractive drug targets despite being less accessible to extracellular molecules.
At the cytosolic end of the P2XR pore, the cytoplasmic cap forces the ions to egress laterally through the three cytoplasmic fenestrations (Figures 7A,C) (Mansoor et al., 2016). These fenestrations are roughly triangular in shape, with two sides formed by the ends of TM1 and TM2 from adjacent protomers and the third (distal) side formed by part of the cytoplasmic cap. The distal sides of the fenestrations are lined with charged side chains from each of the protomers, providing a favorable path for ions to exit the pore and enter the cell. The residues D340 and K357 form a salt bridge in the cytoplasmic fenestration of hP2X3 (Mansoor et al., 2016). Of note, these two residues are absolutely conserved across human subtypes while there is diversity in the other residues of the fenestrations (Figures 2, 7C). As in the extracellular fenestrations, these conserved charges may be useful in designing drugs to target the cytosolic fenestrations.
The P2XR ion path contains several locations that may prove to be attractive drug targets, including the extracellular and cytoplasmic fenestrations, the extracellular vestibule, and the transmembrane portion of the pore. The existing P2XR structures provide starting points for SBDD. Structures of the other human P2XRs would prove extremely useful in designing ligands that effectively and specifically target the pore.
P2XR CYTOPLASMIC C-TERMINAL DOMAINS
P2XR C-terminal domains are divergent in sequence and size and their impacts on receptor function remain poorly understood. These domains dramatically vary from approximately 3%–34% of total protomer length, corresponding to 12 residues per protomer for hP2X4 and 203 residues per protomer for hP2X7, respectively (Figure 2). Unfortunately, the full C-terminal domains were not present in any of the constructs used to obtain crystal structures (Mansoor et al., 2016; Hattori and Gouaux, 2012; Kawate et al., 2009; Karasawa and Kawate, 2016; Kasuya et al., 2017; Wang et al., 2018). The recent full-length cryo-EM structures of rP2X7 contain the only structurally characterized P2XR cytoplasmic domain beyond the cytoplasmic cap, including the subtype-unique C-cys anchor and cytoplasmic ballast (Figure 9) (McCarthy et al., 2019).
[image: Figure 9]FIGURE 9 | Attributes of the cytoplasmic domain of rP2X7 (PDB: 6U9V). (A) GDP bound to the cytoplasmic ballast of rP2X7 with its cryo-EM density shown in blue mesh (EMDB: 20702). (B) The C-cys anchor of rP2X7 contains palmitoyl groups (light purple) that extend into the membrane and prevent desensitization. (C) Electrostatic surface rendering of the rP2X7 cytoplasmic domain (PDB: 6U9V) with blue and red coloring representing positive and negative electrostatic potential, respectively, highlighting the electropositive nature of the cytoplasmic ballast. (D) Hydrophobic surface rendering of the rP2X7 cytoplasmic domain with hydrophobic regions colored brown and hydrophilic regions colored turquoise, each defined by positive and negative molecular lipophilicity potential (MLP), respectively, highlighting the hydrophilic nature of the cytoplasmic ballast (Laguerre et al., 1997). The location of the guanine nucleotide-binding site is outlined in white and red in panel C and in panel D, respectively. The MLP and electrostatic surface potential were calculated in ChimeraX (Pettersen et al., 2021).
Within each protomer of P2X7 is a C-cys anchor which contains six cysteines and one serine that can be palmitoylated (Figure 9B). The palmitoyl moieties extend into the inner leaflet of the membrane, preventing the helical recoil movement of TM2 that would otherwise result in channel desensitization (McCarthy et al., 2019). When the C-cys anchor is removed or mutated to prevent palmitoylation, rP2X7 desensitizes similarly to each of the other P2XR subtypes (McCarthy et al., 2019). While the role of the C-cys anchor in the gating cycle has been characterized, details surrounding post-translational modifications to this element remain unclear. For example, it is currently unknown in what stage of folding or trafficking the palmitoyl groups are added, nor which specific palmitoyl acyl transferase (PAT) enzyme or adapter protein is responsible for this post-translational modification. PATs generally target specific substrates and are localized to the ER, the Golgi, the plasma membrane, and endosomes, providing precise spatial regulation to their activity (Charollais and Van Der Goot, 2009). Modifications to the palmitoylation of P2X7 have a dramatic effect on receptor gating and would presumably alter downstream signaling (Allsopp and Evans, 2015). As a result, modulating C-cys anchor palmitoylation poses as an interesting therapeutic avenue to pursue, despite the significant challenges. As with any drug that has an intracellular target, the membrane is a barrier to delivery (Aungst, 1993; Di and Kerns, 2003; Naylor et al., 2018). Given that many other proteins are also palmitoylated, selectively preventing P2X7 palmitoylation would require determining and specifically targeting the correct PAT(s) at the appropriate point in post-translational processing. A greater understanding of the basic biology of P2X7 maturation is necessary before such a pharmacological strategy can be attempted.
The discovery of a nanomolar-affinity guanine nucleotide-binding site in the cytoplasmic ballast of rP2X7, the residues of which are conserved in hP2X7, is quite intriguing (Figure 9A). While only GDP is visualized in the apo closed and ATP-bound open state rP2X7 structures following purification, both GTP and GDP were shown to bind with equally high affinity (McCarthy et al., 2019). The pose of GDP is such that the ribose and nucleobase are positioned internally and the phosphate tail is on the periphery of the cytoplasmic ballast and easily accessible to the intracellular environment and potential accessory proteins (Figure 9A). The guanine nucleotide-binding site is electropositive, hydrophilic, and exposed, making it an accessible docking site for protein-protein interactions (Figures 9C,D). It would be interesting if P2X7, like G-protein coupled receptors (GPCRs), has associated guanine nucleotide exchange factors (GEFs) that facilitate GDP release (Cherfils and Zeghouf, 2013). The presence of the cytoplasmic ballast is necessary for the metabotropic properties of P2X7, including the release of cytokines as well as activation of various lipases and kinases (El-Moatassim and Dubyak, 1992; Humphreys and Dubyak, 1996; Surprenant et al., 1996; Wilson et al., 2002; Cheewatrakoolpong et al., 2005; Costa-Junior et al., 2011; Kopp et al., 2019). While there is no direct data regarding a role of the guanine nucleotide-binding site in P2X7 signaling, it is intriguing to imagine the metabotropic signaling properties of the cytoplasmic ballast are dependent on guanine nucleotide binding. If, similar to GPCRs, guanine nucleotide binding proves to be critical for P2X7 signaling, then guanine nucleotide analog ligands (such as abacavir, acyclovir, and entecavir) may be applied to study and therapeutically target P2X7-mediated signaling (Seley-Radtke and Yates, 2018). As with targeting the orthosteric ATP-binding site, targeting intracellular guanine nucleotide-binding sites must be done carefully as GTP and GDP are crucial metabolic and signaling molecules for numerous biological processes. Altogether, cryo-EM facilitated the study of full-length rP2X7 and thus revealed the cytoplasmic domain in its entirety and the therapeutic potential it holds. With the unique cytoplasmic domains of the remaining six P2XRs yet to be structurally characterized, there are more avenues for novel subtype-specific therapeutic development to be discovered.
P2XR STRUCTURAL ELUCIDATION BY CRYO-EM
The recent structures of full-length rP2X7 facilitated key discoveries that were exclusively enabled by cryo-EM. The guanine nucleotide-binding site was identified only after the cryo-EM map revealed an unexplained non-protein density of sufficient quality to accurately predict ligand identity without a priori knowledge of its existence (Figure 9A) (McCarthy et al., 2019). The identity of the guanine nucleotide was subsequently validated to be GDP by mass spectrometry. The cryo-EM reconstructions similarly revealed the precise location of the palmitoylated residues in the C-cys anchor (including the unexpected palmitoylation of a serine residue), a task that proved to be challenging by other methods (Gonnord et al., 2009). Altogether, the discoveries empowered by cryo-EM have unveiled novel elements that will further our understanding of the biological functions of P2X7.
There remain four homotrimeric P2XR subtypes without published structures: P2X1, P2X2, P2X5, and P2X6. Given that these receptors are implicated in a wide range of physiological and pathophysiological states, it is crucial to understand the molecular pharmacology of each receptor subtype (Burnstock and Kennedy, 2011; North and Jarvis, 2013; Burnstock and Knight, 2018; Lara et al., 2020). Obtaining cryo-EM structures of these receptors will not only reveal their subtype-specific features but also facilitate SBDD to improve ligand selectivity. It is important to note that while homology modeling and machine-learning programs like AlphaFold are improving, there is no replacement for the certainty afforded by empirically determined ligand-bound or protein-protein complexed structures (Jumper et al., 2021). To this point, there are also many known P2XR ligands for which we do not know how (or even where) they bind receptors. These ligands dramatically vary in size, shape, and chemical identity—even between ligands known to be selective for a specific receptor subtype—suggesting there are additional uncharacterized allosteric sites present in P2XRs. Structures of each receptor subtype in complex with these different ligands will help define the molecular pharmacology of P2XRs and confirm the locations of novel allosteric sites.
To date, the published P2XR structures are predominantly of non-human orthologs. While these structures are helpful and enable more accurate homology models, it is known that P2XR orthologs have unique pharmacological features which can significantly impact drug development. For example, human, mouse, and rat P2X7 dramatically differ in response to known allosteric modulators. The negative allosteric modulator AZ11645373 is a high-affinity antagonist for hP2X7, yet is ∼100-fold less effective against mouse P2X7 (mP2X7) and >500-fold less effective against rP2X7 (Stokes et al., 2006; Michel et al., 2009). There are also negative allosteric modulators such as A-438079 and A-740003 that antagonize all three of these P2X7 orthologs with similar efficacy (Donnelly-Roberts et al., 2009). Therefore, using cryo-EM to understand the structural basis for the pharmacologic variability across P2XR orthologs is crucial for the development of novel therapeutics that effectively target human P2XRs.
The feasibility of SBDD has dramatically increased with access to more advanced computational tools and the availability of structures for therapeutically relevant membrane proteins, largely due to the cryo-EM resolution revolution (Kuhlbrandt, 2014; Lionta et al., 2014; Lees et al., 2021). With the information gained from the currently published P2XR structures, SBDD can facilitate the discovery of ligands that target this receptor family (Figure 10). Molecular docking and in silico screening can probe any of the targetable sites within P2XRs for potential “hit” compounds (Ballante et al., 2021). Then, structure-based modeling can be used to optimize chemical groups, adding or substituting different moieties to improve affinity and specificity. Once computationally optimized, a ligand can be synthesized, evaluated in vitro, and (if validated) structurally solved in complex with its target receptor to high-resolution. This process will be repeated iteratively until a threshold of affinity and specificity is reached (Figure 10). Even though the use of cryo-EM has led to a dramatic number of new structures, the application of SBDD driven by this structural method is still an emerging area of research. Some recent successful cases that exemplify this approach include ligands that specifically target the TRPV5 channel, µ-opioid receptor, and the 80S ribosome (Wong et al., 2017; Hughes et al., 2019; Wang et al., 2022). Cryo-EM is currently the best method to solve ligand-bound P2XR structures and empower the use of SBDD.
[image: Figure 10]FIGURE 10 | Structure-based drug design (SBDD) workflow using P2XRs as an example. SBDD includes five broad steps. (i) Solve receptor structure to high-resolution or use a reliable theoretical model to identify and define ligand-binding sites; (ii) Use molecular docking and modeling software (in silico) to identify and optimize small molecules capable of occupying a binding pocket; (iii) Chemically synthesize the most promising in silico “hits” and validate binding and selectivity by biochemical and electrophysiological methods; (iv) Solve the structure of the ligand-bound receptor complex empirically; and (v) Iterate steps (ii–iv) until ligand(s) with satisfactory properties are obtained and fully characterized. Representative structures generated from PDBs: 6U9V (for protein backbone) and 5U1X (for the bound ligand).
CONCLUDING REMARKS
The substantial body of work characterizing P2XR structures has provided invaluable information on the biology and molecular pharmacology for this receptor family, however there remain many unanswered questions. Little is known about the structure and function of P2XR cytoplasmic domains and even less about heterotrimeric P2XRs. While the structural determination of the P2X7 cytoplasmic domain provided valuable insights, unexpected findings raised even more questions about its biological function. Most importantly, we have yet to fully understand how to selectively modulate the seven homotrimeric P2XRs or how effective such modulators would be against heterotrimeric P2XRs, considering their pharmacological complexity. The recent advancements in cryo-EM make this technique ideally suited to study P2XRs, including novel receptor structures and ligand-bound receptor complexes. While P2XRs are implicated in a host of physiological and pathophysiological conditions found within the cardiovascular, central nervous, and immune systems, there are no FDA-approved drugs targeting this receptor family. The success of antiplatelet drugs which antagonize the related P2Y GPCR family exemplifies the therapeutic value of targeting purinergic signaling (Kamran et al., 2021). To this point, there remains substantial untapped therapeutic potential for P2XR modulation. Using the currently published structures as a roadmap, we have discussed the known targetable sites and postulated potential areas for SBDD targeting P2XRs. Continued structural investigation will advance our understanding of P2XR biology and reveal novel approaches for receptor modulation and therapeutic intervention.
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The stereoisomers of menthol elicit cooling sensation to various levels. Though the high-resolution three-dimensional structures of the menthol receptor, the transient receptor potential melastatin 8 (TRPM8) ion channels, have been revolved in different states, the menthol-bound state structure is not determined and how the stereoisomers of menthol interact with TRPM8 remains largely elusive. Taking advantage of the identical atom composition but distinct spatial orientation of chemical groups in menthol stereoisomers, we performed thermodynamic mutant cycle analysis (TMCA) with patch-clamp recordings to probe the interaction between these ligands and TRPM8. By comparing (−)-menthol with (+)-neoisomenthol or (+)-neomenthol, we observed that the isopropyl or hydroxyl group in menthol interacts with the S4 or S3 helix in TRPM8, respectively. These interactions were also corroborated in our molecular docking of the stereoisomers, though the predicted structural details in the interactions of these ligands with TRPM8 residues are different. Therefore, we suggest similar molecular mechanisms of TRPM8 activation by the stereoisomers of menthol, while the binding configuration of an individual stereoisomer is varied.
Keywords: menthol, stereoisomers, TRPM8, electrophysiology, gating
INTRODUCTION
Menthol in mint is known to elicit a cool sensation. As a terpenoid alcohol, there are three chiral centers within the menthol molecule, leading to eight possible stereoisomers. Among these stereoisomers, the (−)-menthol, which is the most abundant in nature, also exhibits the lowest cooling thresholds in human taste dilution studies (Hopp, 1993; Barel et al., 2009). Some of the other stereoisomers, such as (+)-neoisomenthol, are less intense in cooling sensation with much higher cooling thresholds. As the stereoisomers of menthol are identical in the number, types, and connectivity of atoms, how they could differentially activate their receptor in humans, the transient receptor potential melastatin 8 (TRPM8) ion channel (McKemy et al., 2002; Peier et al., 2002), to cause differences in cooling sensation remains to be explored.
To investigate the menthol-TRPM8 interactions, functional studies such as thermodynamic mutant cycle analysis (TMCA) with patch-clamp recordings are critical. Though several high-resolution three-dimensional structures of TRPM8 have been resolved by cryo-electron microscopy (cryo-EM) (Yin et al., 2018; Diver et al., 2019; Yin et al., 2019), none of the menthol stereoisomers has been directly observed to be complexed with the channel protein. To probe how menthol binds to TRPM8, by combining molecular docking and TMCA, our previous study showed that (−)-menthol binds to the cytosol-facing cavity formed by the S1–S4 in TRPM8, using its hydroxyl and isopropyl groups as “hand” and “legs,” respectively, to grab and stand on TRPM8 (Xu et al., 2020). TMCA has been successfully applied to reveal the interaction between ion channels and peptide toxins (Ranganathan et al., 1996; Yang et al., 2017) and small molecules (Yang et al., 2015; Xu et al., 2020). A prerequisite for TMCA is that the perturbation introduced to the ligand should not be too large to alter the overall binding configuration of the ligand. Therefore, as the stereoisomers of menthol differ only in the orientation of hydroxyl and/or isopropyl groups, we expect that they are suited for TMCA to probe the ligand-protein interaction in TRPM8.
Moreover, because the TRPM8 channel is a polymodal activated by a plethora of stimuli, ligand–protein interactions are also modulated by these stimuli (Zheng, 2013). For instance, membrane depolarization also directly opens this channel. Previous work has demonstrated that the charged residue R842 on the S4 of TRPM8 contributes to the total gating charge in voltage activation (Voets et al., 2007), so as R842 and other residues of the S1–S4 constitute the (−)-menthol-binding pocket (Xu et al., 2020), and transmembrane voltage is expected to alter menthol-TRPM8 interactions. Therefore, in this study to reveal the mechanisms of TRPM8 activation by the menthol stereoisomers, we systematically investigated their interactions by performing TMCA with patch-clamp recordings at either hyperpolarization or depolarization voltages.
MATERIALS AND METHODS
Molecular Biology and Cell Transfection
Murine TRPM8 was used in this study. Mouse TRPM8 channel was used in this study as mouse and human TRPM8 channels are highly conserved in sequence. Specifically, in the S1 to S4 domains where the menthol stereoisomers are bound, the sequence identity is 96.1% (Supplementary Figure S1A). Point mutations were made by Fast Mutagenesis Kit V2 (SBS Genetech). Primers were used to generate point mutations. All mutations were confirmed by sequencing.
HEK293T cells were cultured in Dulbecco’s modified eagle medium supplemented (DMEM) with 10% fetal bovine serum and 1% penicillin-streptomycin solution at 37°C with 5% CO2. When cells grow up to 60%–70%, plasmids were transfected with lipofectamine 2000 following the manufacturer’s protocol. Patch-clamp recordings were performed 18–24 h after transfection.
Chemicals
(−)-menthol (CAS: 2216-51-5) was purchased from BBI Life Sciences; (+)-menthol (CAS: 15356-60-2) and (+)-neomenthol (CAS: 2216-52-6) were purchased from TCI; (+)-isomenthol (CAS: 23283-97-8) was purchased from Phytolab, and (+)-neoisomenthol (CAS: 20752-34-5) was purchased from Toronto Research Chemicals.
Electrophysiology
Patch-clamp recordings were performed using a HEKA EPC10 amplifier driven by PatchMaster software (HEKA). Patch pipettes were prepared from borosilicate glass and fire-polished to a resistance of 4–6MΩ. A solution (pH 7.25) containing 130 mM NaCl, 0.2 mM EDTA, and 3 mM HEPES was used in both bath and pipette for recording. For whole-cell recording, cells were detached by trypsin and plated on the microscope cover glass for 30–60 min before the experiment. Transfected cells could be identified by green fluorescence. Cells were clamped at +80 mV and −80 mV for 350 ms, respectively, during recording, and the average current in the last 40 ms was performed. All recordings were performed at room temperature (∼25°C).
To perfuse (−)-menthol and other isomers during the patch-clamp recording, a rapid solution changer with a gravity-driven perfusion system was used (RSC-200, Bio-Logic). Each solution was delivered through a separate tube, so there was no mixing of solutions. The pipette tip was placed right in front of the perfusion outlet during recording to ensure the solution exchange was complete.
Data Analysis
Data from whole-cell recordings were analyzed in Igor Pro (WaveMatrix). EC50 values were derived from fitting a Hill equation to the concentration–response relationship. Changes in EC50 by point mutation may be caused by either perturbation of ligand binding or channel gating or both. To distinguish these possibilities, the dissociation constant (Kd) for ligand binding is estimated assuming the following gating scheme:
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where L is the equilibrium constant for the final closed-to-open transition.
The Po of mouse TRPM8 activated by (−)-menthol was measured through single-channel recordings as in our previous study (Xu et al., 2020), and Po of TRPM8 mutant channels activated by (−)-menthol was estimated from noise analysis through whole-cell recordings. The mean current amplitude (I), the squared deviations in current amplitude from the mean value (σ2), and the single-channel current (i) were measured experimentally from a membrane patch of ion channels. Then, the number of ion channels clamped into that patch (N) is determined as
[image: image]
The maximum current when each of the ion channel is at the open state with a Po of 1 is equal to i × N. Then, the open probability was calculated as the ratio between the measured macroscopic current and the maximum current calculated by noise analysis.
For TRPM8 activation by other stereoisomers, Po max was measured from the concentration–response curve and L was determined from Po max by L = Po max/(1 − Po max). Both Kd and L contribute to the measured apparent affinity by the equation EC50 = Kd/(1 + L).
To perform thermodynamic cycle analysis, Kd values of four channel–ligand combinations (WT channel, menthol: Kd _1; Mutant channel, menthol: Kd _2; WT channel, menthol analog: Kd _3; Mutant channel, menthol analog: Kd _4) were determined separately. The strength of coupling was determined by the coupling energy (kT multiplied by LnΩ, where k is the Boltzmann constant and T is the temperature in Kelvin). LnΩ is calculated by the following equation:
[image: image]
Molecular Docking
The RosettaLigand application (Meiler and Baker, 2006; Davis and Baker, 2009; Davis et al., 2009) from Rosetta program suite version 2019.12 was used to dock ligand to TRPM8. TRP domain is important for ligand gating in TRPM8 as revealed by a previous study (Xu et al., 2020), so this domain is included in our docking experiments. For docking of stereoisomers, the TRPM8 model (PDB ID: 6BPQ) was first relaxed in the membrane environment using the RosettaMembrane application (Yarov-Yarovoy et al., 2006a; Yarov-Yarovoy et al., 2006b; Yarov-Yarovoy et al., 2012), and the model with lowest energy score was chosen for docking of menthol stereoisomers. Menthol stereoisomer conformers were generated using the FROG2 (Miteva et al., 2010) (http://mobyle.rpbs.univ-paris-diderot.fr/cgi-bin/portal.py#forms::Frog2) server before docking.
As menthol stereoisomers bind to the transmembrane region of TRPM8, the molecular docking approach must consider the energetic effects of the lipid membrane. The membrane environment was set up using the RosettaMembrane energy function (Yarov-Yarovoy et al., 2006a; Yarov-Yarovoy et al., 2006b; Yarov-Yarovoy et al., 2012) in an XML style script in RosettaScripts (Fleishman et al., 2011) (Supplementary Methods). The script also allowed us to control the details of docking. A total of 10,000 models were generated for a docking trial of each ligand. To determine the best docking model, these models were first screened with the total energy score (Rosetta energy term name: score). Top 1,000 models with the lowest total energy score were selected. They were further scored with the binding energy between menthol stereoisomers and the channel. Binding energy was calculated as the difference in total energy between the menthol-bounded state and the corresponding apo state models. The top 10 models with the lowest binding energy (interface_delta_X) were identified as the candidates. The hydrogen bond between menthol stereoisomers and TRPM8 was determined by UCSF Chimera software. The distance of hydrogen bond was measured between the O1 atom in menthol stereoisomers and the hydrogen atom in the sidechain of R842.
Molecular Dynamic Simulation
Starting from the transmembrane domain (residue ID 733-977) of the modeled closed-state structure, we used the Membrane Builder function (Jo et al., 2007; Jo et al., 2009; Wu et al., 2014) of the CHARMM-GUI web server (Jo et al., 2008; Lee et al., 2016) to embed the protein in a bilayer of 1-palmitoyl-2-oleoyl phosphatidylcholine (POPC) lipids surrounded by a box of water and ions (with a 15-A° buffer of water/lipids extending from the protein in each direction). The system has a dimension of 110 Å × 110 Å × 85 Å and contains a total of ∼93400 atoms, including 15873 water molecules and 219 POPC molecules. To ensure 0.15 M ionic concentration and zero net charge, 54 K+ and 42 Cl− ions were added. A menthol-bound system was built following the same settings except one menthol molecule was docked to each subunit as previously described. After energy minimization, six steps of equilibration were performed (with gradually reduced harmonic restraints applied to protein, lipids, water, and ions). Finally, we conducted production MD runs in the NPT ensemble. The Nosé–Hoover method (Nosé, 1984; Hoover, 1985) was used with a temperature of T = 30°C. The Parrinello–Rahman method (Parrinello and Rahman, 1981) was used for pressure coupling. For nonbonded interactions, a 10- A° switching distance and a 12-A° cutoff distance were used. The particle mesh Ewald method (Darden et al., 1993) was used for electrostatics calculations. The LINCS algorithm (Hess et al., 1997) was used to constrain the hydrogen-containing bond lengths, which allowed a 2-fs time step for MD simulation. The energy minimization and MD simulation were performed with the GROMACS program (Pronk et al., 2013) version 5.1.1-gpu using the CHARMM36 force field (Klauda et al., 2010; Huang and MacKerell, 2013) and the TIP3P water model (Jorgensen et al., 1983). The parameters for the menthol molecules were generated with the CHARMM General Force Field (Vanommeslaeghe et al., 2010).
RESULTS
Differential Activation of TRPM8 by the Stereoisomers
