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Unlike most neuronal nicotinic acetylcholine receptor (nAChR) subunits, α7, α9, and α10 subunits are able to form functional homo- or heteromeric receptors without any β subunits. While the α7 subtype is widely distributed in the mammalian brain and several peripheral tissues, α9 and α9α10 nAChRs are mainly found in the cochlea and immune cells. α-Conotoxins that specifically block the α9α10 receptor showed anti-nociceptive and anti-hyperalgesic effects in animal models. Hence, this subtype is considered a drug target for analgesics. In contrast to the α9α10-selective α-conotoxins, the three-finger toxin α-bungarotoxin inhibits muscle-type and α7 nAChRs in addition to α9α10 nAChRs. However, the selectivity of α-neurotoxins at the α9α10 subtype was less intensively investigated. Here, we compared the potencies of α-conotoxins and α-neurotoxins at the human α9α10 nAChR by two-electrode voltage clamp analysis upon expression in Xenopus oocytes. In addition, we analyzed effects of several α9α10-selective α-conotoxins on mouse granulocytes from bone marrow to identify possible physiological functions of the α9α10 nAChR subtype in these cells. The α-conotoxin-induced IL-10 release was measured upon LPS-stimulation. We found that α-conotoxins RgIA, PeIA, and Vc1.1 enhance the IL-10 expression in granulocytes which might explain the known anti-inflammatory and associated analgesic activities of α9α10-selective α-conotoxins. Furthermore, we show that two long-chain α-neurotoxins from the cobra Naja melanoleuca venom that were earlier shown to bind to muscle-type and α7 nAChRs, also inhibit the α9α10 subtype at nanomolar concentrations with one of them showing a significantly slower dissociation from this receptor than α-bungarotoxin.
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INTRODUCTION

Nicotinic acetylcholine receptors (nAChRs) consisting of α9 subunits were originally discovered in the hair cells of the inner ear (Elgoyhen et al., 1994) and were found to be involved in hearing. Later, the accessory α10 subunit was identified (Elgoyhen et al., 2001) and both homomeric α9 and heteromeric α9α10 assemblies were found to form functional nAChRs receptors. The α9α10 nAChR is distinguished from other members of the nAChR family by its sensitivity to several ligands of muscarinic AChRs and agonists of other Cys-loop receptors, such as type A γ-aminobutyric acid (GABAA), glycine, and 5-hydroxytryptamine type 3 (5-HT3) receptors (Rothlin et al., 1999). Moreover, typical nAChR agonists (nicotine and epibatidine) act as antagonists at α9 (Verbitsky et al., 2000) and α9α10 receptors (Moglie et al., 2021).

α9α10 nAChRs have also been found in a number of immune cells (Peng et al., 2004; Galvis et al., 2006; Grau et al., 2019) where they have been involved in the modulation of pain signals and regulation of inflammatory processes (McIntosh et al., 2009; Grau et al., 2019). Together with a proposed role in cancer development (Sun et al., 2020a) this makes them promising targets for drug development with an emphasis on inhibitory ligands.

Well-recognized tools in nAChR research are snake venom α-neurotoxins which are classified into short-chain and long-chain ones (Barber et al., 2013). Short-chain α-neurotoxins comprising 60–62 amino acids residues and four disulfide bridges inhibit muscle-type nAChRs with high selectivity. Long-chain α-neurotoxins containing 66–75 amino acid residues and five disulfide bridges additionally block α7 nAChRs and, moreover, also inhibit α9α10 nAChRs (Elgoyhen et al., 2001; Chandna et al., 2019) and thus must be considered rather non-selective. In contrast, α-conotoxins, small neurotoxic peptides from venomous Conus marine mollusks, are much more selective. They not only allow to distinguish the muscle-type nAChRs from the neuronal ones, but provide markers for individual neuronal subtypes (Ellison et al., 2006; Vincler et al., 2006; Dutertre et al., 2017; Ho et al., 2020). In particular, the naturally occurring α-conotoxins Vc1.1 and RgIA as well as the αO-conotoxin GeXIVA (and their derivatives) show high affinity for α9α10 nAChRs and have been investigated in models of neuropathic pain (Luo et al., 2015; Huynh et al., 2020; Sun et al., 2020b).

At the Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry in collaborations with several other laboratories, snake-venom α-neurotoxins, and peptides, as well as synthetic α-conotoxins are applied to investigate the structure and function of nAChRs, with a focus on the muscle-type and α7 nAChRs (Tsetlin, 2015; Dutertre et al., 2017; Tsetlin et al., 2021). We have recently published the synthesis of oligoarginine inhibitors of the α9α10 nAChRs (Lebedev et al., 2019), and analyzed the interaction of αO-conotoxin GeXIVA with the acetylcholine-binding protein (AChBP) and with the soluble ligand-binding domain (LBD) of the α9 subunit (Kryukova et al., 2018). In collaboration with crystallographers from Hellenic Pasteur Institute (Athens, Greece), we contributed to the determination of the X-ray structure of α-conotoxin RgIA in complex with the LBD of the α9 subunit (Zouridakis et al., 2019). We further found that α-conotoxins RgIA and Vc1.1 influence cytosolic Ca2+ concentration, cell adhesion, and generation of reactive oxygen species in murine bone marrow granulocytes (Safronova et al., 2021). In this special issue on the α9α10 nAChR subtype, we will briefly discuss these findings and (1) report the selectivity and potency of novel α-neurotoxins from Naja melanoleuca snake venom at human α9α10 nAChRs and (2) present new data showing that α9α10-selective α-conotoxins potentiate release of the anti-inflammatory cytokine interleukin-10 (IL-10) from murine granulocytes.



MATERIALS AND METHODS


Materials

Percoll, trypan blue, lipopolysaccharide from E. coli O55:B5l were purchased from Sigma-Aldrich (St. Louis, United States). PE-anti-mouse Ly-6G/Ly-6C antibody, RB6-8C5 clone was from BioLegend (San-Diego, United States). DMEM, fetal bovine serum (FBS), L-glutamine, penicillin, streptomycin, amphotericin B were from Gibco (United States). Nicotine bitartrate and acetylcholine chloride (ACh) were purchased from Sigma-Aldrich (St. Louis, United States). Chemicals for oocyte buffers and electrophysiology were purchased from Carl Roth (Karlsruhe, Germany), except for BAPTA-AM [1,2-bis(o-Aminophenoxy)ethane-N,N,N′,N′-tetraacetic Acid Tetra(acetoxymethyl) Ester] which was purchased from Calbiochem (Merck KGaA, Darmstadt, Germany).

The synthesis of α-conotoxins MII, RgIA, and Vc1.1 was described in Safronova et al. (2021), GeXIVA and PeIA in Kryukova et al. (2018). α-Neurotoxins were isolated from snake venoms: long-chain Tx-NM2 and Tx-NM3-1 from N. melanoleuca venom (Son et al., 2021); long-chain neurotoxin I (NT I) and short-chain neurotoxin II (NT II) from N. oxiana and α-bungarotoxin (α-Btx) from Bungarus multicinctus (Kudryavtsev et al., 2015); non-conventional WTX and long-chain α-cobratoxin (α-Ctx) from N. kaouthia (Utkin et al., 2001; Osipov et al., 2008, respectively). Peptide neurotoxin azemiopsin (AZE) was synthesized as described (Utkin et al., 2012).



Nicotinic Acetylcholine Receptor, cDNAs, RNA Preparation, and Oocyte Injection

The human α3 (GenBank: U62432.1), α4 (GenBank: L35901.1, with silent base exchanges to reduce GC content), β2 (GenBank: X53179.1), and β4 (GenBank: U48861.1) nAChR subunits were synthesized (FragmentGene service, Genewiz) and cloned into the pNKS2 vector (Gloor et al., 1995) by Gibson assembly. cDNAs of human α7 in pMXT and α9 and α10 in pT7TS vectors were a gift from David Adams (Illawara Health and Medical Research Institute, Wollongong University, Australia). cRNA was synthesized from linearized plasmids using the SP6 mMessageMachine kit (Invitrogen, Thermo Fisher Scientific, United States). Xenopus laevis females were obtained from Nasco (Fort Atkinson, WI, United States) and kept at the core facility animal models (CAM) of the biomedical center (BMC) of LMU Munich, Germany (Az:4.3.2-5682/LMU/BMC/CAM) in accordance with the EU Animal Welfare Act. To obtain oocytes, frogs were killed with an overdose of MS222. Death was confirmed by cardiac pucture/exsanguation. Oocytes were extracted and injected with 50-nl aliquots of cRNA (0.75 μg/μl, α9:α10 in 3:1 subunit ratio, all other cRNAs with 0.5 μg/μl and the indicated α:β ratios), and kept at 16°C in sterile-filtered ND96 (96 mM NaCl, 2 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 5 mM HEPES, pH 7.4) containing 5 μg/ml gentamicin.