We first measured TRPM8 activation by the five commercially available menthol stereoisomers with whole-cell patch-clamp recordings (Figures 1A–E). TRP channels, including TRPM8, are polymodal receptors activated by ligands, depolarization, or temperature. Therefore, when we performed patch-clamp recordings, we kept the recording temperature (∼25°C) and clamping voltage (±80 mV) constant, so that only the concentration of ligand (menthol stereoisomers) was changed. Moreover, at 25°C and −80 mV, the TRPM8 channel was barely activated if no menthol was perfused (Supplementary Figure S1B). Though at 25°C and +80 mV, we observed a small current in the absence of menthol, perfusion of menthol elicited a much larger current. Therefore, the changes in current we measured from patch-clamp recordings were indeed caused by channel activation by menthol stereoisomers but not by other stimuli.
[image: Figure 1]FIGURE 1 | Differential activation of mouse TRPM8 by menthol stereoisomers. (A–E) Representative whole-cell recordings of mouse TRPM8 activated by different menthol stereoisomers in a concentration-dependent manner. The chemical structures of menthol stereoisomers are shown on upper left. (F) Bar graph of normalized currents induced by menthol stereoisomers at +80 mV from HEK293T cells transfected with mouse TRPM8 recorded in whole-cell configuration (n = 4–7 for each isomer, two-sided t-test, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; NS, not statistically significant). Stereoisomers invoked max current amplitudes that were normalized to the response to 2 mM (−)-menthol. (G) Concentration–response curve of menthol stereoisomers activation measured from whole-cell patch-clamp recordings at +80 mV (n = 4–7). (H,I) General gating scheme where the ligand binding is represented by Kd, and the equilibrium constant between the closed and open states upon ligand binding is represented by L. For different stereoisomers, Kd and L values were calculated from concentration–response curves in (G) (n = 4–7, two-sided t-test, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; NS, not statistically significant). All statistical data are given as mean ± s.e.m. (J) Bar graph of normalized currents induced by menthol stereoisomers from HEK293T cells transfected with mouse TRPM8 recorded in whole-cell configuration (n = 4–7 for each isomer, two-sided t-test, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; NS, not statistically significant). Stereoisomers invoked max current amplitudes that were normalized to the response to 2 mM (−)-menthol. (K) Concentration–response curve of menthol stereoisomers activation measured from whole-cell patch-clamp recordings at −80 mV (n = 4–7, two-sided t-test, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; NS, not statistically significant). (L,M) At −80 mV, Kd and L values of different stereoisomers were calculated from concentration–response curves in (K). All statistical data are given as mean ± s.e.m.
We observed that while all these stereoisomers activated TRPM8 current in a concentration–dependent manner, current activation was differentially modulated by transmembrane voltage. At +80 mV, the maximum current amplitudes induced by the stereoisomers normalized to that of (−)-menthol were similar except for (+)-neomenthol (Figure 1F). Their concentration-dependent curves were also shifted to higher concentrations as compared to that of (−)-menthol, but the changes in EC50 values were less than ten-fold (Figure 1G). EC50 of (−)-menthol and (+)-neomenthol was 62.64 ± 1.2 µM and 206.22 ± 11.4 µM, respectively) (Figure 1G).
To quantify the ligand–protein interactions, we employed the simple gating scheme (Figure 1H) that successfully described the (−)-menthol and capsaicin binding and activation of TRPM8 (Xu et al., 2020) and TRPV1 (Yang et al., 2015), respectively. In this scheme, Kd and L reflect the binding affinity and gating capability of the ligand, respectively. These parameters were determined from EC50 values and the maximum open probability (Po_max) (see Methods for details). As we have measured the Po_max of wild-type TRPM8 activated by (−)-menthol with single-channel recordings (Xu et al., 2020), we normalized the current amplitude induced by a stereoisomer to that of (−)-menthol to calculate the Po_max of this ligand. In this way, we calculated the Kd and L values of the stereoisomers based on their concentration-dependent curves (Figures 1H,I). Surprisingly, the Kd values of all stereoisomers were similar, except that (+)-neoisomenthol and (+)-neomenthol exhibited a slightly decreased affinity (Figure 1H). Only the L value of (+)-neomenthols was significantly reduced as compared to that of (−)-menthol (Figure 1I).
In contrast, at −80 mV, the maximum current activated by (+)-neoisomenthol and (+)-neomenthol was much reduced (Figure 1J), with their concentration–dependence curves largely shifted to higher concentrations (Figure 1K). As a result, the Kd values of stereoisomers were slightly but significantly increased, while their L values were much reduced (Figures 1L, M). The increase in Kd for (+)-menthol at −80 mV is more apparent as compared to the increase in other stereoisomers. We reason that such an increase in Kd for (+)-menthol is due to the relatively large Po_max (therefore the smaller decrease in L value) induced by (+)-menthol at −80 mV (Figure 1K, lines in yellow and black, respectively). These observations clearly suggest that the less intense cooling sensation and higher cooling thresholds of the stereoisomers (Barel et al., 2009), such as (+)-neoisomenthol as compared to (−)-menthol, are due to both reduced binding affinity and ability in opening TRPM8 channel, especially at the more physiologically relevant −80 mV. Moreover, the further decreased gating capability (L values) of the stereoisomers at −80 mV as compared to those measured at +80 mV (Figures 1I, M, respectively) indicated that the ligand–protein interactions were modulated by transmembrane voltage.
Interactions Between TRPM8 and the Stereoisomers Revealed by TMCA
To understand the origin of the differential activation of TRPM8 by the stereoisomers, we performed TMCA with patch-clamp recordings. Previously, we have employed this strategy to study the binding of (−)-menthol by replacing its hydroxyl group with an oxygen atom (the menthol analog menthone) or its isopropyl group with a methylethenyl group (the menthol analog isopulegol) (Xu et al., 2020). However, by using the menthol analogs, the chemical identity of a functional group in menthol was altered. To keep the chemical identity of functional groups and introduce perturbation of the chemical structure of menthol for TMCA, we employed the stereoisomers of menthol.
By comparing (−)-menthol and (+)-neoisomenthol (Figure 2A), we observed that they are only different in the orientation of the isopropyl group, while the special orientations of hydroxyl and methyl groups are identical. So these two stereoisomers are well-suited for probing the interaction between the isopropyl group and channel protein. By further measuring current activation by either (−)-menthol or (+)-neoisomenthol in WT TRPM8 and mutants like the I846V at ± 80 mV (Figures 2B,C), we first established the concentration dependence of channel open probability at either +80 mV or –80 mV (Figures 2D,E), and then calculated the corresponding Kd (Figures 2F,G) and L (Figures 2H,I) values of the stereoisomers based on their concentration–dependence curves. We further calculated the coupling energy of different mutants and observed that there is a large coupling (Figures 2J,K. 3.25 ± 0.11 kT and 3.10 ± 0.18 kT for +80 mV and – 80 mV, respectively) between the isopropyl group of menthol stereoisomers and residue I846 in the S4 of TRPM8. This is consistent with our previous findings that the isopropyl group of (-)-menthol interacts with L843 and I846 in TRPM8 (Xu et al., 2020). Moreover, the coupling energy values measured at either +80 mV or –80 mV were similarly large, indicating that though the S4 serves as, at least partially, a voltage sensor in TRPM8 channel (Voets et al., 2007), the interaction between the isopropyl group and TRPM8 is not affected by the transmembrane potential.
[image: Figure 2]FIGURE 2 | Differential interactions between mouse TRPM8 and (−)-menthol or (+)-neoisomenthol revealed by TMCA. (A) Comparison of chemical structures of (−)-menthol and (+)-neoisomenthol is shown. (B) Representative whole-cell recordings of the I846V mutant channel activated by (−)-menthol in a concentration-dependent manner. (C) Representative whole-cell recordings of the I846V mutant channel by (+)-neoisomenthol in a concentration-dependent manner. (D) Concentration–response curves of wild type and mutant such as I846V with either (-)-menthol or (+)-neoisomenthol activation were measured from whole-cell patch-clamp recordings at +80 mV (n = 5–9). (F) and (H) For wild type and I846V channel, Kd and L values at +80mV were calculated from the concentration–response curves in (D) (two-sided t-test, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; NS, not statistically significant). (J) Summary of coupling energy measurements at +80 mV. Coupling energy was calculated from the Kd values. Mutants showing a coupling energy larger than 1.5 kT (dashed line) were colored in red. Those with less energy were colored in different shades of blue. At least four independent trials were performed for each chemical at each concentration. (E) Concentration–response curves of wild type and mutant such as I846V with either (−)-menthol or (+)-neoisomenthol activation were measured from whole-cell patch-clamp recordings at −80 mV (n = 5–9). (G) and (I) For wild type and I846V channel, Kd and L values at -80 mV were calculated from the concentration–response curves in (E) (two-sided t-test, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; NS, not statistically significant). (K) Summary of coupling energy measurements at -80 mV. Coupling energy was calculated from the Kd values. Mutants showing a coupling energy larger than 1.5 kT (dashed line) were colored in red. Those with less energy were colored in different shades of blue. At least four independent trials were performed for each chemical at each concentration.
To investigate the interaction between the hydroxyl group of the stereoisomers and TRPM8, we measured current activation by either (−)-menthol or (+)-neomenthol in WT TRPM8 and mutants like the I846V at ± 80 mV (Figures 3A–C), as only the hydroxyl group in these two stereoisomers differs in spatial orientation. We also determined the concentration dependence of channel open probability at either +80 mV or –80 mV (Figures 3D,E), and then calculated the corresponding Kd (Figures 3F,G) and L (Figures 3H,I) values of the stereoisomers based on their concentration–dependence curves. We further calculated the coupling energy of different mutants and observed that there is a large coupling (Figures 3J,K. 1.81 ± 0.10 kT and 2.12 ± 0.06 kT for +80 mV and –80 mV, respectively) between the hydroxyl group of menthol stereoisomers and residue D802 in the S3 of TRPM8. We also found that at -80 mV, (+)-neomenthol cannot activate the R842K mutant, preventing the determination of coupling energy at this residue. Our previous study detected large coupling energy between the hydroxyl group of (−)-menthol and D802 or R842 in TRPM8 by using the menthol analog menthone in TMCA (Xu et al., 2020), which is consistent with our observations.
[image: Figure 3]FIGURE 3 | Differential interactions between mouse TRPM8 and (−)-menthol or (+)-neomenthol revealed by TMCA. (A) Comparison of chemical structures of (−)-menthol and (+)-neomenthol is shown. (B) Representative whole-cell recordings of the I846V mutant channel activated by (−)-menthol in a concentration-dependent manner. (C) Representative whole-cell recordings of the I846V mutant channel activated by (+)-neomenthol in a concentration-dependent manner. (D) Concentration–response curves of wild type and mutant such as I846V with either (−)-menthol or (+)-neomenthol activation were measured from whole-cell patch-clamp recordings at +80 mV (n = 5–9). (F) and (H) For wild type and I846V channel, Kd and L at +80 mV values were calculated from the concentration–response curves in (D) (two-sided t-test, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; NS, not statistically significant). (J) Summary of coupling energy measurements at +80 mV. Coupling energy was calculated from the Kd values. Mutants showing a coupling energy larger than 1.5 kT (dashed line) were colored in red. Those with less energy were colored in different shades of blue. At least four independent trials were performed for each chemical at each concentration. (E) Concentration–response curves of wild type and mutant such as I846V with either (−)-menthol or (+)-neomenthol activation were measured from whole-cell patch-clamp recordings at −80 mV (n = 5–9). (G) and (I) For wild type and I846V channel, Kd and L values at -80 mV were calculated from the concentration–response curves in (E) (two-sided t-test, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; NS, not statistically significant). (K) Summary of coupling energy measurements at −80 mV. Coupling energy was calculated from the Kd values. Mutants showing a coupling energy larger than 1.5 kT (dashed line) were colored in red. Those with less energy were colored in different shades of blue. At least four independent trials were performed for each chemical at each concentration.
Interestingly, we observed that the coupling energy at I846 was also larger than the 1.5 kT threshold, indicating that the orientation of the hydroxyl group may also affect how the isopropyl group interacts with the channel protein.
Putative Binding Configurations of the Stereoisomers Suggested by Docking
As the menthol-bound state of TRPM8 has not been directly revealed by cryo-EM despite the fact that several TRPM8 structures have been reported (Yin et al., 2018; Diver et al., 2019; Yin et al., 2019), we employed molecular docking in the Rosetta suite (Leaver-Fay et al., 2011) to investigate the possible binding configurations of menthol stereoisomer. We computationally docked (−)-menthol, (+)-neoisomenthol, (+)-neomenthol, or (+)-isomenthol into the pocket formed by the S1 to S4 transmembrane helices in the apo state of TRPM8 (Figures 4A,B, dashed box in red, PDB ID: 6BPQ) because this site has been validated as the menthol binding pocket in previous studies (Bandell et al., 2006; Xu et al., 2020). We then performed a statistical analysis of the docking models by plotting their binding energy against the rmsd of the best scoring models (Supplementary Figures S1C–G). The docking models exhibited a funnel-shaped distribution of binding energy, supporting the validity of the docking results. Moreover, we performed cluster analysis (Supplementary Figures S1H–L). We observed that the docking models we originally showed in Figure 4 are indeed clustered with a converged ligand binding configuration among the top 10 binding energy models. Specifically, the cluster of the representative (-)-menthol model shown in Figure 4 contained 9 out of the top 10 models (Supplementary Figure S1H). The cluster of representative (+)-menthol, (+)-isomenthol, (+)-neoisomenthol, and (+)-neomenthol contained 3, 6, 4, and 6 models among the top 10 models, respectively. Therefore, the representative docking models shown in Figure 4 are reliable.
[image: Figure 4]FIGURE 4 | Molecular docking suggested that menthol stereoisomers activated mouse TRPM8 in different binding configurations. (A) Putative menthol-binding pocket located within the transmembrane domains of the TRPM8 channel as revealed by cryo-EM in apo state (PDB ID: 6BPQ). R842 and I846 are highlighted in blue and green, respectively. (B) Menthol stereoisomers were docked into the binding pocket. Averaged binding energy of the top ten binding models of each stereoisomer was measured. All statistical data are given as mean ± s.e.m. (n = 10, two-sided t-test, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; NS, not statistically significant). (C–G) Docking of menthol stereoisomers into the binding pocket. The hydroxyl group of stereoisomers was predicted to form a hydrogen bond with sidechain R842 (dashed line in blue), and the distance of the isopropyl group with sidechain I846 is shown with dashed lines in black.
To validate our docking results, we performed a molecular dynamics simulation as suggested by the reviewer (see Methods for details). Starting from our (−)-menthol docking model, the S1–S4 domains remained stable during the 378 ns simulation with RMSD being around 3 Å (Supplementary Figure S2A). The menthol molecule is bound stably within its binding pocket inside the S1–S4 domains, as illustrated in the ensemble plot of the menthol molecule with snapshots of the simulation from the beginning to the end (Supplementary Figure S2B, red and blue, respectively; Supplementary Movie S1). The distance between the oxygen atom in menthol and the OD atom of D802, as well as the distance between the C9 atom in menthol and the CD atom of I846, remained stable during the 378 ns simulation, indicating the docking configuration of menthol is stable.
Our previous study has shown that for (−)-menthol, its hydroxyl group forms a hydrogen bond with the sidechain of R842, while the isopropyl group is within 4 Å of the sidechain of I846 (Figure 4C, dashed lines in blue or black, respectively) (Xu et al., 2020). For (+)-neoisomenthol, which differs from (-)-menthol in the orientation of the isopropyl group (Figures 1A,D), its hydroxyl group also formed a hydrogen bond with the sidechain of R842 (Figure 4D, dashed line in blue). Though the isopropyl group of (+)-neoisomenthol points in the opposite direction as compared to that in (−)-menthol, it was still in contact with the sidechain of I846 (3.83 Å, Figure 4D, dashed line in black). These observations suggested that the “grab and stand” binding mechanism we established in (−)-menthol (Xu et al., 2020) is also applicable to (+)-neoisomenthol, validating the use of TMCA as these two stereoisomers shared similar binding configurations. Moreover, the binding energy of the top 10 (+)-neoisomenthol docking models (−14.99 ± 0.07 Rosetta Energy Unit (R.E.U.)) was predicted to be smaller than that of (−)-menthol (−16.20 ± 0.19 R.E.U.) (Figure 4B), which was consistent with the increased Kd values measured from patch-clamp recordings (Figures 1H, L). The upward-pointing sidechain of R842 upon (+)-neoisomenthol binding as compared to the downward-point conformation in (−)-menthol bound model may offer clues to understand the reduced channel opening capability (reduced L values measured from patch-clamp recordings) of (+)-neoisomenthol (Figure 1M).
However, when (+)-neomenthol, which differs from (−)-menthol in the orientation of hydroxyl group (Figures 1A,E), was docked into TRPM8, the models with the top 10 largest binding energy were converged into a different configuration (Figure 4E). The orientation of hydroxyl group in (+)-neomenthol pointed away from the sidechain of R842, so that the hydrogen bond between the hydroxyl group of (-)-menthol and R842 was disrupted. Indeed, the binding energy of (+)-neomenthol was significantly smaller than that of (-)-menthol (Figure 4B), which is consistent with the increased Kd values measured from patch-clamp recordings (Figures 1H, L). As R842 was no longer “grabbed” by the hydroxyl group, the channel opening capability (reflected in L values) of (+)-neomenthol was likely reduced (Figures 1I, M). Furthermore, as the isopropyl group of (+)-neomenthol pointed away from I846 with an increased distance of 3.97 Å (Figure 4E, dashed line in black), the interaction between the isopropyl group and I846 was most likely perturbed, so that it is not surprising that we observed large coupling energy values between (+)-neomenthol and I846 (Figures 3J,K).
Furthermore, we also docked (+)-isomenthol or (+)-menthol into TRPM8. As these two stereoisomers contain either two or three chemical groups with distinct spatial orientations compared to (-)-menthol, it is not feasible to perform TMCA by comparing (-)-menthol and these ligands to directly probe molecular interactions with TRPM8. Nevertheless, from docking, we gained insights into their binding and activation of the channel. For (+)-isomenthol, the top 10 docking models with the largest binding energy well converged into a configuration where the isopropyl group pointed upward away from I846, while the hydroxyl group still formed a hydrogen bond with the sidechain of R842 (Figure 4F, dashed lines in blue). The reduced binding energy of (+)-isomenthol (Figure 4B) was consistent with the increased Kd measured at -80 mV (Figure 1L).
For (+)-menthol, though its chemical groups differ from (−)-menthol in all three chiral centers, the docking figuration was similar to that of (−)-menthol. Its hydroxyl group formed a hydrogen bond between the sidechain of R842 and its isopropyl group pointed toward I846 (Figure 4G, dashed line in blue and black, respectively). Such a similar binding configuration of (+)-menthol was in line with its unchanged binding energy predicted from docking (Figure 4B) and Kd measured at +80 mV (Figure 1H), though Kd and L measured at −80 mV were still significantly changed as compared to (−)-menthol (Figures 1L, M).
DISCUSSION
In this study, we systematically investigated how the five commercially available stereoisomers of menthol bind and activate the TRPM8 channel with patch-clamp recordings and molecular docking. We observed that (−)-menthol, which is the most abundant menthol stereoisomer in mints, best activated the TRPM8 channel with the largest Po_max (therefore the largest L value) and the lowest Kd, while (+)-menthol exhibited slightly altered current activation properties (Figure 1). Such a similarity in TRPM8 activation by (−)-menthol and (+)-menthol could be explained by their similar putative binding configuration, where the hydroxyl group “grabs” the D802/R842 with a hydrogen bond and the isopropyl group “stands on” I846 (Figure 4). In contrast, (+)-isomenthol, (+)-neoisomenthol, and (+)-neomenthol showed significantly reduced Po_max (therefore smaller L values) and increased Kd, especially at −80 mV (Figure 1), which is likely due to altered binding configurations where the “grab and stand” mechanism is disrupted (Figure 4). Therefore, our observations lead to mechanistical insights regarding the differential activation of TRPM8 by the menthol stereoisomers.
TMCA by patch-clamp recording has been widely used to probe ligand-protein interactions. For instance, this approach was employed to study how peptide toxin bind to the outer pore of voltage-gated potassium channel (Ranganathan et al., 1996) and TRPV1 channel (Yang et al., 2017). TMCA is applicable to investigate how small molecules such as capsaicin (Yang et al., 2015) or (−)-menthol (Xu et al., 2020) interact with TRP channels. However, we observed that when the ligand is small in a chemical structure like menthol, altering one chemical group of the ligand may affect how another group interacts with the protein. When the orientation of the hydroxyl group in (−)-menthol is changed as in (+)-neomenthol, we observed that besides the hydrogen-bounding D802 residue, I846 residue also showed large coupling energy (Figures 3J,K). We reason that most likely in (+)-neoisomenthol, its overall binding configuration was slightly changed so that how its isopropyl group interacted with I846 was accordingly altered. Indeed, our docking results suggested that the distance between the isopropyl group of (+)-neoisomenthol and the sidechain of I846 was increased as compared to that of (−)-menthol (Figures 4C,D). Therefore, caution must be taken regarding the interpretation of coupling energy values measured from TMCA for small molecules.
TRP channels like TRPM8, are polymodal receptors modulated by a plethora of physical and chemical stimuli (Julius, 2013; Zheng, 2013), including the transmembrane voltage. For TRPM8 activation by the stereoisomers of menthol, we clearly found that the Po _max of TRPM8 (therefore the L values of the ligands) was reduced at a hyperpolarized voltage (−80 mV) as compared to that at depolarization (+80 mV) (Figures 1G,K). For (+)-neoisomenthol and (+)-neomenthol, such a reduction in Po _max was even larger, which may explain the less intense cooling sensation elicited by (+)-neoisomenthol because the physiologically relevant transmembrane voltage resides within the hyperpolarized range (Hopp, 1993; Hille, 2001; Barel et al., 2009). Mechanistically, given menthol interacts with the voltage-sensing residue R842 (Voets et al., 2007; Xu et al., 2020) in S4 or D802 in S3 (Figures 3J,K), it is not surprising that the menthol activation is drastically affected by voltage. However, because the cryo-EM structures of TRPM8 channel were determined at zero transmembrane voltage, they do not represent the deactivated structural state of the voltage sensing S1 to S4 domains. Therefore, it will require more work in the future to deduce the structural basis for the voltage modulation of the menthol stereoisomer binding and activation of TRPM8.
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Supplementary Figure S1 | Binding energy contribution from menthol stereoisomers docking results. (A) Alignment of the amino acid sequence of S1–S4 in murine TRPM8 (mTRPM8) and human TRPM8 (hTRPM8). The S1 to S4 regions (wave line in blue) are indicated. The protein sequence between mTRPM8 and hTRPM8 is highly conserved with the identity of 96.61%. (B) Representative whole-cell recordings showed that (−)-menthol activated mTRPM8 at ± 80 mV. (C–G) Menthol stereoisomers docking models exhibited a funnel-shaped distribution of binding energy versus the ligand RMSD as calculated by Rosetta (R.E.U., Rosetta energy unit). The top one models with the lowest binding energy, which was the docking model presented in Figure 4, were highlighted in red. (H–L) Docking models with the best binding scores are clustered in a converged configuration. The cluster of representative (−)-menthol, (+)-menthol, (+)-isomenthol, (+)-neoisomenthol, and (+)-neomenthol contained 9, 3, 6, 4, and 6 models among the top ten models, respectively.
Supplementary Figure S2 | Molecular dynamic analysis of TRPM8 and menthol ligand. (A) RMSD of S1–S4 domains calculated by molecular dynamic stimulation during 378 ns is around 3 Å. (B) Ensemble plot of (–)-menthol molecule during stimulation. The configuration from the beginning is shown in red, and the configuration at the end is shown in blue. (C) Distance between specific atoms of (–)-menthol and residues is displayed. The distance between the oxygen atom in menthol and the OD atom of D802 is shown in blue line, and the distance between the C9 atom in menthol and CD atom of I846 is shown in gray line.
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Ion channels are expressed in almost all living cells, controlling the in-and-out communications, making them ideal drug targets, especially for central nervous system diseases. However, owing to their dynamic nature and the presence of a membrane environment, ion channels remain difficult targets for the past decades. Recent advancement in cryo-electron microscopy and computational methods has shed light on this issue. An explosion in high-resolution ion channel structures paved way for structure-based rational drug design and the state-of-the-art simulation and machine learning techniques dramatically improved the efficiency and effectiveness of computer-aided drug design. Here we present an overview of how simulation and machine learning-based methods fundamentally changed the ion channel-related drug design at different levels, as well as the emerging trends in the field.
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INTRODUCTION
Ion channels are a group of pore-forming proteins located at the membrane of cells or intracellular organelles, controlling the flow of ions across the membranes. Such transportation of ions plays a critical role in the physiology of all living cells (Hille, 1978; Hille, 1986), thus the malfunction of ion channels leads to numerous diseases at the fundamental level. Although spanning a broad spectrum of families, ion channels can be roughly categorized into the voltage-gated and the ligand-gated based on activation mechanisms and structural similarities (Figure 1). Most voltage-gated ion channels contain four individual subunits or four repeats within one continuous polypeptide, each includes a similar six-transmembrane-helix core architecture, which can be further divided into a four-helix voltage sensor domain S1-S4 and the pore domain S5-S6 connected by the pore loop (Gulbis et al., 1999). The typical voltage-gated ion channels, mainly the sodium (Catterall, 2000), potassium (Wulff et al., 2009), and calcium channels (Catterall, 2011), are mostly depolarization activated and responsible for fast reactions upon voltage changes at the cell membrane, thereby playing a key part in electric signaling (Catterall, 2000; Sands et al., 2005; Catterall, 2010). While some members of the transient receptor potential (TRP) family, mainly facilitate their biological function via other stimuli including temperature, force, and chemical compounds. They serve as the vanguard of the sensory system (Clapham, 2003). As for ligand-gated ion channels, they are mostly activated by ligands like neurotransmitters and are crucial for nervous activities. There are three families in mammals: Cys-loop receptor ion channels (Sine and Engel, 2006), Glutamate receptor ion channels (Traynelis et al., 2010), and ATP gated ion channels (Schmid and Evans, 2019), they are typically composed of a transmembrane domain forming the pore and an extracellular domain carrying the ligand-binding sites. Besides, some other ion channels are beyond these two types, for example, the ubiquitously expressed trimeric Piezo 1/2 channels that respond to mechanical stimuli (Coste et al., 2010).
[image: Figure 1]FIGURE 1 | Classification of ion channels based on activation mechanisms and structural similarities. The evolutionary relationships among these ion channels are measured by the phylogenetic tree of ion channels (Alexander et al., 2019) with representative channel structures (center). Representative ion channels selected from each class are shown with their 3D molecular structures.
Due to the vital function of ion channels in physiology, mutations of ion channels were identified to be responsible for various diseases: inherited neuronal diseases like epilepsy (Escayg et al., 2000), cardiac diseases like Long-QT syndrome (Keating, 1996), muscle diseases like Hyperkalemic periodic paralysis (Brugnoni et al., 2022) and many others (Ackerman and Clapham, 1997). Also, the blockage of ion channels can directly regulate sensory perception such as pain (Tominaga and Caterina, 2004; Bourinet et al., 2014; Bennett et al., 2019). Consequently, ion channels are among the most pursued drug targets in the past decades (Bagal et al., 2013) and several drugs were developed against a wide range of diseases (Clare, 2010). To be specific, for the most related central nervous system (CNS) diseases: Diazepam, the famous anxiolytic launched in 1963 and the best-seller in the United States between 1968 and 1982 (Calcaterra and Barrow, 2014), was identified as a positive allosteric modulator of the gamma-aminobutyric acid (GABA) type-A receptors in 1977 (Braestrup and Squires, 1977; Mohler and Okada, 1977). A detoured but successful development of ketamine, the N-methyl-D-aspartate (NMDA) receptor antagonist (Alessandri et al., 1989; Zhang et al., 2021) into an anti-depressant drug is even considered a sign of a renaissance in the psychiatric drug industry (Daly et al., 2018; Reardon, 2018). Recent studies also revealed more potential applications of channel modulators in Parkinson’s (Daniel et al., 2021) and Alzheimer’s diseases (Tan et al., 2012; Gonzales and Sumien, 2017; Lu et al., 2017). Additionally, the prevalent expression makes ion channels adequate targets for other diseases as well. Varenicline is derived from the modification of (-)-cytisine, an alkaloid that could be found in nature (Coe et al., 2005). As a partial agonist of nicotinic receptors with the beta 2 subunit (Papke and Heinemann, 1994), Chantix (varenicline tartrate) was launched by Pfizer in 2006 for smoking cessation (Coe et al., 2005) and is still one of the best-selling drugs in the world with annual sales of 919 million dollars in the year of 2020 (McGrath et al., 2010; Njardarson et al., 2020). In addition, cystic fibrosis, a heritable disease, is caused by a defect in the ATP-activated chloride channel, cystic fibrosis transmembrane conductance regulator (CFTR) which is involved in water flow control during the production of sweat, digestive fluids, and mucus (Bobadilla et al., 2002). The latest treatment for cystic fibrosis, Trikafta, was developed by Vertex Pharmaceuticals and hit the market in 2019, and was considered at the top of 2019's new approvals by expected revenue (Mullard, 2020). Another case for diabetes treatment is the blocking of ATP-sensitive potassium channel KATP by Glipizide leads to depolarization of beta cells, resulting in the opening of voltage-gated calcium channels which encourages insulin release (Shuman, 1983). Ion channels were also reported to be potential anti-cancer targets. Their role in proliferation, migration, and metastasis of cancer was well-explored (Litan and Langhans, 2015) and the over-expression of TRPA1 and TRPV1 channels was observed in several tumors suitable for topical administration, allowing for a safe and efficient therapy (Kiss et al., 2020).
Despite the vast opportunities, the discovery of drugs targeting ion channels faces unique obstacles. To begin with, the development of biological assays for ion channels is usually challenging, and the low expression rates further hindered the high-throughput screening. Ever since Hodgkin and Huxley firstly described the movement of ions in nerve cells of squid axons during an action potential (Hodgkin and Huxley, 1952), electrophysiology has been used to study the function of ion channels. Yet, such methods require considerable expertise and are labor-intensive and time-consuming, therefore not realistic for large-scale screening, even with the great advancement in automated patch clamp devices (Dunlop et al., 2008; Kodandaramaiah et al., 2012). Another major stumbling block is ligand selectivity because channels from the same or close families usually share great similarities in sequence and structure yet bear diverse functions. Lead compounds, especially channel blockers, often suffer from side effects due to poor selectivity (Vandenberg et al., 2017; Flood et al., 2019). As the “low-hanging fruit” is becoming rare in modern drug discovery, cases like carbamazepine, a pan-ion-channel inhibitor with broad pharmacological properties (Bagal et al., 2013), may be very rare and not welcomed nowadays, for which mechanism studies came several decades later than discovery (Schindler and Hafliger, 1954; Grant and Faulds, 1992).
Because of the aforementioned problems, the rational design of drugs is critical for the efficiency and efficacy of ion channel drug discovery. Such designs require precise structural information, which is largely missing until the rise of single-particle cryo-electron microscopy (cryo-EM) (Li et al., 2013; Liao et al., 2013). Starting from the high-resolution structures, computer-aided drug design (CADD) can be applied to perform large scale virtual screenings before the costly wet-lab experiments to greatly narrow down the size of the library to an affordable range (Lyne, 2002); molecular dynamics (MD) simulations can be performed to further model the structures and study the mechanism at atomistic details (Maffeo et al., 2012). On the other hand, recent advancement in machine learning begins to demonstrate their power in cryo-EM and drug development. Towards accelerating the ion channel drug discovery, in this review, we will provide a broad overview of the current machine-learning and simulation-based techniques in structural biology and drug design, and discuss how they can be applied to ion channel research.
COMPUTATIONAL METHODS FOR SINGLE-PARTICLE CRYO-EM
While being essential for mechanistic studies and rational drug design, molecular structures for ion channels are more difficult to purify and crystallize than soluble proteins, mainly due to the necessity and difficulty of preserving the membrane-like environment. Detergents, amphipols, and nanodiscs have been commonly used to extract membrane proteins such as ion channels, and also serve as substitutes for the local membrane to stabilize the transmembrane domains (Zampieri et al., 2021). In recent years, the single-particle cryo-EM technique has rapidly evolved as a powerful method for structure determination for various ion channels (Martin et al., 2017; Basak et al., 2019; Dang et al., 2019; Masiulis et al., 2019; Zhao et al., 2019; Wang Q. et al., 2020; Sun and MacKinnon, 2020; Lin et al., 2021; Song et al., 2021; Yu et al., 2021). Cryo-EM eliminates the need for protein crystallization and is capable of resolving multiple protein conformations within a single cryo-EM dataset (Frank and Ourmazd, 2016; Frank, 2017; Cheng, 2018; Wu and Lander, 2020). The structural resolution of cryo-EM experiments has also been improved over the years, with the highest resolution reaching ∼1.2 Å (Nakane et al., 2020; Yip et al., 2020). High-resolution cryo-EM enables its use in target identification and lead-optimization for developing drugs targeting ion channels.
A typical single-particle cryo-EM experiment includes sample purification, vitrification via plunge freezing, electron microscopy data collection, image processing, and structural model building (Figure 2) (Lyumkis, 2019; Wu and Lander, 2020). We will focus on the last two steps in this review, which rely heavily on computational techniques.
[image: Figure 2]FIGURE 2 | Singe-particle cryo-EM workflow and relevant computational methods. Traditional methods for image processing and structural model building are shown in grey and ML-based methods in blue. Electron micrographs and particle images were visualized using cryoSPARC (Punjani et al., 2017). The density map and structural model were generated using Mol* viewer (Sehnal et al., 2021).
Cryo-EM Image Analysis
The goal of cryo-EM image analysis is to reconstruct the three-dimensional (3D) structure of the target proteins represented as statistically estimated density maps. A large collection of two-dimensional (2D) projection maps are subjected to image preprocessing, particle picking, 2D image classifications, 3D classifications, and 3D reconstructions (Singer and Sigworth, 2021). Many software programs are available for building cryo-EM density maps from 2D projection maps, such as RELION (Scheres, 2012; Kimanius et al., 2021), cryoSPARC (Punjani et al., 2017), Xmipp (Sorzano et al., 2004), Warp (Tegunov and Cramer, 2019), CisTEM (Grant et al., 2018), EMAN2 (Tang et al., 2007). Although these programs are sufficient for most cryo-EM experiments, their output density maps are mostly limited to a few representative classes of particles in the projection map dataset. Recent machine-learning-based methods focus on characterizing the continuous distribution of particle distributions within a cryo-EM experiment, e.g., cryoDRGN (Zhong et al., 2020; Zhong ED. et al., 2021; Zhong E. D. et al., 2021) and e2gmm (Chen and Ludtke, 2021). CryoDRGN is a method for heterogeneous cryo-EM reconstruction based on deep neural networks. It is powerful and general for analyzing structural heterogeneity in macromolecular complexes of various sizes and degrees of heterogeneity. The cryoDRGN model consists of two neural networks structured in an image-encoder-volume-decoder architecture with a continuous latent variable representation for describing the sample heterogeneity. Although the initial version of cryoDRGN (Zhong et al., 2020) can optimize image poses together with image reconstruction/classification, for better efficiency and accuracy, the pose estimation component was dropped and pre-computed image poses estimated from an upstream homogeneous reconstruction were used (Zhong ED. et al., 2021). CryoDRGN2 combines a traditional cryo-EM image pose search algorithm with deep neural networks, which eliminates the need for pre-computed image poses (Zhong E. D. et al., 2021). Compared with the initial version of cryoDRGN, both the speed and accuracy are increased significantly in pose estimation. The e2gmm algorithm can also find the structural variability of target macromolecules captured by cryo-EM experiments. In this method, each structural domain is modeled by a 3-dimensional (3D) Gaussian function, parameterized by its center coordinates, amplitude, and width. Autoencoder-like neural network architecture is used to generate a latent vector representation of each projection image through an encoder. Then the decoder component converts each latent vector into a set of 3D Gaussian function parameters which represents a Gaussian mixture model (GMM). This GMM representation is converted back to a 2D projection image through a projection operation. In e2gmm, training was first done for the decoder only, then for the encoder and decoder together. Unlike the standard autoencoder, the input to the encoder is not the projection image, but the gradient of loss function score with respect to the GMM parameters (Chen and Ludtke, 2021). The projection orientation of each image must be given as inputs which can be refined later once the network has been trained. The conformational variability of the cryo-EM dataset can be visualized through dimension reduction of the 4D latent space based on the latent vectors from the encoder. The cryoDRGN and e2gmm algorithms are similar in terms of the use of latent vectors for characterizing the structure variability, although latent vectors are obtained differently.
Reconstructed cryo-EM density maps usually suffer from loss of contrast at high resolution due to factors such as specimen movement, radiation damage, particle flexibility/heterogeneity, and deficiencies in extracting/averaging micrograph signals in the reconstruction algorithms (Rosenthal and Henderson, 2003). Algorithms, known as sharpening, have been designed to reduce this type of contrast loss. A commonly used sharpening method is based on global B-factor correction (Rosenthal and Henderson, 2003). Other methods, such as LocScale (Jakobi et al., 2017), LocalDeblur (Ramirez-Aportela et al., 2020), and LocSpiral (Kaur et al., 2021), improved upon the previous method by considering local variations in B-factors. Instead of explicitly performing sharpening calculations, deep-learning-based methods can implicitly encode the sharpening transformation. One example is DeepSharpen (Zehni et al., 2020), which uses a Convolutional Neural Network (CNN) trained on ∼15,000 pairs of low and high-resolution synthetic cryo-EM density maps. The benefit of this approach is that sharpening on a new density map only requires inference through trained CNN parameters which can be very fast. Deep cryo-EM Map Enhancer (DeepEMhancer) is another deep-learning-based sharpening method (Sanchez-Garcia et al., 2021). It uses a 3D U-net architecture (Ronneberger et al., 2015) to learn the local sharpening effect of the LocScale algorithm by training on paired map datasets from the Electron Microscopy Data Bank (EMDB). Each map pair consists of an experimental density map and a post-processed map using LocScale. DeepSharpen and DeepEMhancer share similar deep learning designs, although their training strategies and training targets differ. More realistic and better-labeled training datasets can further improve these supervised-learning-based methods.
Cryo-EM Structural Model Building
In the final step of cryo-EM experiments, 3D atomic structural models are built based on the reconstructed 3D density maps. The goal is to search for the most probable 3D atomic structure that can best interpret the reconstructed density map. Traditionally, these atomic structural models are built semi-automatically using software like Coot (Casañal et al., 2020) and Phenix (Liebschner et al., 2019). These types of methods require the users to have extensive knowledge of the biochemical compositions of the target biological entities. More automated methods can be roughly divided into three categories. The first class of automated methods performs rigid-body fitting of initial structures into the density maps. Examples of such methods include EMfit (Rossmann et al., 2001), HermiteFit (Derevyanko and Grudinin, 2014), GTMC (Wu et al., 2003), ADP_EM (Garzón et al., 2007), and Situs-colores (Chacón and Wriggers, 2002). These methods solve the problem of placing an atomic structure model into a target cryo-EM density map as a rigid body and they differ in their specific implementation of translational/rotational search. Most of these methods are developed for low-resolution maps before the so-called “resolution revolution” during the development of cryo-EM (Crowther, 2016; Frank, 2017; Alnabati and Kihara, 2019).
As the average resolution of cryo-EM increased, the second class of automated methods emerged which allows flexible fitting of initial structures into density maps. One type of flexible fitting method combines molecular dynamics (MD) simulations and the experimental density maps to automatically fit some initial structural models into density maps. Examples of such methods include molecular dynamics flexible fitting (MDFF) and correlation-driven molecular dynamics (CDMD). In MDFF (Trabuco et al., 2008; Chan et al., 2011; Singharoy et al., 2016), an additional potential energy term derived from the density map was added to the simulation force field. The derivative of this potential generates forces that drive the initial structural model into the target density map. CDMD acts similarly (Igaev et al., 2019). Instead of directly adding a density-map-derived potential energy term, the cross-correlation coefficient (ccc) between the intermediate structures and the target density map is calculated. Forces derived from ccc drive the initial structure into the density map. Although both methods are equivalent, CDMD is more sensitive to the quality of initial structures and noises in the density maps compared to MDFF in practice. ISOLDE is a hybrid method that combines user interactions and MDFF to achieve a semi-automated structure modeling (Croll, 2018). The same hybrid modeling can also be performed using interactive MDFF (iMDFF) (McGreevy et al., 2016). NMMD is another MD-based cryo-EM structural fitting method (Vuillemot et al., 2022). Compared to CDMD and MDFF, NMMD combines normal mode analysis (NMA) and MD to perform global structural fitting with NMA and local structural fitting with MD. Other NMA-based flexible fitting methods include MDeNM-EMFit (Costa et al., 2020), NMFF (Tama et al., 2004a; b), NORMA (Suhre et al., 2006), and a coarse-grained fitting method with a modified elastic network model (Zheng, 2011). Besides MD, Monte Carlo (MC) simulations together with MD can also be used to fit structures into density maps (Topf et al., 2008).
Another approach to building cryo-EM structures is de novo modeling, which doesn’t require any initial structural models. This class of methods includes RosettaES (Frenz et al., 2017), EM-fold (Lindert et al., 2009; Lindert et al., 2012a; Lindert et al., 2012b), Gorgon (Baker et al., 2011), Pathwalking (Baker et al., 2012; Chen et al., 2016), Phenix (Terwilliger et al., 2018; Terwilliger et al., 2020), MAINMAST (Terashi and Kihara, 2018b; a), etc. (see the recent review (Alnabati and Kihara, 2019)). More recently, deep-learning-based de novo cryo-EM structural model building has been gaining much ground, such as DeepTracer (Pfab et al., 2021), CR-I-TASSER (Zhang et al., 2022), DeepMM (He and Huang, 2021), and A2-Net (Xu et al., 2019). DeepTracer (Pfab et al., 2021) uses four U-Net-based neural networks to extract structural information from the input density amp. Each network can classify each density map voxel into a certain category. The Atoms U-Net predicts four classes: C-alpha, nitrogen, carbon (non-C-alpha), and non-atom. The Backbone U-Net predicts three classes: backbone, side chain, and neither. The Secondary Structure U-Net predicts four classes: loop, helix, sheet, and none of these. The Amino Acid Type U-Net predicts 21 classes: 20 types of amino acids and non-protein density. Then, protein backbone tracing is done in three steps: identifying protein chains based on Backbone U-Net outputs, estimating C-alpha atom coordinates, and connecting C-alpha atoms into chains using a modified traveling salesman algorithm. The assignment of amino acid residue types to each C-alpha atom was done through a customized sequence alignment algorithm based on the U-Net-predicted and input protein sequences. The all-atom backbone structure is subsequently reconstructed based on information from the Atoms U-Net predictions and some assumptions on the peptide bond geometries. One of the major limitations of DeepTracer is its inability to predict the side-chain conformations, which is delegated to an external program called SCWRL4 (Krivov et al., 2009). CR-I-TASSER (cryo-EM iterative threading assembly refinement) is a hybrid method that uses information from both homology modeling and density-map-based de novo C-alpha tracing (Zhang et al., 2022). Like DeepTracer, C-alpha atom positions are predicted based on density maps using machine learning techniques, which is a deep convolutional network (3D-CNN) in this case. Then, CR-I-TASSER solves the problem of C-alpha tracing using a local meta-threading server (LOMETS). After that, the atom structure models are built using the iterative threading assembly refinement method (I-TASSER) driven by model-map correlation under deep-learning boosted template restraints. The novelty of this method is the C-alpha position prediction using 3D-CNN and the use of C-alpha locations for better template reselection in LOMETS. CR-I-TASSER shows good performance in terms of TM scores compared to other methods such as MAINMAST and MDFF. However, its accuracy is limited for low-resolution cryo-EM data, and its C-alpha tracing method is also problematic in long-loop/tail or disordered regions. Another major limitation of CR-I-TASSER is that it can only handle single-chain proteins, thus the density maps have to be manually segmented first. DeepMM takes a workflow design similar to DeepTracer (He and Huang, 2021). Based on cryo-EM density maps, it uses one Densely Connected Convolutional Network (DenseNet) to predict the main chain (backbone N, C, and C-alpha atoms) and C-alpha probabilities at each density map voxel. Using the MAINMAST method, the main-chain paths are determined based on the main-chain probability map. Then, another DenseNet is used to predict the residue identities and secondary structure types for each main chain point. Smith-Waterman dynamic programming is used to align the target sequence to the main-chain paths. Finally, all-atom structure models are based on the top-10 C-alpha models using the ctrip program (Xiang and Honig, 2001; Petrey et al., 2003) and refined by energy minimization using Amber (Case et al., 2005). Like CR-I-TASSER, DeepMM can only handle building single protein chains and segmentation tools, such as Segger (Pintilie et al., 2010) are needed to preprocess multi-chain density maps into individual chain map segments. Compared to DeepTracer, DeepMM’s main feature is the ability to build full-length protein structures from high-resolution EM maps, while DeepTracer only builds backbone segments in high-resolution map regions. All these methods only apply machine learning techniques to convert cryo-EM maps into basic protein structural models without side chains. A2-Net (Xu et al., 2019) is another de novo structure building method based on a deep Convolutional Neural Network (Srivastava et al., 2015). Like the methods mentioned above, it contains neural networks for amino acid residue identity detection. The main difference is that A2-net also contains a poseNet based on the 3D stacked hourglass network (Newell et al., 2016) for estimating the coordinates of each residue (side chain included). Then, these residues are connected to form the target protein using a Monte Carlo tree search algorithm. In the advent of accurate protein structure prediction methods such as AlphaFold2 (Jumper et al., 2021) and RoseTTAFold (Baek et al., 2021), new possibilities are brought to cryo-EM structure building. For example, ChimeraX added a new feature to allow users to start cryo-EM structure modeling from AlphaFold predictions1. Phenix also added a new workflow2 (Terwilliger et al., 2022), to iteratively refine cryo-EM structural models by integrating AlphaFold predictions using ColabFold (Mirdita et al., 2022). Recently, Yan and Shen reported that AlphaFold2-predicted structure could help model the density map regions with moderate resolutions in voltage-gated sodium channel Nav1.7 (Huang et al., 2022). With the rapid progress in the field of machine learning, more accurate and efficient de novo cryo-EM structure modeling methods are expected in the near future.
Evaluation of the Cryo-EM Structural Model Quality
Evaluation of the quality of the density-map-derived molecular structural models is yet another challenge. Global metrics (such as map-model cross-correlation coefficient and FSC curve) between the experimental density map and a simulated map converted from the structural model are often insensitive to local mis-fittings (Hryc et al., 2017). Moreover, these metrics usually do not account for densities not modeled by the atomic structural models such as lipids and detergents, and masks are usually needed to access local features (Pintilie et al., 2016). EMRinger and Z-scores are metrics defined based on how well the structure models interpret the experimental density maps. EMRinger score is based on the expectation that the map density values near the beta-carbon atoms should peak at certain angles when rotating the side-chain chi-1 dihedral angle (Barad et al., 2015). Although the EMRinger score correlates well with the protein backbone modeling quality and map density quality near the beta-carbons, it is suspectable to noise and lacks assessment of the rest of the side chains. Z-score has been proposed to quantify the density map quality at the secondary structure element level and side-chain level (Pintilie and Chiu, 2018). Its definition is based on the cross-correlation coefficients between the experimental and simulated maps of the secondary structure elements or side chains with and without some geometric displacements (Pintilie and Chiu, 2018). To make even finer-scale assessments, Q-score is established to quantify the resolvability of individual atoms in cryo-EM maps (Pintilie et al., 2020). The basic idea of the Q-score is to measure the cross-correlation coefficient between experimental density map values for individual atoms and ideal densities represented by a three-dimensional (3D) Gaussian-like function centered at each atom in the structure model (Pintilie et al., 2020). FSC-Q is another method that can also assess structure modeling quality on a per-atom basis (Ramírez-Aportela et al., 2021). FSC-Q calculates the difference between two local resolution maps calculated using the blocres program. The first local resolution map is calculated using the full density map and the simulated map based on the structure model, while the second is calculated using the half maps. Then the FSC-Q difference map can be projected onto atomic models to obtain an FSC-Q score for each atom. Alternatively, the FSC-Q map can be normalized by dividing by the local resolution map based on the half maps for better cross-comparison between experimental density maps of different resolutions.