Electrophysiological Recordings and Data Analysis

Two-electrode voltage clamp (TEVC) recordings were performed 3 days after cRNA injection at a holding potential of −70 mV. α9α10-expressing oocytes were incubated for 2–4 h in 30–100 mM BAPTA prior to recordings to obtain stable current responses. Pipettes (resistances < 1 MΩ) were pulled from borosilicate glass and filled with 3 M KCl. Membrane currents were recorded with a Turbo Tec 05X amplifier (npi electronic, Tamm, Germany), filtered at 200 Hz, and digitized at 400 Hz using CellWorks software. For α9α10 recordings, the perfusion medium was automatically switched between ND115 recording solution (115 mM NaCl, 2.5 mM KCl, 1.8 mM CaCl2, 10 mM HEPES, pH 7.4) with or without agonist (40 μM ACh) using a custom-made magnetic valve system as described in Giribaldi et al. (2020). Briefly, ACh pulses were applied for 2 s at 4-min intervals. After each agonist application, cells were superfused for 54 s with ND115, followed by a 3 min interval with no perfusion during which the toxin was mixed from a 10-fold stock into the static bath. Toxins were applied when responses to three consecutive agonist applications differed by less than 10%. ACh-evoked responses following toxin incubation were normalized to the ACh responses before toxin exposure. Data were analyzed with GraphPad Prism version 9 (GraphPad Prism, RRID: SCR_002798). Dose-response curves were fit to the data using the Hill equation: % response = Bottom + (Top-Bottom)/[1 + 10^((LogIC50-X) × Hill Slope)] and constraints of 100 and 0% for Top and Bottom, respectively. Dissociation curves were fit to the data with the equation: % response = [response (time 0) − plateau] × exp(−K × time) + plateau. Recordings for all other subtypes were performed in ND96 recording solution (96 mM NaCl, 2 mM KCl, 1 mM CaCl2, 1 mM MgCl2 5 mM HEPES, pH 7.4) using the same protocol. BAPTA-AM was not well tolerated by the oocytes and a baseline correction was applied to compensate for baseline shifts in repetitive measurements. Recordings were denoised using a 20 Hz Gaussian lowpass filter. All measurements were performed with oocytes from at least two different frogs.



Animals

BALB/c male mice (21–23 g of weight) were obtained from the Branch “Stolbovaya” of the Scientific Biomedical Technology Centre of the Federal Medico-Biological Agency (Moscow region, Russia). The ethical protocol No. 2019/5 based on the Manual for Working with Laboratory Animals No. 57 (30.12.2011) of the Institute of Cell Biophysics of the Russian Academy of Sciences (Pushchino, Russia) was applied for all manipulations with animals.



Granulocyte Isolation

Polymorphonuclear neutrophilic granulocytes (PMNs) were isolated from murine bone marrow using the previously described method (Safronova et al., 2021). Shortly, a cell suspension was obtained after washing out murine femur, tibia, and humerus with cold RPMI-1640 medium and layered on a Percoll gradient (78, 62.5, and 55% in PBS). After centrifugation (1,500 × g, 35 min, 4°C), cells were collected between the 78 and 62.5% layers and washed thrice with RPMI-1640 medium. PMNs accounted for nearly 90% of the isolated cell population as estimated by expression of granulocyte maturity marker Gr-1 using the PE-anti-mouse Ly-6G/Ly-6C antibody (RB6-8C5 clone) for FACS analysis (EPICS XL-MCL, Beckman Coulter, United States). The cell survival was 98% as determined by trypan blue staining. PMNs were used in the experiment after 1 h resting at 4°C.