Challenges in Cryo-EM Structure Determination for Ion Channels
Ion channels naturally reside in biological membranes which means preserving the amphiphilic local environment for the channel transmembrane domains is essential during cryo-EM sample preparation. Techniques such as nanodiscs can serve as good replacement for the membrane (Zampieri et al., 2021). However, the disordered nature of these membrane memetics also add difficulties to the cryo-EM structural analysis. In cryo-EM image analysis, algorithms such as non-uniform refinement can reduce the negative impact of the disordered detergent/lipid molecules (Punjani et al., 2020). In addition, certain ion channels, such as mechanosensitive channels, have flexible transmembrane domains and often require specific protein-lipid interactions for structural stability (Kefauver et al., 2020). Preserving their local membrane environment can be very difficult. For example, it has been reported that mechanosensitive channel YnaI’s transmembrane domain couldn’t be resolved using cryo-EM with membrane-active polymer SMA2000 except for core helices TM4 and TM5 (Catalano et al., 2021). Computational techniques such as normal model analysis and molecular dynamics can offer additional insights into these protein-lipid interactions required for the structural stability and functions of mechanosensitive channels (Jojoa-Cruz et al., 2018; Argudo et al., 2019). In addition, the application of toxins, truncation of flexible regions and mutations are often introduced in cryo-EM studies of ion channels (Jiang D. et al., 2021). Although sometimes intended by the researchers for their specific projects, these conditions have also been used to artificially stabilize ion channels to capture a certain conformation during structure determination (Rook et al., 2021). Computational techniques can reverse these effects if needed and can also be used to evaluate the impact of such conditions (Gupta and Vadde, 2021; Saikia et al., 2021).
COMPUTER-AIDED DRUG DESIGN APPROACHES TARGETING ION CHANNELS
In the glorious history of the era driven by occasions and classic synthetic chemistry, numerous ion-channel modulators were discovered. For example, the series of “-caine” analogues was inspired and chemically modified from cocaine, an alkaloid derived from plants (Plowman, 1982), including benzocaine, amylocaine, procaine, procainamide, and lignocaine (lidocaine), which showed potency as sodium channel inhibitors and were approved for medical use as anesthetics and/or antiarrhythmics (Cox, 2015). Typical cases also include the previously mentioned varenicline and carbamazepine, and maybe even ethanol and neurotoxic peptides in venoms. Ethanol was proved to be able to interact with various post-synaptic ion channel receptors (Howard et al., 2011; Murail et al., 2012; Zhang et al., 2016), while neurotoxic peptides in venoms were sometimes regarded as good starting points for modification as modulators targeting ion channels such as voltage-gated sodium, potassium, and calcium channels as well as some ligand-gated channels (Clark et al., 2010; Dutertre and Lewis, 2010; Bagal et al., 2013; Wulff et al., 2019).
In recent years, under the concept of rational drug design, considering the features of ligands, the structures of receptors, and the motions and dynamics of the system becomes more and more important. Accordingly, numerous computational methods and machine-learning algorithms have been developed (Figure 3).
[image: Figure 3]FIGURE 3 | Computational approaches in the structure modeling, mechanistic study and drug discovery of ion channels. Several subplots were collected using Hermite (https://hermite.dp.tech), Mol* viewer (Sehnal et al., 2021), PyMOL (https://github.com/schrodinger/pymol-open-source) and the Pred-hERG web-server (Braga et al., 2015).
Ligand-Based Approaches
Benefit from these data collected in the early era, ligand-based approaches could be applied to build relatively reliable models to describe the relationship between modulators and the corresponding ion channels, especially when the experimentally-resolved protein structures are absent. One of the typical cases should be the development of ligand-based models for the prediction of human ether-a-go-go related gene hERG potassium ion channel blockage, which is believed to be important in avoiding sudden cardiac death considering its relationship with drug-induced long QT syndrome. In the past few years, a considerable amount of associated data was collected (Konda et al., 2019) and numerous quantitative structure-activity relationship (QSAR) or classification models (Cavalli et al., 2002; Ekins et al., 2002; Roche et al., 2002; Keseru, 2003; Nisius and Goller, 2009; Braga et al., 2015; Siramshetty et al., 2018; Konda et al., 2019) were built for hEGR blockage prediction based on the traditional regression models such as partial least squares, machine learning algorithms including support vector machines (SVM), random forest (RF), gradient boosting machine (GBM) or neural network models. These models have been systematically discussed in the previous reviews (Aronov, 2005; Taboureau and Jorgensen, 2011; Villoutreix and Taboureau, 2015; Vandenberg et al., 2017; Menke et al., 2021).
Actually, besides hERG, the application of the mentioned models is also a common strategy in ligand-based drug design of ion channel modulators when facing abundant research data. For example, in the study of structural-activity relationships of Nav1.4 blockers, both traditional two-dimensional and advanced three-dimensional QSAR models were applied by Carrieri et al. to reveal the structural characteristics of bioactive molecules (Carrieri et al., 2009). Further design of sodium channel blockers was thus inspired. Consequently, a series of tocainide analogues were designed and one of them was verified to have a favorable pharmacodynamic profile and was proposed to be a valid Nav1.4 blocker (Muraglia et al., 2014). Based on the data collected from ChEMBL, BindingDB, and in-house databases, various machine learning-based QSAR models were built by Kristam et al. to predict blockers of the voltage-gated sodium ion channel Nav1.5, with the balanced accuracy of 0.88 (at the threshold of 1 μM) and predicted R2 of 0.71 (RMSE = 0.73 for pIC50) for the classification and regression models, respectively (Khalifa et al., 2020). Similarly, Huang and Xie et al. trained and filtered a classification model based on the data from ChEMBL and BindingDB for the discovery of Nav1.7 blockers (Kong et al., 2020). The Grammar Variational Autoencoder, the trained classification model, and simulated annealing were combined to conduct the molecular optimization and an active compound was found and identified experimentally (Kong et al., 2020). Li et al. studied the pharmacophore hypothesis of ligands that bind at the benzodiazepine site of GABAA receptors based on ligand-based pharmacophore, 3D-QSAR analysis, and Bayesian models, which might provide useful viewpoints in the discovery of GABAA modulators (Yang Y. et al., 2013). Because of the potentially limited chemical space the pore-blockers could adapt, approaches based on the three-dimensional similarity between the ligands and reference molecules that take the spatial molecular shape and electrostatic features into consideration (Cleves et al., 2019; Jiang Z. et al., 2021) are possibly another practical ligand-based method in discovering ion channel modulators. Additionally, Bahar et al. proposed a probabilistic matrix factorization (PMF) based scheme to predict unknown drug-target interactions, which focused on the phenotypic similarity of the drugs by grouping the drugs according to the corresponding therapeutic effects (Cobanoglu et al., 2013). The obtained model showed good performance when applied to large data sets of ion-channel-drug pairs (Cobanoglu et al., 2013).
Structure-Based Approaches
In terms of the structural-based approaches, recent computational and machine-learning technologies have empowered the exploration of ion channel modulators mainly in three aspects, viz., structures with higher quality, binding affinity prediction with higher accuracy, and virtual screening with higher throughput (Figure 3).
The recent rapid development of protein structure modeling, as well as structural biology, possibly enables the rational design and exploration of ion channel modulators with atomic-resolution structures. Taking again the case of hERG as an example, in the past, owing to the lack of solved hERG channel structure, structural-based exploration mainly relies on structures from homology modeling. With the modeled structure and docked model, Vaz et al. illustrated that the π-stacking formed between the blockers and Phe656 in the protein as well as that of the cation-π interaction involving Tyr652 might be the potential key elements of the pharmacophore (Pearlstein et al., 2003). Similar conclusions associated with the important character of Phe656 were also drawn by the work of Åqvist et, al., which explored the binding of potential hERG blockers using docking and molecular dynamics combined with the linear interaction energy method to evaluate the binding affinities of the potential blockers (Osterberg and Aqvist, 2005). However, numerous experimental ion channel structures have been determined with the cryo-EM technique nowadays, including the human hERG structures that were resolved in 2017 (Wang and MacKinnon, 2017), which might provide a significant cornerstone of the structure-based prediction. Beneficial from the high-resolution structures of the TRPM8 channel in various states (Yin et al., 2018; Diver et al., 2019; Yin et al., 2019), Yang et al. conducted a rational design of the TRPM8 channel and developed a modality-specific inhibitor DeC-1.2, which showed the potential as a novel analgesic against oxaliplatin-induced neuropathic pain (Aierken et al., 2021). Additionally, various protein-folding and modeling tools were also developed (Baek et al., 2021; Jumper et al., 2021), which provide an alternative way for protein structure modeling besides the classic homology modeling approach (Huang et al., 2022), and may also contribute as a start point for the construction of single-particle cryo-EM structures (Figure 3). The application of molecular dynamics may be another powerful approach to structural exploration and refinement (Hollingsworth and Dror, 2018; Carnevale et al., 2021). For example, following a multistep protocol, Noskov et al. modeled the open, closed and open-inactive states of the hERG channel to explore the molecular mechanisms behind the state-dependent binding of potential hERG blockers (Durdagi et al., 2012). The missing elements in the homology model were complemented with Rosetta, following all-atom molecular dynamics simulation to refine the obtained structure. The Poisson-Boltzmann calculations conducted based on the ligand-channel complex obtained by the Glide induced-fit docking (IFD) protocol showed a good correlation with the experimental results (Durdagi et al., 2012). Also, starting from the modeled structure, Barakat et al. performed the structural refinement of the Nav1.5 ion channel based on a long-time molecular dynamics simulation of 680 ns in the lipid membrane bilayer (Ahmed et al., 2017). The binding affinities between the reported molecules and the obtained model of the channel were evaluated with AMBER-MM/GBSA. The results demonstrated a good computational-experimental correlation (Pearson coefficient = 0.7) to distinguishing drugs that block or not block the Nav1.5 channel (Ahmed et al., 2017).
Binding affinities of the ion channel modulators are usually evaluated after the construction of reliable modulator-channel complexes. As discussed above, numerous algorithms are available in the historical explorations for binding affinity prediction, including LIE, MM/PBSA, and MM/GBSA, and showed relatively satisfactory results (Osterberg and Aqvist, 2005; Durdagi et al., 2012; Ahmed et al., 2017). Nevertheless, to derive the theoretically more accurate results, the more rigorous defined alchemical methods such as free energy perturbation (FEP) could also be applied to access the binding potency of the channel modulators (Limongelli, 2020). Based on the extensive search for the isoflurane binding sites in the proton gated Gloeobacter violaceus ligand-gated ion channel (GLIC) in their previous study (Brannigan et al., 2010), Klein and Brannigan et al. performed free energy perturbations to evaluate the binding affinities of two anesthetics against GLIC, viz., isoflurane and propofol (LeBard et al., 2012). The evaluated affinities demonstrated good correlations with the previous electrophysiology data (LeBard et al., 2012). In the work of Rempe and Ren et al., FEP was used to determine accurately the thermodynamic stabilities of ion configurations for the potassium channel of streptomyces A (KcsA), by comparing the relative free energy difference between various configurations (Jing et al., 2021). The computation results showed good agreement with evidence derived from crystal structures, ion binding experiments, and mutagenesis experiments (Jing et al., 2021). Moreover, machine learning techniques could be introduced in large-scale screening considering the large computational cost of alchemical methods. Bhat et al. showed that it is possible and acceptable to perform more than 5000 FEP calculations in one lead optimization task with the acceleration of active learning (Konze et al., 2019). System-specific scoring functions might provide another efficient way for discovering ion channel modulators. These scoring functions could be constructed either with deep learning or machine learning methods alone or combined with physical-based models (Ain et al., 2015; Wang et al., 2019; Guedes et al., 2021). Numerous studies have demonstrated that the application of target-specific scoring functions outperforms the universal scoring functions on the validation set of DUD-E, which usually covers the major druggable target classes and ion channels are also included (Ain et al., 2015; Wojcikowski et al., 2017; Wang et al., 2019; Guedes et al., 2021).
The development of ultra-high-throughput virtual screening might also be a chance to accelerate the discovery of ion channel modulators. Though various experimental techniques including ion-flux or fluorescence-based assays and electrophysiology measurements are developed for discovering ion channel modulators, however, most of the options are time-consuming and costly for high-throughput screening (Zhang et al., 2016). Under the logic that screening of larger libraries could generally lead to higher quality results (Gorgulla et al., 2020), a variety of programs and algorithms have been developed for ultra-high throughput virtual screening. Generally, the ideas for these approaches include optimization in algorithm engineering to enable high-performance computing (Alhossary et al., 2015; Hassan et al., 2017) and the usage of graphics processing units (Santos-Martins et al., 2021; Shidi et al., 2022), the development of highly-organized workflows (Gorgulla et al., 2020), the application of deep learning which trained QSAR models on docking scores of subsets of the library (Gentile et al., 2020), and the improvement in searching efficiency in a fragment-based manner with the idea partial similar with dynamic programming (Sadybekov et al., 2022). These methods have pushed the limit of virtual screening throughput to libraries with more than tens of billion compounds, and may potentially help the drug discovery of various target classes including ion channels.
COMPUTATIONAL APPROACHES FOR FUNCTIONAL ANALYSIS OF ION CHANNELS
Recent advances in structural biology such as high-resolution cryo-EM have enabled the in-depth study of the functions and mechanisms of ion channels at the molecular scale. However, protein dynamics is essential for the functions of ion channels, which is difficult to infer from static structures. Therefore, computational approaches have been widely applied to explore the dynamic responses and microscopic interactions of macromolecules (Figure 3).
Simulation of Ion Conductance
Since the first ion channel structure was published in 1998 by Doyle et al. in their study of the KcsA channel (Doyle et al., 1998), scientists have been using molecular dynamics (MD) simulations to study the interactions between ion channels and their solvent environment. In 2000, Berneche et al. simulated the KcsA K+ channel in dipalmitoylphosphatidylcholine (DPPC) phospholipid bilayer with KCl aqueous salt solution (Bernèche and Roux, 2000). Their work showed that the translocation of K+ ion along the ion conductance pathway is facilitated by the structural movements of the extracellular residues Glu 71, Asp80, Arg89, and the selectivity filter residues Val76, Gly77. The dynamics of water and K+ ions were reported in several simulation studies, where a single file of potassium with water molecules interspersed in between passes along the channel pore (Guidoni et al., 2000; Shrivastava and Sansom, 2000). The observed interactions with the fluctuating selectivity filter laid the foundation for understanding the basis for K+ selectivity over Na+. Later, Shrivastava et al. showed that K+ ions are preferentially coordinated by eight carbonyl oxygens of the filter (Shrivastava et al., 2002), which mimics the salvation shell of hydrated K+, while the smaller Na+ ion interacts with four carbonyl organs and two water molecules, which exerts larger distortion on the selectivity filter. Further simulation studies revealed that to accommodate the smaller ionic radius of Na+ and provide the expected coordination, the dynamic carbonyl groups need to adapt to a “collapsed” state, which builds up unfavorable strain energy. The local interaction mediated by the filter residues and coordinating waters provides a molecular mechanism for ion selectivity in KcsA (Noskov et al., 2004; Noskov and Roux, 2006; Bostick and Brooks, 2007; Noskov and Roux, 2007). After the initial surge of both experimental and simulation studies of the KcsA channel with the availability of its structural information, research has been continuously growing in studying the structures and ion conductance of potassium channels. Long before the crystal structure of the inward rectifier potassium channel Kir6.2 was solved, MD simulation studies had already been conducted on its homology model, which represents another field of computational applications in pursuing structure-based approaches to research (John and Sali, 2003). Capener et al. showed that the Kir6.2 channel model has a similar ion passing motion with KcsA (Capener et al., 2000).
Despite the success of these early studies, a complete permeation event was not described until Khalili-Araghi et al., who applied an electric field of 1 V across the membrane bilayer for the open state of Kv1.2 channel during 25 ns of MD simulations, and observed permeation events that are consistent with previous studies, where K+ ions pass the channel pore through the water-mediated knock-on mechanism (Khalili-Araghi et al., 2006). With increasing computation power, more detailed studies of the ion conductance mechanisms have been carried out. In 2010, Jensen et al. performed simulations on Kv1.2 with the voltage ranging between −180 and 180 mV over a total of ∼30 μs(Jensen et al., 2010). In this work, not only do they show that the rate-limiting step of K+ conductance is the formation of the knock-on intermediate, where two ions form direct contact but also revealed a then-novel gating mechanism that at reverse or zero voltage, the channel undergoes a dewetting transition into the intrinsically more stable closed state.
In addition to the direct application of electric field across the membrane, computational electrophysiology has also been used to study ion permeation. This approach uses a double membrane to separate the system into two isolated compartments, and different ion concentrations are created in each compartment to directly form an electrochemical gradient across the membrane. Köpfer et al. used this method to study the K+ conductance of the archaeal MthK channel from Methanobacterium thermoautotrophicum and the eukaryotic Kv1.2-Kv2.1 chimeric channel in the physiological voltage range (Köpfer et al., 2014). Their results suggest that direct ion-ion contacts instead of co-translocation of alternating ion and water is the key to highly efficient K+ conductance. Several subsequent studies reported this direct knock-on mechanism for different potassium channels under a variety of simulation conditions (Schewe et al., 2016; Kopec et al., 2018; Kopec et al., 2019; Lolicato et al., 2020). These studies proposed that strong electrostatic repulsion between ions is the main driving force for the fasting permeation of K+ ions, and the higher energetic penalty for complete desolvation of Na+ over K+ contributes to the ion selectivity. The two permeation mechanisms are still under debate. Both experimental and computational research has been providing various support for either of the mechanisms. It cannot be excluded that a mixture of these mechanisms exists depending on the channel and its physiological conditions.
In contrast to K+ channels, the studies of ion conductance of sodium selective channels have been hindered by relatively fewer structural information. The publication of the prokaryotic voltage-gated sodium channel NavAb from Arcobacter butzleri with an activated voltage sensor and a closed pore first provided a structural basis for investigations of the selectivity and transport of Na+ ions (Payandeh et al., 2011). A notable difference between Kv and Nav channels lies in the selectivity filter. The backbone carbonyl oxygens of the Kv channel selectivity filter loop form the cation binding sites to coordinate and pass on K+ ions. However, Nav channel selectivity filters are lined by the side chains, which contribute to the relatively wider and more diversely shaped ion pathways in Nav channels. This difference puzzled scientists as to how the wider filter provides selectivity for the ion with a smaller atomic radius and prevents K+ and Ca2+ to permeate. Corry and Thomas (Corry and Thomas, 2012) calculated the energetics of ion permeation in NavAb via MD simulations, and showed that a plane formed by four of the filter lining glutamate residues prohibits K+ to be rightly coordinated with water molecule bridging between the cation and the carboxylate groups. Similar binding geometry of partially-hydrated Na+ has also been reported in the open state sodium channel from the marine bacterium Magnetococcus sp. (NavMs) (McCusker et al., 2012), showing that the glutamate side chains form the high field strength ion binding site, which has a lower permeation barrier for Na+ over K+ (Ulmschneider et al., 2013). However, the timescale of these studies hampered the observation of concerted movement between ions and proteins. Simulations on the microsecond scale showed that the selectivity filter fluctuates in a coordinated way with ion translocation (Chakrabarti et al., 2013; Boiteux et al., 2014; Ke et al., 2014; Furini and Domene, 2018). With the ion moving across the narrowest part of the pore, the GLU side chains break the symmetric arrangement to coordinate multiple ions to facilitate the passage of the ion into the cavity (Chakrabarti et al., 2013; Boiteux et al., 2014; Guardiani et al., 2017; Callahan and Roux, 2018; Chen et al., 2021). Although simulation studies of bacterial Nav channels have provided valuable insights into the selectivity and ion conductance of Nav channels, structures of eukaryotic Nav channels were not available until 2017 (Shen et al., 2017; Yan et al., 2017; Pan et al., 2018; Shen et al., 2018; Pan et al., 2019; Shen et al., 2019; Jiang et al., 2020). Instead of the homo-tetrameric configuration of the bacterial Nav channels, the four domains of eukaryotic Nav channels are formed by a single polypeptide chain, which gives rise to an asymmetrical pore structure. Compared to the EEEE motif of the prokaryotic SF, eukaryotic SF is constituted by aspartic acid, glutamic acid, lysine, and alanine (DEKA), each from one channel domain. Simulation studies suggested that despite this striking structural difference, the asymmetrical SF functions similarly to the symmetrical prokaryotic counterpart. The ASP and GLU residues coordinate the Na+ ion, and the protonated LYS has been proposed to act as another cation in the knock-on or pass-by mechanism (Zhang J. et al., 2018; Flood et al., 2018).
Analysis of Functional States
Ion channels control the flux of ions by changing between their active and inactive states, which relies on changes between different conformations. Such transitions have proven to be difficult to capture by experimental methods, and even when structures of different states are available, the process of induction and transformation of conformational changes is still hard to explain with the static pictures, which might be important for rational drug design. As a result, computational techniques, especially MD simulations, become useful in studying different function states of ion channels.
As an example, Wen and Zheng performed extensive simulations on the wild-type closed state and the constitutively active mutant of the heat-sensitive cation channel TRPV1 at different temperatures (Wen and Zheng, 2018). They observed a range of hydrogen-bonding network rearrangement between domains in the WT simulations, which are consistent with previous mutational studies, providing a mechanistic explanation of the transition between a closed to pre-open state. Simulations of the gain-of-function mutant complete the process from pre-open to an open state. Similar propagation of movements in the S2-S3 and S4-S5 linkers were observed, suggesting that the dynamic motions in these domains are the key to the channel opening. To study the gating process, Guardiani et al. used targeted molecular dynamics to simulate the transition between closed and open states of the calcium release-activated calcium channel (CRAC) (Guardiani et al., 2021). They reported that upon binding of the activator protein STIM1, a propagation of conformation change occurs from the TM4 to TM1 helices. The extension of TM4 pulls TM3 outward, which in turn moves the lower part of TM1 backward and opens the hydrophobic region of the pore. This result is consistent with patch-clamp experiments on a series of mutants, which showed that disruption of the TM11-TM3 interactions reduces Ca2+ influx (Liu et al., 2019).
For mechanosensitive ion channel TREK-2, Aryal et al. simulated changes in membrane tension by changing the area per lipid, and thus studied the effect of lateral pressures on the conformation of the channel (Aryal et al., 2017). They observed that increase in membrane tension induced a transition from the downstate to the upstate. The expansion of the bilayer increases the cross-sectional area of the lower half of the protein, while the upper half remains unchanged to maintain the integrity of the selectivity filter. Interestingly, such membrane stretch does not induce a conformational change in the homologous non-mechanosensitive TWIK-1 channel, indicating that the membrane tension-dependent conformational change is specific to mechanosensitive K2P channels. NOMPC is also a mechanosensitive ion channel, it has, however, been shown to be activated by compression of the intracellular ankyrin repeat domain on the normal plane of the membrane instead of a stretch along the bilayer. In MD simulations, Wang et al. observed that when a pushing force is applied, the TRP domain undergoes an upward movement and clockwise rotation, which induced a rotation in the S6 helices leading to the opening of the channel (Wang et al., 2021). They validated this using patch-clamp experiments and showed that clear electrical signals could be detected when a compressing force was applied, which were abolished with the addition of a NOMPC blocker. Yet, a pulling force was not able to induce a clear NOMPC-dependent current. Another well-known mechanosensitive channel Piezo1 has also attracted a large amount of research attentions. Due to the local bilayer convex curvature imposed by the bowl-like shape of Piezo1, it has been proposed that as membrane tension increases, the protein flattens, which leads to opening of the channel (Guo and MacKinnon, 2017). Since the membrane is a crowded environment, any effects of alteration of the membrane are likely to propagate beyond a single channel. Jiang et al. used a hyperbolic tangent model to study the membrane topology and channel opening as a result of overlapping neighboring Piezo1 membrane footprints. Together with atomistic MD simulations, they found that this overlap decreased bilayer curvature, creating a tension-free opening of Piezo1 (Jiang W. et al., 2021).
Not only has computational methods showed their broad applicability in studying single protein properties, but they also have been used to investigate interactions between channels and their auxiliary proteins. Catte et al. simulated the human Kv4.3 channel in complex with one of its auxiliary β-subunits, Kv channel-interacting protein 1 (KChIP1), and detailed the structural and energetic changes of the complex upon mutations in the interfaces of the complex (Catte et al., 2019). By combining computational protein-protein docking, MD simulations, and electrophysiology, Kuenze and co-workers showed that the S1, S4, S5 helices of voltage-gated KCNQ1 potassium channel interacts with a three-amino-acid motif (F57-T58-L59) in the auxiliary protein KCNE1, which modulates the channel gating through an allosteric network with S5-S6 pore helices (Kuenze et al., 2020). With more structures of channel-auxiliary protein complexes available, such as the sodium leak channel NALCN in complex with auxiliary subunit FAM155A (Xie et al., 2020) or the AMPA-subtype ionotropic glutamate receptor with the auxiliary subunit γ2, more computational investigations can be conducted to reveal the underlying mechanistic details of such interactions (Yelshanskaya et al., 2022).
Identification of Binding Site and Allosteric Site
Identifying potential binding sites has become a key step in rational drug discovery. Computational methods for identifying protein-ligand binding sites can be roughly classified into sequence-based and structure-based methods. The main assumption for sequence-based approaches is that functionally important binding sites are highly conserved for proteins to maintain their functionalities. Therefore, these methods scan protein sequences for conserved residues as potential binding sites (Capra and Singh, 2007). However, the lack of spatial and physicochemical information in such predictions limits the ability of these methods in providing reliable binding sites. Consequently, structure-based methods have become the mainstream methods for predicting potential binding sites with the advances in obtaining reliable structures both experimentally and computationally. One of the most common approaches in this category is searching for cavities on protein surfaces. Since such methods were pioneered in the 1990s (Levitt and Banaszak, 1992; Laskowski, 1995), developments in this field have not only incorporated both structural and conservation information (Huang and Schroeder, 2006; Capra et al., 2009), but also allowed predictions regarding properties that are highly relevant to drug discovery such as binding affinities (Laurie and Jackson, 2005; Ngan et al., 2012; Liu et al., 2020) and druggability (Le Guilloux et al., 2009; Volkamer et al., 2012; Yuan et al., 2013; Hussein et al., 2015). Methods that infer binding sites from structurally similar template proteins have also been developed (Brylinski and Skolnick, 2008; Wass et al., 2010; Roy and Zhang, 2012; Yang J. et al., 2013). They take advantage of the quick accumulation of protein structures, and provide relatively reliable binding sites for proteins with templates of high structural similarities. In recent years, artificial intelligence methods have also been applied in the prediction of protein-ligand binding sites, which learned the structural or interaction patterns of the binding sites using schemes such as 3D convolutional neural networks (Jiménez et al., 2017) or grid-based approaches (Pu et al., 2019), and may provide satisfactory results when compared with traditional structure-based methods (Capra et al., 2009; Le Guilloux et al., 2009). Additionally, to consider the dynamic nature of ligand binding, MD simulations are also frequently used besides or together with static pocket detection algorithms (Schmidtke et al., 2011; Ung et al., 2016; Chen et al., 2019).
These methods have been widely applied to investigate ligand binding in ion channels. To validate their deep learning-based binding site detection algorithm BiteNet, Igor and Popov applied it to the ATP-gated cation channel P2X3 (Kozlovskii and Popov, 2020). They were able to successfully identify the binding sites for the endogenous agonist ATP and the antagonist AF-219. It is worth noting that such success depends on the protein conformational state. The difference between the agonist-bound and the antagonist-bound conformations prevents the correct prediction of the agonist binding site in the antagonist-bound conformation and vice versa. This is a common limitation of pocket prediction methods using static structures. Nguyen et al. constructed a homology model of human Nav1.5 based on electric eel Nav1.4 (Yan et al., 2017), and used molecular docking to identify binding locations of antiarrhythmic and local anesthetic drugs, lidocaine, flecainide, and ranolazine (Nguyen et al., 2019). Starting from five different initial locations, they were able to locate binding hot spots of each drug, which are consistent with regions suggested by experimental data. Further multi-microsecond MD simulations revealed detailed mechanistic insights into the dynamic passage and binding of the ligands. Faulkner et al. performed atomistic MD simulations to probe the binding sites of the opioid analgesic fentanyl on the GLIC channel (Faulkner et al., 2019). Fentanyl molecules were placed in a bulk solution to allow free exploration of potential binding sites on the protein, and binding affinities of each site were assessed by molecular mechanics Poisson−Boltzmann surface area (MM/PBSA) calculations (Miller et al., 2012). The newly identified stable binding sites in GLIC are different from previously observed sites for other general anesthetics. They also reported that the binding of fentanyl to one of these novel sites leads to conformational changes, which results in the formation of a hydrophobic gate inhibiting ion conductance through the channel.
Targeting allosteric binding sites of ion channels has aroused more and more attention in recent years considering that the emblematic pore-blocking strategy that targets the highly conserved region might suffer from poor subtype specificity (Marzian et al., 2013). The allosteric effect refers to the phenomenon that the modulation of a binding site (named as allosteric site) differed from the classic active site (referred to as the orthosteric site) resulting in the functional change of the protein. A variety of allosteric sites and the corresponding modulators have been discovered in the field of ion channels, according to that organized in the Allosteric Database (Huang et al., 2011; Huang et al., 2014). Using the comprehensive alanine-scanning mutagenesis, patch-clamp electrophysiological recordings as well as molecular docking and molecular dynamic simulation approaches, Decher et al. showed that the Kv1 inhibitor Psora-4 could bind to another less conserved site of the channel in addition to the central pore cavity, which demonstrated a new allosteric site of the Kv1.x channels and thus provided the molecular basis for the development of novel selective voltage-gated channel inhibitors (Marzian et al., 2013). Under the similar strategies, with TKDC, an inhibitor of the TREK subfamily, as the chemical probe, Yang et al. conducted a study combining molecular simulation, mutagenesis, and electrophysiology, and revealed an allosteric site of the two-pore domain potassium (K2P) channel that located in the extracellular cap of the channel (Luo et al., 2017). Accordingly, virtual screening was performed and a series of new inhibitors were identified (Luo et al., 2017). With the combination of molecular dynamics and oocyte electrophysiology studies, Lindahl et al. revealed the special motion and modulation with the modification of a transmembrane binding site within each subunit of the GLIC channel, which thus supports the multisite model of transmembrane allosteric modulation of the channel (Heusser et al., 2018). Using microseconds long atomistic MD simulations, Botello-Smith et al. identified the binding site of the allosteric agonist Yoda1 of Piezo1 (Botello-Smith et al., 2019). Their study indicated that Yoda1 binds at a site approximately 40 A aways from the channel pore, and modulates the channel activity by facilitating force-induced motions of the bound subunit. Similar research was also conducted in various ion channel systems by different groups, including the voltage-gated KCNQ1 potassium channel (Kuenze et al., 2020) and the large-conductance mechanosensitive channel MscL (Kapsalis et al., 2019).
The prediction of potential allosteric sites might also be empowered with the combination of machine learning or deep learning approaches and molecular simulation strategies. The general idea of these algorithms is to analyze the correlation between the orthogonal site and the allosteric site. The prediction could be conducted based on either a single protein structure or combined with trajectories from molecular simulation. In the former case, the correlation might be analyzed based on perturbation exerted on the orthogonal sites using a network model including an elastic network model, anisotropic network model, and graph-based model (Amor et al., 2016; Dokholyan, 2016; Zhang and Nussinov, 2019; Wang J. et al., 2020; Huang et al., 2021; Mersmann et al., 2021; Zheng, 2021; Wu et al., 2022). In the latter case, as described in the cases mentioned above, the results of the simulation-based approaches rely heavily on sampling efficiency. Recently, the reinforced dynamics scheme was reported by Zhang and Wang et al. by constructing the free energy surface with deep neural network models, which turn out to be highly efficient in sampling high-dimensional free energy landscapes (Zhang L. et al., 2018; Wang et al., 2022), and thus might provide new insights into the allosteric modulation of ion channels based on the comprehensive exploration of the protein structural dynamics. Additionally, the evolutionary-based approach could predict the allosteric communication in proteins as well by analyzing the evolutionarily conserved networks of residues (Suel et al., 2003). Case studies also showed that the evolutionary insights could contribute to the understanding of allosteric regulation of the TRP Ion channels (Hilton et al., 2019). However, an in-depth discussion of the principle of the algorithms is beyond the scope of this paper. Details of the algorithms are referred to in the previous literature (Dokholyan, 2016; Liu and Nussinov, 2016; Zhang and Nussinov, 2019).
CONCLUSION
Ion channels have long been concerned as medically important drug targets. Increasing the ligand screening throughput and ligand binding selectivity are the main challenges in the search for highly potent ion-channel modulators. As the potential key to meeting these challenges, the practice of rational drug design has long been expected.
Resolving the molecular structures of ion channels is getting easier owing to the rapid development of single-particle cryo-EM. Also, the impressive progress in protein structure prediction is bringing fundamental changes to structural biology. Although accurate predictions of multimeric structures, protein-protein interactions and multiple conformations remain challenging, we are already seeing progress in these directions such as the structural prediction of core eukaryotic protein complexes (Humphreys et al., 2021), heterodimeric protein complexes (Bryant et al., 2022) and alternative conformations for receptors and transporters (Del Alamo et al., 2022). Innovations and applications of protein folding algorithms have been accelerated through open-sourcing AlphaFold2-comparable high-performance training code3, and online tools such as ColabFold (Mirdita et al., 2022) and Uni-Fold4. It is expected that protein folding algorithms will soon be used to study ion channel conformational states and channel-modulator interactions, even for new channel discoveries. Results from the exploration in the drug discovery era driven by occasions and classic synthetic chemistry enabled reliable computational models through ligand-based approaches. More abundant and higher quality ion channel structures (obtained either experimentally or computationally), as well as accurate binding affinity predictions and ultra-high-throughput virtual screening, have pushed forward structure-based rational drug design. Besides techniques based on static protein structures, simulation and machine-learning-based methods also allow us to explore the dynamic nature of ion channels and direct the rational drug design process. Various computational studies have revealed the molecular mechanisms of channel functions and potential ligand-binding sites, especially allosteric binding sites. With help from these computational methods, we expect the implementation of a more effective drug discovery paradigm in the coming future (de Oliveira et al., 2021; Lees et al., 2021; Robertson et al., 2022).
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Mitiglinide is a highly selective fast-acting anti-diabetic drug that induces insulin secretion by inhibiting pancreatic KATP channels. However, how mitiglinide binds KATP channels remains unknown. Here, we show the cryo-EM structure of the SUR1 subunit complexed with mitiglinide. The structure reveals that mitiglinide binds inside the common insulin secretagogue-binding site of SUR1, which is surrounded by TM7, TM8, TM16, and TM17. Mitiglinide locks SUR1 in the NBD-separated inward-facing conformation. The detailed structural analysis of the mitiglinide-binding site uncovers the molecular basis of its high selectivity.
Keywords: KATP, SUR1, mitiglinide, insulin secretagogues, ABC transporter, diabetes
INTRODUCTION
More than 400 million people are living with diabetes worldwide, and type 2 diabetes (T2DM) accounts for nearly 90% of patients with diabetes (Chatterjee et al., 2017). Dysfunction of insulin secretion is one of the hallmarks of T2DM (Daryabor et al., 2020). Previous studies have established that the KATP channel plays an essential role in insulin secretion and is a drug target for diabetes (Gribble and Reimann, 2003).
The KATP channel is a hetero-octamer complex composed of four pore-forming Kir6 (kir6.1 or Kir6.2) subunits and four regulatory sulfonylureas receptor subunits (SUR1 or SUR2). KATP channels can sense intracellular ATP/ADP ratio using the inhibitory ATP binding site on Kir6 and the activating Mg–ADP binding site on SUR, coupling the metabolism status of the cell to its membrane potential (Ashcroft and Gribble, 1998). KATP channels are widely distributed in many tissues, including the brain (Ashford et al., 1988), muscles (Noma, 1983; Spruce et al., 1985), and endocrine cells (Cook and Hales, 1984), and perform important physiological functions. In pancreatic β-cells, KATP channels are mainly formed by Kir6.2 and SUR1, and play key roles in controlling insulin secretion (Ashcroft and Rorsman, 1989). When blood glucose level increases, the intracellular ATP/ADP ratio also increases accordingly, leading to the suppression of the KATP channel activity. The inhibited potassium efflux through the KATP channel induces depolarization of the β-cell membrane, resulting in the subsequent activation of voltage-gated calcium channel, calcium influx, and insulin secretion (Rorsman and Trube, 1985; Nichols, 2006). Mutations in genes encoding either Kir6.2 or SUR1 cause disorders in insulin secretion, such as congenital hyperinsulinemia and neonatal diabetes (Ashcroft, 2005). Small-molecule drugs that inhibit the pancreatic KATP channel are widely used to boost insulin secretion for the treatment of diabetes and are therefore named insulin secretagogues (ISs) (Gribble and Reimann, 2003).
Insulin secretagogues are chemically diverse small molecules, including sulphonylureas, such as glibenclamide (GBM), and glinides, such as repaglinide (RPG) and mitiglinide (MTG) (Wu et al., 2020). ISs bind to the SUR subunits to inhibit the KATP channels (Wu et al., 2020). MTG ((+)-monocalcium bis [(2S)-2-benzyl-3-(cis-hexahydro-2-isoindolinyl carbonyl)propionate]dihydrate), also named KAD-1229, is a glinide that was developed for the treatment of postprandial hyperglycemia (Pratley et al., 2001) and has been approved for the treatment of patients with T2DM in Japan (brand name, Glufast, approved in 2004). MTG has an immediate and short-lasting effect on hypoglycemic action in the postprandial glucose-load state in clinical trials (Phillippe and Wargo, 2013). In vitro experiments supported that MTG increases insulin release from a pancreatic β-cell line MIN6 cell (Mogami et al., 1994; Reimann et al., 2001). The insulin responses to chronic MTG treatment were comparable to chronic RPG or GBM treatment in MIN6 cells (Reimann et al., 2001). MTG can displace [3H]-GBM binding to HIT-15 cells with an IC50 of 13 nM (Ohnota et al., 1994), suggesting that they might share an overlapped binding site. Notably, MTG is highly selective toward SUR1 over SUR2 (Reimann et al., 2001; Sunaga et al., 2001), and GBM is moderately selective, while RPG is non-selective (Quast et al., 2004). Recent structural studies have uncovered the binding modes of GBM and RPG (Wu et al., 2020), but the exact binding mode of MTG on SUR1 remains unknown. Here, we present the cryo-EM structure of the SUR1 subunit complexed with MTG, allowing the direct visualization of how MTG binds SUR1.
METHODS
Cell Lines
FreeStyle 293-F (Thermo Fisher Scientific) suspension cells were cultured in SMM 293-TI (Sino Biological Inc.) supplemented with 1% fetal bovine serum (FBS) at 37°C, with 6% CO2 and 70% humidity. Sf9 insect (Thermo Fisher Scientific) suspension cells were cultured in Sf-900 III SFM medium (Thermo Fisher Scientific) at 27°C.
Construct of NGFP_linker_SUR1core
We made a truncated Mesocricetus auratus SUR1 construct maSUR1core (from 208 to C terminal) based on the previous work by Ding et al. (2019). We added an N-terminal GFP and MBP tag, a PreScission protease cleavage site, KNtp of mmKir6.2 (Ding et al., 2019), and a GS-rich linker before SUR1core. The construct was made in a modified BacMam vector (Li et al., 2017).
Electrophysiology
Wild-type SUR1 or its mutants together with CGFP-tagged Kir6.2 were transfected into FreeStyle 293F suspension cells using polyethyleneimine at the cell density of 1.0×106 cells/ml. Cells were cultured in FreeStyle expression medium supplemented with 1% FBS for 24 h and then seeded into 12-mm dishes for adhesion before recording. Macroscopic currents were recorded in the inside-out mode at +60 mV by Axon-patch 200B amplifier (Axon Instruments, United States). Patch electrodes were pulled by a horizontal microelectrode puller (P-1000, Sutter Instrument Co., United States) to 2.0–3.0 MΩ resistance. Both pipette and bath solution was based on KINT buffer, containing (mM): 140 KCl, 1 EGTA, and 10 HEPES (pH, 7.4, KOH). For mitiglinide (Targetmol) and RPG (Abcam) inhibition, both the stock solutions (10 mM mitiglinide and 100 mM RPG) were dissolved in DMSO, stored at −20°C, and diluted into KINT buffer to the final concentrations before recording. ATP (Sigma) and ADP (Sigma) stocks were prepared on ice, and stored at −20°C. ATP and ADP were dissolved in water and adjusted to pH = 7 by KOH (Sigma). The nucleotide concentration was determined by its extinction coefficient and absorption at A259 nm. Signals were acquired at 5 kHz and low-pass filtered at 1 kHz. Data were further analyzed by pclampfit 10.0 software.
Protein Expression and Purification
SUR1core was expressed as described previously (Ding et al., 2019), and the purification process was carried out with minor modifications. For protein purification, membrane pellets were homogenized in TBS (20 mM Tris–HCl; pH, 7.5; 150 mM NaCl) and solubilized in TBS with 1% GDN (Anatrace), supplemented with protease inhibitors (1 mg/ml leupeptin, 1 mg/ml pepstatin, 1 mg/ml aprotinin, and 1 mM PMSF), 1 mM EDTA, and 1 mM EGTA for 30 min at 4°C. Unsolubilized materials were discarded after centrifugation at 100,000 g for 30 min and the supernatant was loaded onto a 5-ml StrepTactin 4FF (Smart Lifesciences) packed column. The Strep column was washed with TBS buffer supplemented with 0.01% GDN, protease inhibitors (1 mg/ml leupeptin, 1 mg/ml pepstatin, and 1 mg/ml aprotinin), 1 mM EDTA, and 1 mM EGTA. Then the column was washed using TBS supplemented with 0.01% GDN, 3mM MgCl2, and 1 mM ATP. The last washing step buffer was TBS supplemented with 0.01% GDN. The SUR1core was eluted with TBS (50 mM Tris–HCl; pH, 7.5; 150 mM NaCl) supplemented with 0.006% GDN and 5 mM desthiobiotin. The eluate was concentrated and supplemented with PreScission protease overnight. The next day, SUR1core was further purified using Superose 6 increase (GE Healthcare) column running with TBS supplemented with 0.006% GDN. Peak fractions were collected and concentrated to A280 = 10 (50 μM). The purified protein was used for cryo-EM sample preparation.
Cryo-EM Sample Preparation
100 µM mitiglinide was added to the sample and incubated for 20 min before centrifugation at 40,000 rpm for 30 min using a TLA55 rotor (Beckman). Cryo-EM grids were prepared with Vitrobot Mark IV (FEI) and GIG R0.6/1 holey carbon grids, which were glow discharged for 120 s using air before adding the protein sample. A 2.5-µl sample was applied to the glow-discharged grid, and then the grid was blotted at blotting force at level 2 for 2 s at 100% humidity and 10°C, before it was plunge frozen in liquid ethane.
Cryo-EM Data Acquisition
Cryo-grids were screened on a Talos Arctica microscope (Thermo Fisher Scientific) operated at 200 kV. Grids of good quality were further loaded onto a Titan Krios microscope (Thermo Fisher Scientific) operated at 300 kV for data collection. Images were collected using a K2 camera (Gatan) mounted post a Quantum energy filter with a 20-eV slit and operated under super-resolution mode with a pixel size of 1.045 Å at the object plane, controlled by software Serial EM. Defocus values were set from −1.5 to −1.8 μm for data collection. The dose rate on the detector was 8.078 e− pixel−1 s−1, and the total exposure was 54.3 e−A−2. Each 6.72 s movie was dose-fractioned into 32 frames.
Image Processing
A total of 1,181 movies were collected and the movies were exposure filtered, gain corrected, motion corrected, mag-distortion corrected, and binned with MotionCor2 (Zheng et al., 2017), producing dose-weighted and summed micrographs. CTF models of dose-weighted micrographs were determined using Gctf (Zhang, 2016). Gautomatch (developed by Kai Zhang, MRC-LMB) was used for auto-picking. Data processing was initially performed using Relion_3.0 (Zivanov et al., 2018). Particles were extracted from dose-weighted micrographs. After 2D classification (379K particles) and 3D classification with C1 symmetry, 130K particles with good transmembrane domain (TMD) densities were re-extracted and re-centered. In this stage, the mitiglinide density can be observed. The remaining particles were subjected to focused 3D classification with a TMD mask to select around 20K particles (seed particles) with good mitiglinide density. Then the 379K particles were subjected to seed-facilitated 3D classification (Wang et al., 2021) to produce 130K particles in CryoSPARC2 (Punjani et al., 2017). These particles were subjected to non-uniform refinement, CTF refinement, and local non-uniform refinement in cryoSPARC2 to generate a high-resolution map.
Model Building
SUR1 ABC transporter domain in the previously reported KATP model (PDB ID: 6BJ1) was docked into the density map using UCSF Chimera (Pettersen et al., 2004). The model was manually rebuilt in Coot (Emsley et al., 2010) and refined against the density map using Phenix (Afonine et al., 2018). Figures were prepared using Pymol and UCSF Chimera X (Pettersen et al., 2020).
Quantification and Statistical Analysis
Global resolution estimations of cryo-EM density maps are based on the 0.143 Fourier Shell Correlation criterion (Rosenthal and Henderson, 2003). Electrophysiological data reported were analyzed with pClampfit 10.0 software. The number of biological replicates (N) and the relevant statistical parameters for each experiment (such as a mean or standard error) are described in figure legends. No statistical methods were used to pre-determine sample sizes.
RESULTS
Structure Determination of SUR1core in Complex With Mitiglinide
Previous cryo-EM studies on KATP channels in complex with GBM (Martin et al., 2017; Wu et al., 2018) or RPG (Ding et al., 2019) have established that the ABC transporter region of the SUR subunit harbors the IS-binding site. Therefore, we used a truncated construct (SUR1core) that encompasses 208-1582 of SUR1, including TMD1, NBD1, TMD2, and NBD2 (Figure 1A and Supplementary Figure S1), for subsequent structure determination. Purified SUR1core protein was supplemented with ATP and MTG for cryo-EM sample preparation and data collection. Image processing yielded a reconstruction with an overall resolution of 3.27 Å (Figure 1B,C and Supplementary Figure S1,S2). High-quality local map allows the unambiguous identification of the MTG molecule (Figure 1D–G).
[image: Figure 1]FIGURE 1 | Structure of SUR1 complexed with MTG. (A) Topology of SUR1 subunits. TMD, transmembrane domain; NBD, nucleotide-binding domain. Transmembrane helices are shown as cylinders. TMD0 fragment, TMD1-NBD1, and TMD2-NBD2 are shown in gray, pink, and blue, respectively. (B) Side view of the cryo-EM density of the SUR1core. ATP and MTG are shown in red and green, respectively. (C) Bottom view of the cryo-EM density of the SUR1core. (D) Densities of MTG and its surrounding amino acids. (E–G) MTG densities viewed from different angles.
The Binding Mode of Mitiglinide
In the presence of ATP and MTG, SUR1core shows an inward-facing conformation with its central vestibule widely open to the cytosol (Figure 1B,C). ATP binds to the NBD1 and MTG binds inside a pocket in the central vestibule of SUR1 (Figure 1B–D). The MTG-binding pocket is formed by residues on TM7 and TM8 of TMD1 and TM16 and TM17 of TMD2 (Figure 2A,B). The interactions between MTG and SUR1 involve both polar interactions and hydrophobic interactions (Figure 2A,B). The central negatively charged carboxyl group of MTG makes electrostatic interactions with positively charged R1246 on TM16 and R1300 on TM17 (Figure 2A,B). The benzene ring of MTG stacks with the phenyl group of F433 (Figure 2A,B). The bulky hexahydro-2-isoindoline group binds in a hydrophobic pocket surrounded by L1241 and T1242 of TMD2 and I381, I385, F433, and W430 of TMD1 (Figure 2A,B). To understand the role of R1246 and R1300 on the inhibitory function of MTG, we mutated them into alanines individually. We found that both R1246A and R1300A mutations significantly decreased the inhibitory effect of MTG (Figure 2Dand Supplementary Figure S3), emphasizing their importance on MTG binding and inhibition.
[image: Figure 2]FIGURE 2 | The MTG-binding pocket in SUR1. (A,B) Close-up views of the MTG-binding site. TMD1, TMD2, and MTG are shown in pink, blue, and green, respectively. (C) Cartoon representation of the interaction between MTG and SUR1. (D) Wild-type and mutated KATP channels inhibition by 10 μM MTG. Data are shown as mean ± SD and n = 3 independent patches. p was calculated by unpaired two-tailed t-test and indicated above.
Mitiglinide Binds the A-Site of SUR1
Accumulated studies on the structure–activity relationship of IS indicate that there are two overlapping binding sites for IS on SUR, the A-site and the B-site (Yan et al., 2006) (Figure 3A). GBM binds in both A- and B-sites (Wu et al., 2018), while RPG binds in the B-site (Ding et al., 2019; Martin et al., 2019). Our structure shows that MTG mainly binds in the A-site (Figure 3A,B). MTG-interacting residues are almost identical between SUR1 and SUR2, except that T1242 is replaced by a serine in SUR2 and S1238 is replaced by tyrosine in SUR2 (Figure 3C). Notably, S1238 is near the A-site (Figure 2A,B), and previous studies found that S1238 is the key determinant for the selectivity of certain IS, such as glibenclamide, tolbutamide, and nateglinide (Ashfield et al., 1999; Hansen et al., 2002). In agreement with this, the hexahydro-2-isoindoline group of MTG is near the S1238, and the replacement of S1238 with a tyrosine would generate sterical clashes with MTG (Figure 3D,E), abolishing its binding.
[image: Figure 3]FIGURE 3 | MTG binds in the A-site of SUR1. (A) Chemical structures of MTG (A-site ligand), RPG (B-site ligand), and GBM (A + B site ligand). The “SUR Isotype Selectivity Determinative Moiety” (SISDM) is boxed in red. (B) Structural superposition of MTG, RPG (PDB ID: 6BJ3), and GBM (PDB ID: 6BAA) in their binding pocket. Insulin secretagogues are shown as sticks. The electrostatic surface of SUR1 is calculated with Pymol. (C) Sequence alignment of MTG binding pocket between Mesocricetus auratus SUR1 (maSUR1) and Rattus norvegicus (rnSUR2). The identical and different MTG-interacting residues are highlighted by black and red asterisks above. (D) The relative position of MTG (green) and S1238 side chain (cyan). (E) The mutation of S1238 to Tyr (cyan) would generate sterical clashes with MTG (green). Clashes with inter-atom distance smaller than 2.2 Å non-bond distance are circled in red.
DISCUSSION
The structures of SUR1 in complex with IS are now available for RPG, GBM, and MTG. Among them, MTG has the highest selectivity toward SUR1 over SUR2 (Quast et al., 2004). Notably, SUR isotype-selectivity is highly clinically relevant because SUR1-containing KATP channels are mainly distributed in pancreatic endocrine cells, while SUR2-containing KATP channels have broad distribution in cardiac muscles and vascular smooth muscles, participating in several key physiological processes in the cardiovascular system, such as the preservation of cardio-protection under ischemic conditions. Moreover, patients with diabetes often have cardiovascular diseases, such as coronary heart disease. Therefore, it is important to consider the off-target side effect of IS treatment for diabetes. The high selectivity of MTG (1,000×) might mitigate the underlying side effects of inhibiting SUR2-containing KATP channels. In agreement with this theory, it was reported that MTG could preserve the cardio-protective effect of ischemic preconditioning while GBM could not (Ogawa et al., 2007), emphasizing the potential benefit of using highly selective IS for diabetes. In addition, the high selectivity of MTG is also explored to design 18F-labeled positron emission tomography tracers for the measurement of β-cell mass in vivo during the progression of diabetes, aiming to better understand the pathogenesis, to facilitate early diagnosis, and to develop novel therapeutics for diabetes (Kimura et al., 2014). Despite the early observation of high selectivity of MTG, how this is achieved was not well understood previously. Our current structure of SUR1 complexed with MTG shows that the hexahydro-2-isoindoline group is close to S1238, the key residue that is different between SUR1 and SUR2. Therefore, we designate this large hexahydro-2-isoindoline as the “SUR Isotype Selectivity Determinative Moiety” (SISDM). Furthermore, structural comparisons among RPG, GBM, and MTG reveal that the size of SISDM correlates well with their selectivity: larger SISDM confers better SUR-isotype selectivity. Therefore, our structure provides mechanistic insight into the high selectivity of MTG and paves the way for further development of next-generation IS with high selectivity.
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The bacterial sodium channel NaChBac is the prokaryotic prototype for the eukaryotic NaV and CaV channels, which could be used as a relatively simple model to study their structure–function relationships. However, few modulators of NaChBac have been reported thus far, and the pharmacology of NaChBac remains to be investigated. In the present study, we show that the spider toxin κ-LhTx-1, an antagonist of the KV4 family potassium channels, potently inhibits NaChBac with an IC50 of 491.0 ± 61.7 nM. Kinetics analysis revealed that κ-LhTx-1 inhibits NaChBac by impeding the voltage-sensor activation. Site-directed mutagenesis confirmed that phenylalanine-103 (F103) in the S3–S4 extracellular loop of NaChBac was critical for interacting with κ-LhTx-1. Molecular docking predicts the binding interface between κ-LhTx-1 and NaChBac and highlights a dominant hydrophobic interaction between W27 in κ-LhTx-1 and F103 in NaChBac that stabilizes the interface. In contrast, κ-LhTx-1 showed weak activity on the mammalian NaV channels, with 10 µM toxin slightly inhibiting the peak currents of NaV1.2–1.9 subtypes. Taken together, our study shows that κ-LhTx-1 inhibits the bacterial sodium channel, NaChBac, using a voltage-sensor trapping mechanism similar to mammalian NaV site 4 toxins. κ-LhTx-1 could be used as a ligand to study the toxin–channel interactions in the native membrane environments, given that the NaChBac structure was successfully resolved in a nanodisc.
Keywords: NaChBac, spider toxin, molecular mechanism, voltage sensor trapping, molecular docking, antagonist
INTRODUCTION
The mammalian voltage-gated sodium (NaV) channels are the molecular determinants of action potential generation and propagation in excitable cells (Hodgkin and Huxley, 1990; Hille, 2001). To date, nine NaV channel genes have been identified. NaV1.4 and NaV1.5 are expressed mainly in the skeletal muscle and myocardial muscle cells, respectively. NaV1.1-NaV1.3 and NaV1.6-NaV1.9 are the dominant subtypes in neurons (Goldin, 1999; Catterall et al., 2005; de Lera Ruiz and Kraus, 2015). Their dysfunction causes hyper- or hypo-excitability of the cell types they are expressed in. The altered excitability leads to myotonia (NaV1.4), arrhythmia (NaV1.5), epilepsy (NaV1.1-1.3, NaV1.6), and pain (NaV1.7-1.9) (Andavan and Lemmens-Gruber, 2011; Huang et al., 2017). Therefore, pharmacological modulators regulating the activity of NaV channels are valuable drug candidates for treating these diseases (Bagal et al., 2015; Wulff et al., 2019). Topologically, the pore-forming NaV alpha subunit contains 24 transmembrane segments, which could be divided into four homologous domains (DI-DIV). The S1–S4 segments from each domain construct the voltage sensor module (VSM), and the S5–S6 segments make the pore module (PM). The four PMs in DI-DIV form the central Na+ conducting pathway, with the four VSMs surrounding the pore (Pan et al., 2018; Pan et al., 2019; Shen et al., 2019; Jiang et al., 2020; Pan et al., 2021). Driven by membrane depolarization, the S4 segments, which carry an array of positively charged arginine/lysine residues move outwardly, the local conformation changes were then transmitted into the central pore, resulting in pore opening (de Lera Ruiz and Kraus, 2015). The tremendous progress in cryo-EM structural studies of mammalian NaV channels has enhanced our understanding of their structure–function relationships (Pan et al., 2018; Pan et al., 2019; Shen et al., 2019; Jiang et al., 2020; Pan et al., 2021; Wisedchaisri et al., 2021).
The prokaryotic NaV channels, counterparts of the mammalian ones in prokaryotes, were proposed as evolutionary ancestors of mammalian NaV and CaV channels (Charalambous and Wallace, 2011). These channels share the key features of mammalian NaV channels, such as voltage-gating and Na+ selectivity. They are involved in specialized functions in prokaryotic organisms, such as motility and chemotaxis (Ren et al., 2001; Ito et al., 2004; Koishi et al., 2004). Structurally, it is assembled by four identical subunits, each of which contains six transmembrane segments, which resembles a single domain of the mammalian NaV channel (Scheuer, 2014). Several prokaryotic NaV channels have been identified, including NaChBac from Bacillus halodurans, NaVPZ from Paracoccus zeaxanthinifaciens, NaVSP from Silicibacter pomeroyi, and NsVBa from Bacillus alcalophilus (Ren et al., 2001; Koishi et al., 2004; DeCaen et al., 2014). In light of the simplified topological structure and efficient heterologous expression of prokaryotic NaV channels, they serve as ideal models for studying the structure–function relationships of mammalian NaV and CaV channels. For example, investigating the structures of the prokaryotic NaVAb channel in both the resting and activated states uncovered the likely conserved voltage sensing and gating mechanism in mammalian and prokaryotic NaV channels (Wisedchaisri et al., 2019; Catterall et al., 2020). NaChBac is the first prokaryotic NaV channel identified from Bacillus halodurans (Ren et al., 2001). Recently, the structure of a chimeric NaChBac channel containing the domain II S3-S4 loop of NaV1.7 channel and complexed to the spider toxin HWTx-IV was resolved at high-resolution in a nanodisc. This structure shed light on understanding the toxin–channel interactions in a natural membrane environment (Gao et al., 2020).
Compared to the mammalian NaV channels, relatively few peptide antagonists have been documented for bacterial NaV channels. Most of these toxins act on both the mammalian and bacterial NaV channels. They are either pore-blockers or gating-modifiers based on their mechanisms of action. The mammalian NaV site 1 modulator, μ-Conotoxin PIIIA, was characterized as a pore-blocker of NaChBac and was suggested to directly occlude the conducting pathway with the side chain of Arg14 (Finol-Urdaneta et al., 2019). We previously purified two potent gating-modifier toxins, JZTx-27 and JZTx-14, from the venom of spider Chilobrachys jingzhao. These toxins interact with the S3–S4 loop region of NaChBac and inhibit the channel activity by impeding voltage-sensor activation (Tang et al., 2017; Zhang et al., 2018). A recent study testing the activity of several known peptide modulators of mammalian NaV channels showed that the site 4 toxins GsAF-I, GrTx1, and GsAF-II also effectively inhibit NaChBac currents, possibly by affecting the voltage-dependent gating of the channel (Zhu et al., 2020). Interestingly, the site 3-toxin BDS-I has opposite effects on the bacterial and mammalian NaV channels. BDS-I inhibits NaChBac and activates the human NaV1.7 (Zhu et al., 2020). The mechanism of action of these gating-modifier toxins, with the exception of JZTx-27 and JZTx-14, has not been defined to the best of our knowledge. Identifying novel peptide modulators of NaChBac and elucidating their mechanism of action will enhance our understanding of the pharmacology of NaChBac. Such studies will also identify and characterize useful ligands for defining toxin–channel interactions in the native membrane environment with established structural biology approaches (Gao et al., 2020).
In the present study, we identified the spider toxin κ-LhTx-1, which was previously reported as an antagonist of the KV4 family voltage-gated potassium channel channels (Xiao et al., 2021), as a novel antagonist of the NaChBac channel. Compared with the other known NaChBac peptide inhibitors, κ-LhTx-1 selectively inhibited NaChBac but greatly spared the mammalian NaV channels. Kinetics analysis demonstrated that κ-LhTx-1 inhibits NaChBac by preventing voltage-sensor activation. Site-directed mutagenesis showed that phenylalanine-F103 (F103) in the S3–S4 extracellular loop of NaChBac was crucial for interacting with κ-LhTx-1. Molecular docking revealed that κ-LhTx-1 bound to NaChBac mainly by the hydrophobic interaction, with W27 in toxin being registered with F103 in the channel. This study describes κ-LhTx-1, a new peptide modulator of NaChBac. This peptide could be used as a tool for characterizing toxin–channel interactions in a native membrane environment using established structural biology methods.
MATERIALS AND METHODS
Toxin
Chemical synthesis and refolding of the linear κ-LhTx-1 was conducted as previously described (Xiao et al., 2021). The purity of synthesized toxins was determined to be >98% by analytic HPLC and MALDI-TOF MS analysis.
Constructs and site-directed mutations
The cDNA of mammalian NaV1.2-1.8 channels was kindly gifted from Professor Theodore R. Cummins (Stark Neurosciences Research Institute, Indiana University School of Medicine, Indianapolis, IN, United States) and subcloned in the pCDNA3.1 or pCMV-blank vectors. The cDNA of NaV1.9 was obtained by gene synthesis and cloned into the pEGFP-N1 vector as previously reported (Zhou et al., 2017). The NaChBac and NaVPZ expression plasmids were kind gifts from Professor David E. Clapham (Janelia Research Campus, Howard Hughes Medical Institute, Ashburn, VA, United States). NaChBac mutants were made by site-directed mutations. Briefly, the NaChBac plasmid was amplified using a pair of oppositely directed primers harboring the designed mutation site with KOD Fx (TOYOBO Co., Ltd., Osaka, Japan), and the PCR products were treated with FastDigest DpnI (ThermoFisher, Waltham, MA, United States) to remove the methylated template. 10 µl digested product was used to transform 100 µl E. coli DH5α competent cells. Transformants were randomly picked for DNA sequencing to obtain the correct mutants.
Cell culture and transient transfection
HEK293T and ND7/23 cells were cultured in a DMEM medium, and CHO-K1 in a DMEM-F12 medium, supplemented with 10% FBS and 1% PS (all from Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, United States), in standard cell culture conditions (37°C, 5% CO2, saturated humidity). The NaV expression plasmid was co-transfected with pEGFP-N1 plasmid into HEK293T (NaChBac and its mutants, NaVPZ and NaVPZ/P92F, and NaV1.2–1.7 channels) or ND7/23 (NaV1.8 channel) cells using Lipofectamine 2000 following manufacturer’s instructions (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, United States). NaV1.9-GFP plasmid was transfected into ND7/23 using the X-treme GENE HP DNA Transfection Reagent (Roche, Basel, Switzerland). After 4–6 h transfection, the cells were then seeded onto poly-lysine-coated coverslips. Note that the NaV1.9 transfected ND7/23 cells were maintained at 28°C for additional 20 h to promote the functional expression of the channel after the initial culture at 37°C for 24 h.
Electrophysiology
Whole-cell patch clamp recordings were performed using a MultiClamp 700B amplifier equipped with the Axon Digidata 1550 AD/DA digitizer (Molecular devices, San Jose, CA, United States) at room temperature. The EGFP fluorescence was used to identify the positively transfected cells. The bath solution for sodium currents recording contains (in mM): 140 NaCl, 5 KCl, 1 MgCl2, 2 CaCl2, 10 Glucose, and 10 HEPES; adjust pH to 7.3 with NaOH. The corresponding pipette solution contains (in mM): 140 CsF, 1 EGTA, 10 NaCl, and 10 HEPES; adjust pH to 7.2 with CsOH. All the chemicals were obtained from Sigma-Aldrich (Sigma-Aldrich, Saint Louis, MO, United States). For NaV1.8 and NaV1.9 currents recording, 1 μM TTX was added to the bath solution to eliminate the contamination of endogenous TTX-sensitive NaV currents in ND7/23 cells. The recording pipettes were made from glass capillaries using a PC-10 puller (NARISHIGE, Tokyo, Japan), and the pipette resistance was adjusted to be between 2 and 3 MΩ after filling with the pipette solution. Whole-cell configuration was established following a standard program. The fast and slow capacitance was sequentially canceled using a computer-controlled circuit of the amplifier. Moreover, series resistance was compensated by 80% to reduce the voltage error, and the cells with series resistance larger than 10 MΩ after break-in were discarded. The steady-state activation curve of NaChBac channels was obtained by calculating the conductance (G) at each depolarizing voltage (V) using the equation: G = I/(V–Vrev), and plotting G/Gmax as a function of V, where I, Gmax, and Vrev represent the current amplitude, the maximum conductance, and the reversal potential of the channel, respectively.The G–V curve was fitted using the Boltzmann equation: y = 1/{1+exp[(Va–V)/Ka]}, in which Va, V, and Ka represent the half maximum activation voltage, test voltage and slope factor, respectively. The steady-state inactivation curve of NaChBac channels was measured using a classical two-pulse protocol: cell was held at −120 mV, and a series of 1 s pre-pulses (−120 to 0 mV, in 10 mV increment) were applied to induce the channel inactivation, followed by a −20 mV/500 ms test pulse to assess the availability of non-inactivated channels (sweep interval was set to 10 s). Currents at the test pulse (I) were normalized to the maximum one (Imax) and plotted as a function of the conditional voltage (V), the curve was fitted by the Boltzmann equation: I/Imax = A + (1−A)/{1 + exp[(V−Vh)/Kh]}, where Vh is the half-maximum inactivation voltage, A represents the minimum channel availability, and Kh is the slope factor. The binding and unbinding kinetics of κ-LhTx-1 with NaChBac were measured by monitoring the time-dependent current rundown after toxin application and recovery upon bath solution perfusion. The association time constant (τon) was calculated by fitting the decay phase with the one exponential decay equation: y = ysteady+ae−x/τ; and the dissociation time constant (τoff) was calculated by fitting the recovery phase with one exponential rising equation: y = y(0)+a(1−e−x/τ). The concentration-response curves were fitted using the following Hill logistic equation: y = fmax−(fmax−fmin)/(1+([Tx]/IC50)n), where fmax and fmin represent the maximum and minimum response of the channel to toxin, [Tx] represents the toxin concentration, IC50 represents the half maximum inhibition concentration, and n is an empirical Hill coefficient, respectively. Data were acquired using Clampex 10.5 (Molecular devices, San Jose, CA, United States).
Molecular docking
The structure of κ-LhTx-1 was predicted by C-I-TASSER by using a contact-guided iterative threading assembly refinement (Zheng et al., 2021). The resting-state conformation model of NaChBac channel was generated by modifying the partially activated conformation NaChBac structure (PDB ID: 6VWX) according to the resting-state NaVAb/NaV1.7-VS2A chimeric channel structure (PDB ID: 7K48) (Wisedchaisri et al., 2021). The binding mode between NaChBac and κ-LhTx-1 was simulated by ZDOCK (ZDOCK 3.0.2) (Mintseris et al., 2007; Pierce et al., 2014). The residues which buried into the membrane were blocked in protein-peptide docking. F103 was selected as the binding site residue according to the results of the patch clamp assay.
Data analysis
Data were presented as the MEAN ± SEM, where n represents the number of separate experimental cells. Data were analyzed by using the software Clampfit 10.5 (Axon Instruments, Irvine, CA, United States), Graphpad Prism 5.01 (GraphPad Software, La Jolla, CA, United States), and Excel 2010 (Microsoft Corporation, Redmond, WA, United States). Statistical difference was assessed using the unpaired t-test, and the significant difference was accepted at p < 0.05.
RESULTS
κ-LhTx-1 is a novel NaChBac antagonist
We screened RP-HPLC fractions of the venom of spider Pandercetes sp (the lichen huntsman spider) for potential modulators of NaChBac. We identified κ-LhTx-1, an antagonist of KV4 family potassium channels, as a potent inhibitor of NaChBac (Figure 1B) (Xiao et al., 2021). The amino acid sequence of κ-LhTx-1 shows relatively low homology to the other known NaChBac peptide inhibitors, including GrTx1 (45%), GsAF-I (42%), JZTx-27 (29%), and JZTx-14 (20%). However, they all share a conserved cysteine framework, which is predicted to fold as an ICK motif (Figure 1A) (Pallaghy et al., 1994). Due to the low abundance of κ-LhTx-1 in the venom, we used the synthetic toxin, which was shown to be correctly refolded as the native one (Xiao et al., 2021), for further experiments. κ-LhTx-1 dose-dependently inhibited the peak current of NaChBac with an IC50 of 491.0 ± 61.7 nM at −20 mV (Figures 1B,D). Interestingly, κ-LhTx-1 did not modulate another bacterial sodium channel, NaVPZ, even at 10 μM (Figure 1C). Toxin-binding kinetics assays showed that κ-LhTx-1 rapidly inhibited NaChBac currents, with a time constant of 2.0 ± 0.2 s for toxin association. Dissociation of κ-LhTx-1 from NaChBac was slow with a time constant of 34.1 ± 2.5 s (Figure 1E).
[image: Figure 1]FIGURE 1 | Characterization of κ-LhTx-1 as a novel NaChBac antagonist. (A) Sequence alignment of κ-LhTx-1 with other known NaChBac peptide antagonists. (B) Representative traces showing κ-LhTx -1 dose-dependently inhibited NaChBac currents elicited by depolarization to −20 mV from the holding potential of −100 mV (n = 5). (C) Representative traces showing that NaVPZ currents were not affected by 10 μM κ-LhTx-1 treatment (n = 4). (D) Dose-response curve of κ-LhTx-1 inhibiting NaChBac at −20 mV, and the IC50 value was determined as 491.0 ± 61.7 nM (n = 5). (E) Time course of NaChBac current inhibition by 2.5 μM κ-LhTx-1 and subsequent washing off with bath solution. The association time constant (τon) and the dissociation time constant (τoff) were determined as 2.0 ± 0.2 s and 34.1 ± 2.5 s, respectively (n = 5).
Effects of κ-LhTx-1 on the gating kinetics of NaChBac
The peptide toxins inhibit NaV channels possibly by physically occluding the ion conducting pathway or by impeding the voltage-dependent activation of the voltage sensor, which could be assessed by comparing the channels’ gating kinetics before and after toxin treatment. We first tested the effect of κ-LhTx-1 on the current–voltage (I-V) relationships of NaChBac. Figure 2A shows the representative current traces of the same cell before and after 1 μM κ-LhTx-1 treatment, demonstrating that the inward currents were partially inhibited, while the outward currents were unaffected. This result was further validated by the I–V curves shown in Figure 2B. Between the depolarization voltages of −50 mV and +30 mV, NaChBac currents were differently inhibited by 1 μM κ-LhTx-1, whereas the inhibition was absent at depolarizing voltages higher than +40 mV. These data suggested that those toxin-bound NaChBac channels were reopened as toxin-free channels at stronger depolarizations, resulting in the phenotype of voltage-dependent inhibition. When normalizing the currents at each depolarizing voltage in the toxin-treated group to its maximum peak current, the I–V relationship showed apparent right-forward shift when compared with the control group. Likewise, 1 μM κ-LhTx-1 caused a significant shift of the G-V curve toward more depolarized direction, and the half maximum activation voltage (Va) was determined as −35.0 ± 1.3 mV and −22.0 ± 2.8 mV for control and toxin-treated channels, respectively (Figure 2C; p < 0.001, unpaired t-test). Meanwhile, κ-LhTx-1 treatment also remarkably reduced the slope of the G–V curve (Figure 2C; Ka = 7.3 ± 0.4 mV and 12.5 ± 0.9 mV for control and toxin-treated channels, respectively; p < 0.001, unpaired t-test), indicating toxin greatly attenuated the channel voltage sensitivity during the voltage-dependent activation. These data strongly suggested that κ-LhTx-1 trapped the voltage sensor of the NaChBac channel in a deactivated state, while the energy barrier of voltage sensor outward movement caused by toxin binding could be counteracted by strengthening membrane depolarization. The steady-state inactivation of NaChBac channels, however, was not affected by κ-LhTx-1 (Figure 2D). Altogether, these results argued that κ-LhTx-1 trapped the voltage sensor of the NaChBac channel in the deactivated state, functioning as a gating modifier.
[image: Figure 2]FIGURE 2 | Effects of κ-LhTx-1 on the gating kinetics of NaChBac. (A) Representative NaChBac currents before (upper panel) and after (lower panel) 1 μM κ-LhTx-1 treatment. Currents were elicited by step depolarizations from −100 to +100 mV from a holding potential of −100 mV. The red traces show the currents at −20 mV (n = 6). (B) I–V relationships of NaChBac before and after 1 μM κ-LhTx-1 treatment. The red dashed line shows the I–V relationship of toxin-treated channels by normalizing the currents to their own maximum (n = 6). (C) Steady-state activation relationships of NaChBac before and after 1 μM κ-LhTx-1 treatment (Va = −35.0 ± 1.3 mV and −22.0 ± 2.8 mV, Ka = 7.3 ± 0.4 mV and 12.5 ± 0.9 mV, for control and toxin-treated channels, respectively; p < 0.001 when comparing both the Va and Ka values between the control and toxin groups; unpaired t-test; n = 6). (D) Steady-state inactivation relationships of NaChBac before and after 1 μM κ-LhTx-1 treatment (Vh = −52.3 ± 1.3 mV and −53.0 ± 1.9 mV, Kh = −4.6 ± 0.3 mV and −6.0 ± 0.6 mV, for control- and toxin treated channels, respectively; n = 5).
The molecular determinants in NaChBac for interacting with κ-LhTx-1
Since κ-LhTx-1 is a gating-modifier of NaChBac, we wondered if it might bind to the channel’s S3–S4 extracellular loop. The protein sequence-alignment through the S3–S4 region of the κ-LhTx-1-sensitive NaChBac channel and the κ-LhTx-1-resistant NaVPZ channel is shown in Figure 3A. The alignment in Figure 3A highlights F103 in NaChBac and the corresponding Proline-92 (P92) in NaVPZ. We used an alanine scan strategy to identify the key residues for interacting with κ-LhTx-1 in this region (Figure 3A). All these NaChBac mutants were functionally expressed in CHO-K1 cells (Figures 3B–F). We tested the inhibitory effect of κ-LhTx-1 on each mutant channel at voltage eliciting its maximum inward peak current. The data showed that F103A, G105A, F108A, and V109A mutations in NaChBac all attenuated the inhibitory effect of κ-LhTx-1, with 5 µM toxin not affecting the currents of NaChBac/F103A and only partially inhibiting the currents of NaChBac/G105A, NaChBac/F108A, and NaChBac/V109A by approximately 43.4 ± 8.1%, 40.7 ± 4.2%, and 64.4 ± 4.1%, respectively (Figures 3B,C,E,F). The activity of κ-LhTx-1 on NaChBac/Q107A was not changed a lot when compared with that of the wild type channel (Figure 3D). The dose–response curves in Figure 3G showed that κ-LhTx-1 inhibited the currents of NaChBac/G105A, NaChBac/Q107A, NaChBac/F108A, and NaChBac/V109A with an IC50 of 5.5 ± 1.4 μM, 1.0 ± 0.1 μM, 7.8 ± 1.0 μM, and 2.6 ± 0.4 μM, respectively, (Figure 3G). The IC50 for NaChBac/F103A could not be determined from the curve as 20 μM κ-LhTx-1 only inhibited its currents by 16.4 ± 2.6% (Figure 3G). Next, we tried to convert the κ-LhTx-1-resistant NaVPZ channel into the κ-LhTx-1-sensitive channel. Since F103 in NaChBac was deemed to be important for κ-LhTx-1 modulation, we decided to replace the corresponding residue in NaVPZ (P92) with phenylalanine. The NaVPZ/P92F mutant was potently inhibited by κ-LhTx-1 (Figure 3H), with an IC50 of 6.7 ± 2.3 μM (Figure 3I). Our successful conversion of κ-LhTx-1-resistant NaVPZ into a sensitive channel strongly supports the importance of F103 in NaChBac and the corresponding P92 in NaVPZ.
[image: Figure 3]FIGURE 3 | Key molecular determinants in NaChBac for interacting with κ-LhTx-1. (A) Sequence alignment of the NaChBac and NaVPZ, the number below the residue indicates its location in the sequence. (B) Representative traces showing F103A mutation in NaChBac almost fully abolished κ-LhTx-1 inhibition on the channel (n = 5). (C–F) Representative traces showing the inhibitory effects of 5 μM κ-LhTx-1 on NaChBac mutants as illustrated (n = 5–6). (G) Dose-response curves of κ-LhTx-1 inhibiting the NaChBac mutant channels, and the IC50 values were determined as 5.5 ± 1.4 μM, 1.0 ± 0.1 μM, 7.8 ± 1.0 μM, and 2.6 ± 0.4 μM for NaChBac/G105A, NaChBac/Q107A, NaChBac/F108A, and NaChBac/V109A, respectively (n = 5–6). The black dashed line shows the dose-response curve of κ-LhTx-1 against the wild-type NaChBac channel. (H) Representative traces showing the κ-LhTx-1 dose-dependently inhibited NaVPZ/P92F currents elicited by depolarization to +30 mV from the holding potential of −100 mV (n = 5). (I) Dose-response curve of κ-LhTx-1 inhibiting the currents of NaVPZ/P92F at +30 mV, the IC50 values were determined as 6.7 ± 2.3 μM (n = 4).
Effects of κ-LhTx-1 on mammalian NaV channels
The biological activity of κ-LhTx-1 on the mammalian KV channels has been systematically examined, which showed it potently inhibited the KV4 family potassium channels without affecting other KV channels, including KV1.1, KV1.3-1.5, KV2.1, and KV3.1-3.4 (Xiao et al., 2021). Herein, we tested the activity of κ-LhTx-1 on the mammalian NaV channels. As shown in Figures 4A,B, 10 μM κ-LhTx-1 showed weak inhibition on NaV1.3 (8.4 ± 2.3%), NaV1.5 (17.2 ± 7.3%), NaV1.6 (18.4 ± 15.7%), NaV1.8 (7.1 ± 1.5%), and NaV1.9 (4.8 ± 0.1%) channels and relatively stronger inhibition on NaV1.2 (41.3 ± 6.2%), NaV1.4 (38.7 ± 1.9%), and NaV1.7 (67.4 ± 3.7%) channels. Compared with the potent inhibition of κ-LhTx-1 on the KV4 family potassium channels and NaChBac channels, the toxin showed much weaker activity on the mammalian NaV channels.
[image: Figure 4]FIGURE 4 | Effects of κ-LhTx-1 on the mammalian NaV channels. (A) Representative traces showing the effect of 10 μM κ-LhTx-1 on NaV1.2–1.9 channels (n = 3–5). (B) Bar graph showing the inhibition of 10 μM κ-LhTx-1 on the peak currents of Nav1.2–1.9 channels. The inhibition ratio was determined as 41.3 ± 6.2%, 8.4 ± 2.3%, 38.7 ± 1.9%, 17.2 ± 7.3%, 18.4 ± 15.7%, 67.4 ± 3.7%, 7.1 ± 1.5%, and 4.8 ± 0.1% for NaV1.2, NaV1.3, NaV1.4, NaV1.5, NaV1.6, NaV1.7, NaV1.8, and NaV1.9 channels, respectively (n = 3–5).
The toxin–channel interface as revealed by molecular docking
The κ-LhTx-1 structure was simulated by C-I-TASSER (Figure 5A). The six cysteines in toxin formed three disulfide bonds as C6-C19, C13-C24, and C18-C28 (number indicates the position of cysteines in toxin sequence). Analyzing the solvent-accessible surface of κ-LhTx-1 showed it is an amphilic molecule, in which most hydrophobic residues are mainly distributed on one side, forming a hydrophobic patch, whereas charged residues are distributed on the other side, forming a hydrophilic surface (Figure 5B). The toxin–channel docking complex is shown in Figure 5C. The modeled resting-state of NaChBac and κ-LhTx-1 is depicted in yellow and green, respectively. The best scoring docking complex showed that the toxin inserted as a wedge into the cleft between S1–S2 and S3–S4 loops (Figure 5C), resembling that of α-scorpion toxin interacting with the voltage sensor of the mammalian NaV channel (Wang et al., 2011; Clairfeuille et al., 2019). In this docking model, F103 in NaChBac and W27 in κ-LhTx-1 were captured in the channel–toxin interface, in which W27 was registered with F103 by the π–π stacking interaction (Figure 5D). We used site-specific mutagenesis to experimentally verify the functional importance of the phenyl ring of F103 for κ-LhTx-1 binding. The F103A mutation abolished the modulation of NaChBac by κ-LhTx-1 (Figures 3B, 5E). Replacement of F103 with aromatic residues (F103W, F103Y) retained the inhibition by κ-LhTx-1, albeit with lower potency than the wild-type channel. These mutants were inhibited by κ-LhTx-1 with IC50s of 9.5 ± 2.9 μM for NaChBac/F103W (∼19-fold lower) and 3.7 ± 1.5 μM for NaChBac/F103Y (∼8-fold lower) (Figures 5E,F). Taken together, these results argued that the phenyl ring of F103 in NaChBac played a critical role in binding with κ-LhTx-I, and the association between κ-LhTx-1 and NaChBac likely relies on a hydrophobic interaction.
[image: Figure 5]FIGURE 5 | Molecular docking of κ-LhTx-1 with NaChBac. (A) Predicted structure of the κ-LhTx-1 by C-I-TASSER, the peptide toxin GsMTx2 (PDB ID: 1LUP) was used as the template. Cysteines were highlighted in yellow, and the predicted disulfide bonds were shown (C6 - C19, C13 - C24, and C18 - C28). (B) Surface presentation of κ-LhTx-1 structure. Positively charged residues are shown in blue, negatively charged residues in red, hydrophobic residues in gray, and polar uncharged residues in green. (C) Docked κ-LhTx-1-NaChBac complex with the highest score. The resting-state NaChBac channel and the κ-LhTx-1 toxin were shown in yellow and green, respectively. For simplicity, only the S1–S4 region of a single channel subunit was shown. (D) Enlarged view of the interaction interface between NaChBac and κ-LhTx-1, in which W27 in toxin captured the experimentally determined key residue in NaChBac, F103, in the toxin–channel interface. (E) Dose-response curve of κ-LhTx-1 inhibiting the NaChBac mutants as shown, and the IC50 values were determined as 9.5 ± 2.9 μM and 3.7 ± 1.5 μM for NaChBac/F103W and NaChBac/F103Y, respectively. The black and red dashed lines show the dose-response curves of κ-LhTx-1 against the wild-type NaChBac and NaChBac/F103A mutant channel, respectively (n = 5). (F) Representative traces showing the inhibition effect of 20 μM κ-LhTx-1 on the currents of NaChBac/F103W and NaChBac/F103Y mutant channels (n = 5).
DISCUSSION
κ-LhTx-1 was demonstrated in our previous study to selectively inhibit the mammalian KV4 family potassium channels (Xiao et al., 2021). The present study confirmed that κ-LhTx-1 is also a novel NaChBac antagonist. The G–V curve of NaChBac was remarkably shifted to depolarized direction by κ-LhTx-1, indicating κ-LhTx-1 acts on NaChBac as a gating-modifier trapping the deactivated voltage sensor. Moreover, the site-directed mutagenesis and molecular docking showed κ-LhTx-1 bound to the S3–S4 loop of NaChBac, with the phenylalanine-103 (F103) being the most critical residue. Molecular docking also confirmed the W27 residue in κ-LhTx-1 was registered with F103 in NaChBac, likely by the π–π stacking interaction. The action mode of κ-LhTx-1 on NaChBac and its binding site on the channel resembles that of JZTx-27 (Tang et al., 2017). However, unlike JZTx-27, κ-LhTx-1 slightly inhibited the activation but not the inactivation of mammalian NaV channels. The structure of chimeric NaChBac channel harboring the DII S3-S4 linker of NaV1.7 channel in complex with the spider toxin HwTx-IV in a nanodisc has been successfully resolved, which has showed greatly improved resolution of the toxin–channel interacting interface and enabled visualization of their binding details (Gao et al., 2020). κ-LhTx-1 in the present study thus provided another useful ligand for studying the toxin and wild-type NaChBac interaction in the native membrane environments.
Historically, NaChBac was shown to pharmacologically resemble the mammalian NaV and CaV channels, as revealed by its inhibition by lots of CaV and NaV channel modulators, such as lidocaine, nifedipine, and various peptide toxins (Ren et al., 2001; Lee et al., 2012; Tang et al., 2017; Zhang et al., 2018; Zhu et al., 2020). κ-LhTx-1 was previously shown to inhibit the KV4 family potassium channels in a voltage-dependent manner (Xiao et al., 2021). Consequently, the present study provided the first example that NaChBac also shares similar pharmacology properties with the KV channels. Gating currents analysis confirmed that κ-LhTx-1 trapped the voltage sensor of KV4 channels in a deactivated state (Xiao et al., 2021). Therefore, we concluded that κ-LhTx-1 inhibited the KV4 and NaChBac channels using the same voltage-sensor trapping mechanism.
Mechanistically, the association between gating-modifier toxins and ion channels relies on electrostatic force and/or hydrophobic interaction between their interface (Bosmans et al., 2008). As that of the HpTx2 binding with the KV4.3 channel solely by hydrophobic force (Zhang et al., 2007; DeSimone et al., 2009), κ-LhTx-1 might also interact with NaChBac mainly by a hydrophobic interaction, as revealed by mutation and molecular docking analyses. Indeed, hydrophobic residues on the S3–S4 loop of NaChBac have been commonly characterized as key molecular determinants in interacting with its gating-modifier toxins, such as F103 for κ-LhTx-1 and JZTx-27 and F108 for JZTx-14 (Tang et al., 2017; Zhang et al., 2018). Interestingly, the hydrophobic residues LF/LV in the S3b region of KV4 channels were also identified as the key binding determinants for κ-LhTx-1 (Xiao et al., 2021), and it can be rationally presumed that hydrophobic interactions also underlie the interaction between κ-LhTx-1 and KV4 channels. Additionally, sequence alignment revealed that κ-LhTx-1 and other NaChBac peptide antagonists from spider venom share a conserved cysteine framework, and the critical W27 residue in κ-LhTx-1 is also conserved in most of them (Figure 1A, except for JZTx-14); therefore it is reasonable to speculate that these toxins used this conserved W residue to interact with NaChBac via hydrophobic interaction. Indeed, molecular docking analysis in our previous study also showed that this W residue in JZTx-27 interacts with F98 in another bacteria sodium channel, NsVBa (Tang et al., 2017).
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Glycine receptors (GlyRs) are pentameric ion channels that mediate fast inhibitory neurotransmission. GlyRs are found in the central nervous system including the spinal cord, brain stem, and cerebellum, as well as in the retina, sperm, macrophages, hippocampus, cochlea, and liver. Due to their crucial roles in counter-balancing excitatory signals and pain signal transmission, GlyR dysfunction can lead to severe diseases, and as a result, compounds that modify GlyR activity may have tremendous therapeutic potential. Despite this potential, the development of GlyR-specific small-molecule ligands is lacking. Over the past few years, high-resolution structures of both homomeric and heteromeric GlyRs structures in various conformations have provided unprecedented details defining the pharmacology of ligand binding, subunit composition, and mechanisms of channel gating. These high-quality structures will undoubtedly help with the development of GlyR-targeted therapies.
Keywords: glycine receptor, cryo-EM, agonist, inhibitory receptor, antagonist, partial agonist, potentiator, gating mechanism
INTRODUCTION
Glycine receptors (GlyRs) are ligand-gated ion channel that are members of the Cys-loop superfamily which also includes the GABAA receptor (GABAAR), nicotinic acetylcholine receptor (nAChR), serotonin type-3 receptor, and zinc-activated ion channel (Lester et al., 2004). GlyRs can be activated by a variety of endogenous ligands including the full agonist glycine as well as the partial agonists taurine, β-alanine, and GABA (Lynch, 2004). The activation of GlyRs caused by agonist binding results in a Cl− flow across the membrane that is regulated by the Cl− equilibrium potential and induces the membrane hyperpolarization, which in turn inhibits neuronal activity (Legendre, 2001; Lynch, 2004).
There are four known GlyR α subunits (α1–α4) and one β subunit identified by molecular cloning (Grenningloh et al., 1987; Grenningloh et al., 1990; Akagi et al., 1991; Kuhse et al., 1991; Matzenbach et al., 1994). Each GlyR subunit is composed of an extracellular domain (ECD), a transmembrane domain (TMD), and a long intracellular loop connecting transmembrane domains M3 and M4. The binding pockets are formed by two adjacent subunits located in the ECD (Lynch, 2009). All of the GlyR α subunits have substantial sequence similarity, exceeding 90%, whereas the GlyR β subunit has a considerable sequence variation when compared with GlyR α subunits (Lynch, 2009). Functional GlyRs include homomeric α GlyRs and heteromeric α-β GlyRs. In the prenatal stage, the predominant type of GlyR is homomeric α2, whereas the adult GlyR types are mainly heteromeric α1-β GlyRs (Becker et al., 1988; Lynch, 2009). The GlyR subunit α3 is involved in nociceptive signaling pathways and function as a novel analgesic candidate (Huang et al., 2017b; Hussein et al., 2019; Zeilhofer et al., 2021). In 1982, GlyRs were isolated for the first time via strychnine affinity chromatography (Pfeiffer et al., 1982). The structural investigations of GlyR, on the other hand, are behind. Significant progresses have been achieved in studying the structures of GlyR as a result of the development of cryo-EM (Du et al., 2015; Kumar et al., 2020; Yu H. et al., 2021a; Yu J. et al., 2021b; Zhu and Gouaux, 2021). At present, high resolution GlyR structures bound with different ligands have been reported (Table 1). Also, these structures have revealed crucial information about the ligand binding and gating mechanism. In this minireview, I have discussed the recent progress in elucidating the structures of GlyR–ligand complexes and progress in elaborating the gating mechanism in GlyRs using single particle cryo-electron microscopy (cryo-EM).
TABLE 1 | Summary of GlyR structures.
[image: Table 1]Full Agonist: Glycine
Glycine, the full agonist to GlyR that is co-released with GABA from presynaptic vesicles (Jonas et al., 1998), can efficiently activate GlyRs. The single channel recordings demonstrated that glycine elicits a maximum open probability (Popen) of 0.97, much higher than other agonists (Yu J. et al., 2021b). A number of near-atomic resolution glycine-bound zebra fish homomeric GlyR α1 structures identified by cryo-EM have been reported (Du et al., 2015; Kumar et al., 2020; Yu J. et al., 2021b). The structures show that the glycine binding site is located at the subunit interface, with the carboxyl group at the entrance of the binding pockets. The amino group of glycine forms the cation–π interaction with F174 and F223 at the (+) subunit, while the carboxyl group forms several potential hydrogen bonds with the (−) subunit (Figures 1A,B).
[image: Figure 1]FIGURE 1 | GlyR–ligand interactions and the ion channel permeation pathway. (A), Side view of isolated homomeric GlyR dimer in cartoon representation. The principle (+) and complementary (−) subunit are colored in pink and green, respectively. The boxed area is enlarged in (B–E). (B–E) Views of binding pockets of homomeric GlyR bound with glycine (B), GABA (C), taurine (D), and strychnine (E). The ligand molecules are shown in stick representations with oxygen in red, nitrogen in blue, and carbon in cyan. The possible hydrogen bonds are shown as dashed lines. (F,G) Views of ivermectin (F) and picrotoxin (G) binding to homomeric GlyR. (H–K) Shape and size of the homomeric GlyR ion permeation pathway for apo (H), closed (I), open (J), and desensitized (K) state. M2 helices are shown as cartoons and the side chains of pore-lining residues are in ball and stick representation. Purple, green, and red spheres define radii of >3.3 Å, 1.8–3.3 Å and <1.8 Å, respectively. (L–O) Shape and size of the heteromeric GlyR ion permeation pathway for desensitized (L), semi-open (M), strychnine-bound closed state 1 (N) and strychnine-bound closed state 1 (O). The M2 helices from the α and β subunits are colored in blue and pink, respectively. (P–S) TMD of heteromeric pentamer shown in cartoon representation corresponding to (L) to (O). The α and β subunits are colored in blue and pink, respectively. The centers of mass for TMD are shown in magenta. The neighboring distances of centers of mass are denoted in Å.
GlyRs exhibit different conformations in different lipid mimic environments. In detergent, the truncated zebra fish GlyR α1 (GlyREM) adopts an open conformation with the radius of 4.4 Å at −2′P (Du et al., 2015). However, subsequent molecular dynamics simulation discovered that GlyREM is still ion permeable when docked with the channel blocker picrotoxin, conflicting with the biochemical studies (Wang et al., 2006; Gonzalez-Gutierrez et al., 2017). The full-length GlyR in nanodisc, on the other hand, produced one desensitized state with a diameter ∼3 Å at −2′P (Kumar et al., 2020; Yu J. et al., 2021b). Interestingly, for the full-length zebra fish GlyR α1 extracted by 0.5% styrene maleic acid polymer (SMA) at 4°C for 1 h, three conformations, open, desensitized, and expanded-open states, were captured with diameters at −2′P of 5.6 Å, 3.0 Å, and 7.0 Å, respectively. For the expanded-open state in SMA, extra densities were observed at the end of M2 helices, the origin of which needs further investigation (Yu J. et al., 2021b). Given that SMA can preserve the lipid molecules surrounding the receptors, it is possible that these native lipid molecules aid the stabilization of GlyR at different physiological states.
Partial Agonist and Gating Mechanism
Partial agonists, which have efficiency between full agonist and antagonist, are of interest for therapeutics. In the presence of a full agonist, the partial agonist will serve as an antagonist, competing with the full agonist for the same binding sites, as a result, reducing the full agonist’s effects (Calvey, 2008). Taurine and GABA are partial agonists on GlyR, featured with eliciting lower maximum Popen than the full agonist glycine (De Saint Jan et al., 2001). In 2021, the Sivilotti and Gouaux group performed extensive research on zebra fish GlyR α1 partial agonists combining electrophysiological and cryo-EM approaches (Yu J. et al., 2021b). The single channel recordings revealed that the maximum Popen for glycine, taurine, and GABA are 0.98, 0.66, and 0.39, respectively. Furthermore, in the presence of taurine and GABA, the single channel recordings feature with long-lived shut states that are not seen for glycine, implying an additional partial agonist bound closed state. For the partial agonists bound GlyR in SMA, in addition to the open, desensitized and expanded-open states captured for glycine, a partial agonist bound closed state, which is absent for the full agonist glycine, was captured. The partial agonists bound closed state exhibits parallel M2 helices and the side chain of 9′L pointing to the channel axis, creating a contrition less than 3 Å. Compared with glycine, more interactions were observed for taurine and GABA. A potential hydrogen bond was found between the carbonyl group of S174 and the amino group of taurine, as well as an interaction between E173 and GABA (Figures 1C,D). These additional interactions for GABA and taurine are possibly due to the ligand’s greater length. A comparison of the GlyR structures bound with full and partial agonists shows that the binding of partial agonists induces a lesser extended binding pocket than the full agonist. Moreover, the efficiency of the agonists has a close relationship with the volume of the ligands, with the more efficient of the ligand having a lower ligand volume.
Upon the binding of partial agonists, the gating cycle of GlyRs involves transitions of multiple states (Lape et al., 2008; Lape et al., 2012). At present, three physiological GlyR states bound with partial agonists have been captured: closed, open, and desensitized. The researchers hypothesized that the partial agonists bound closed state is a pre-open state between the apo and open state (Yu J. et al., 2021b). Based on the available structures, the partial agonist gating mechanism was established. During the transition from the apo to the closed state, after the ligand accesses the binding site, a contraction of the binding pocket occurs. But no conformational changes were observed for the TMD, with 9′L functioning as the constriction point (Figures 1H,I). From the closed to the open state, the binding pockets shrink more. The conformational changes that happen at the binding pockets travels down to the ECD-TMD interface, which further triggers the tilt of the M2 helices. The tilt of the M2 helices prompts the rotation of the side chain of 9′L and causes the channel to open (Figure 1J). After opening, the lower part of the M2 helices will undergo a further tilt, creating a constriction point at −2′P (Figure 1K) and blocking the ion permeation (Yu J. et al., 2021b).
Antagonist: Strychnine
Strychnine, an alkaloid that can bind and antagonize GlyR, has been widely employed in radioligand binding and affinity purification experiments (Lynch, 2004, 2009; Breitinger and Breitinger, 2020; Cerdan et al., 2020). According to the human GlyR α3 X-ray crystal and GlyREM (Du et al., 2015; Huang et al., 2015; Yu H. et al., 2021b), strychnine shares the same binding pocket as glycine (Figure 1E). One state was captured for GlyREM bound with strychnine (Du et al., 2015), which features parallel M2 helices with 9′L pointing to the channel axis, resulting in a diameter of 3 Å and blocking the permeation pathway. In total, two states were obtained for human heteromeric GlyR α2-β bound with strychnine (Yu H. et al., 2021a), and both of the two states exhibit a constriction point at 9′L, but the conformation of their TMD are in markedly different (Figures 1N,O,R,S).
Potentiator: Ivermectin
The ivermectin functions as the potentiator to GlyR, which can enhance the glycine sensitivity and increase the Popen (Shan et al., 2001a; Breitinger and Breitinger, 2020; Cerdan et al., 2020). There are several ivermectin-bound homomeric GlyR structures available (Table 1). The structures demonstrate that ivermectin is bound at the interface of M3 and M1 and forms a polar interaction with M2 (Figure 1F). Compared with the glycine-bound GlyREM open state (Du et al., 2015), when ivermectin binds with GlyR, the M2 helices undergo movement toward the pore lumen and contract the intracellular opening the ion channel at −2′P and enabling chloride ions to pass through. The cryo-EM structures also prove that the binding of ivermectin traps the zebra fish homomeric GlyR α1 at a partially-open state (Du et al., 2015), with the narrowest point at −2′P comparable to glycine bound open state in SMA (Yu J. et al., 2021b).
Channel Blocker: Picrotoxin
Homomeric GlyR is more sensitive than heteromeric GlyR to the inhibition of the channel blocker picrotoxin (Pribilla et al., 1992). The picrotoxin IC50 values for homomeric and heteromeric GlyR are 18±1 and 259±44 μM, respectively (Shan et al., 2001b). The zebra fish homomeric GlyR α3 structure bound with picrotoxin (Kumar et al., 2020) shows that picrotoxin is nested between 2′G and 9′L and forms hydrogen bonds with 6′T (Figure 1G). The structural basis for heteromeric GlyR’s resistance to picrotoxin has been recently revealed (Zhu and Gouaux, 2021). The pig heteromeric GlyR structure demonstrates that the side chain bulk of 6′F on GlyR β subunit, the corresponding residue to 6′T in homomeric GlyR, on the one hand, provides a steric hindrance for picrotoxin accessing the binding site, while, on the other hand, it pushes the M2 helices away from each other and prevents picrotoxin binding.
Heteromeric Glycine Receptors
The predominant type GlyR in adult is heteromeric GlyR (Becker et al., 1988; Lynch, 2009), which is composed of α and β subunits. Since the ligand-binding pockets are located at the interface of the subunits, appropriate knowledge of the subunit stoichiometry of heteromeric GlyRs is thus important to understand the molecular pharmacology. Several subunit stoichiometries have been proposed including 3α:2β, 2α:3β, and 4α:1β obtained by different methods (Langosch et al., 1988; Burzomato et al., 2003; Grudzinska et al., 2005; Durisic et al., 2012; Yang et al., 2012). Because α and β subunits show high similarity in the secondary and tertiary structures (Dutertre et al., 2012), the inconsistent results on the subunit stoichiometry reflect the difficulties in distinguishing these two subunits. The fundamental factor to solve the subunit stoichiometry problem is to precisely tag one of the subunits. In 2021, both the Gouaux group and the Wang group published the near-atomic structures of heteromeric GlyR using tissue-isolated and recombinant pig α1-β GlyR and recombinant human α2-β GlyR, respectively (Yu H. et al., 2021a; Zhu and Gouaux, 2021). A same subunit stoichiometry, which is 4α:1β, was achieved for both groups using different methods, and no other subunit composition was described. In the Gouaux group’s research, the native GlyRs were purified from pig’s spinal cord and the brain stem by strychnine affinity resin (Graham et al., 1985). A monoclonal antibody specific to GlyR α subunit was prepared to enable differentiation of α and β subunits. Data has suggested that N terminal–fused GFP is tolerated by GlyR (David-Watine et al., 1999). Interestingly, the Wang group employed an EGFP which was inserted between M3 and M4 helices to identify the GlyR β subunit. The 4α:1β stoichiometry provides important implications associated with heteromeric GlyR function and pharmacology, such as the clustering of heteromeric GlyR and drug development specific to heteromeric GlyRs. There are current two states reported for heteromeric GlyR bound with glycine: one is desensitized state and the other is semi-open (Table 1). In contrast to the semi-open state, the desensitized state shows a five-fold quasi-symmetrical TMD (Figures 1L,M,P,Q), which is similar to the homomeric desensitized state in SMA (Figures 1K,L).
Assembly Pathway of Glycine Receptors
Members of the heteromeric Cys-loop family are composed of at least two different types of subunits. The investigation of the assembly intermediates can provide insights into the oligomerization process. Though research on the assembly process of nAChRs (Green and Claudio, 1993) and GABAARs (Klausberger et al., 2001) have been reported, little is known regarding the assembly pathway of heteromeric GlyR. Compared with nAChRs and GABAARs, the assembly process of heteromeric GlyR is comparatively simple due to the involvement of two types of subunits. By using strychnine affinity resin (Pfeiffer et al., 1982), the GlyR assembly intermediates were successfully isolated from the native materials (Zhu and Gouaux, 2021). A total of two assembly intermediates including a homomeric α tetramer and a homomeric α trimer were captured. However, the homomeric α dimer and β subunit containing assembly intermediates were missing, which might be due to non-functional binding pockets that needs further investigation. Given that GlyR assembly intermediates were captured by strychnine affinity resin, which demonstrates that the functional binding pockets are forming during receptor assembly. The findings reveal that the GlyR oligomerization occurs in steps, with one subunit added at each step. Because all of the assembly intermediates are α homomers, there will be insufficient supply of free α subunit. As a result, in the final step, the chance of homomeric α tetramer assembly with a β subunit to produce a heteromeric pentamer is larger than the likelihood of homomeric pentamer formation. The findings may be relevant for future drug development focusing on the GlyR assembly intermediates.
DISCUSSION
This review summarizes the recent progress of elucidating the structures of GlyR in a complex with different ligands at different conformations by single particle cryo-EM. These structures shed light on the gating mechanism and assembly pathway of GlyR and may provide important details for subsequent GlyR-specific drug design and screening of the authorized drugs. Despite this, little is known about the structural basis of GlyR clustering, GlyR–metal interaction, as well as other GlyR bound ligands (Cerdan et al., 2020), all of which are important goals in future.
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6PLQ 20372
6PLP 20371
Heteromeric GIyR
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7KUY 23041
731 23048
5BKG 9404
5BKF 9403

“State claimed in the iterature.

*The M3M4 Loop is truncated.
®Carrying the mutation N38Q.
*Carrying the mutation YGF.
&partially assembled homomeric GIyR.
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33A
33A
33A
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35A
31A
33A
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AM-3607; glycine; ivermectin
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GABA
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Giycine; picrotoxin
Giycine; ivermectin
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Full-length RyR2
Full-length RyR2
Full-length RyR2
Full-length RyR2

Organism

Oryctolagus cuniculus
Oryctolagus cuniculus

Oryctolagus cuniculus
Oryctolagus cuniculus

Oryctolagus cuniculus
Oryctolagus cuniculus
Sus scrofa

Sus scrofa
Oryctolagus cuniculus
Oryctolagus cuniculus
Oryctolagus cuniculus
Homo sapiens

Mus musculus

Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Mus musculus
Homo sapiens
Homo sapiens
Sus scrofa

Sus scrofa

WT/mutation

wr

L14R
G249R
G36R
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R4SC
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RA02G
wr
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E2764K
wT
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wr
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Closed-state
Open-state
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wT
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1784F

wr

R176Q
Closed-state
Open-state

PDB
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4l
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4Pl
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5VSN
5C33
6JeL.
BwWov
BWOU
5G09
5GOA

Experimental method

X-ray Diffraction
X-ray Diffraction

X-ray Diffraction
X-ray Diffraction

X-ray Diffraction
X-ray Diffraction
Cryo-EM
Cryo-EM
Cryo-EM
Cryo-EM
Cryo-EM
X-ray Diffraction
X-ray Diffraction

X-ray Diffraction
Xeray Diffraction
X-ray Diffraction
X-ray Diffraction
X-ray Diffraction
Xeray Diffraction
X-ray Diffraction
Cryo-EM
Cryo-EM
Cryo-EM
Cryo-EM

Resolution (A)

205A
2.40-2.95 A
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1.59-2.19A
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400A
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354A
4.40A
4.40A
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4.40A
420A
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Compound 1 arugl! n  Compound 1 arugll

control control
DMSO 0.94 + 0.01 3 Rhein 0.80 + 0.04
Avasimibe 0.86 + 0.03 3 0859 0.48 + 0.02
GSK2334470 0.84 + 0.04 6 TAK285 0.92 + 0.06
IC261 0.88 + 0.01 3 Tirapazamine 1.03 £ 0.05
KN93 Phosphate 0.90 + 0.02 6 'WAY200070 0.53 £ 0.02
Lonafarnib 0.98 + 0.02 3 WzB117 0.08 + 0.02
NH125 084 +0.03 3 SUB668 0.89 + 0.04

Data are shown as the mean « SEM. All recordings were performed on GUN1/GIUNGA
Flp-in T-REx 293 stable cellines. The order of drug application was the same as in FDSS/
uCell Ca®* imaging, and the representative current traces are given in Supplementary
Figure S4
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