Enzyme-Linked Immunosorbent Assay for IL-10

In each well of a 48-well plate, 600 μl of culture medium (DMEM, 10% FBS, 2 mM L-glutamine, 100 units/ml penicillin, 100 μg/ml streptomycin, and 250 ng/ml amphotericin B) were added. 1.2 × 106 cells were added in each well and incubated for 20 min at 37°C in a CO2-incubator (Sanyo, Japan). After cell adhesion, LPS from E. coli (O55:B5, 10 ng/ml final concentration) was added or not (control) followed by 30 min incubation at 37°C. Then 100 μM nicotine or one of the α-conotoxins (200 nM MII, 10 nM RgIA, 25 nM Vc1.1, 10 nM PeIA, or 10 nM GeXIVA) were added to the LPS-treated cells and cells were incubated for 23 h. The total volume of each sample was 612 μl. All incubations were carried out in a CO2-incubator (5% CO2, 37°C, 100% humidity). Afterward, the supernatants from each well were collected into individual reaction tubes (Eppendorf, Germany) and centrifuged (2,000 × g, 10 min, 4°C). Measurement of IL-10 concentrations was carried out using a mouse IL-10 ELISA kit (ab108870, Abcam, United Kingdom) according to the manufacturer’s protocol for which the minimum detectable dose of IL-10 is typically ∼14 pg/ml. Optical density of the samples was measured with an Infinity F50 microplate photometer (Tecan, Grödig, Austria). IL-10 concentrations were calculated using the calibration curve in the range of 7–125 pg/ml obtained with the provided IL-10 standards.



Statistical Analysis for Granulocyte Assay

Experiments were performed in duplicates on the cells from 9 to 12 animals. MATLAB software (MATHWORK INC., United States) was used for data analysis. The Kruskal-Wallis One Way Analysis of Variance on Ranks was used for multiple comparisons. Further the Mann-Whitney Rank Sum Test was applied to reveal significant differences between “LPS” and “LPS + any nAChR ligand” groups based on the fact that measurement of each sample was carried out independently. The average values and SEM were calculated for each of the experimental data.




RESULTS


Testing Effects of α-Conotoxins on IL-10 Release From Mouse Granulocytes

mRNA for the α9 nAChR subunit was previously detected in BM-PMNs (St-Pierre et al., 2016) and recently confirmed by us (Safronova et al., 2021). In addition, we identified for the first time mRNA of the α10 subunit in these cells (Safronova et al., 2021). In support of a functional role of the α9 and/or α9α10 nAChRs in BM-PMNs, we showed that α-conotoxins RgIA and Vc1.1 induced Ca2+ transients, enhanced cell adhesiveness and decreased production of reactive oxygen species in these cells (Safronova et al., 2021). To further investigate the physiological roles of α9α10 nAChRs and a possible involvement in inflammation, we investigated in the present study the influence of the specific α9/α10 antagonists on IL-10 release by LPS-stimulated BM-PMNs, an in vitro model of inflammation.

As seen in Figure 1, nicotine (100 μM) application in addition to LPS did not change the release of IL-10 and addition of 200 nM α-conotoxin MII (employed as a control for α3*, α6*, and α7 nAChRs) did not influence significantly the IL-10 level. These results indicate that MII-sensitive α3*, α6*, and α7 nAChR subtypes are not involved in IL-10 release. Interestingly, application of α-conotoxin RgIA (10 nM) resulted in nearly threefold increased IL-10 release, while it increased almost 6 times in the presence of α-conotoxins Vc1.1 (25 nM) or PeIA (10 nM). Application of α-conotoxin GeXIVA (10 nM) showed a tendency to increase the cytokine IL-10 release, but a statistically significant effect was not achieved. Although the minimum detectable concentration of IL-10 for the Abcam kit is typically ∼14 pg/ml, using our standard calibration curve we detected as low IL-10 concentration as 7 pg/ml. This kit was also used before for the measurement of fairly low IL-10 concentrations: 5–20 pg/ml (Khezri et al., 2019), 10–13 pg/ml (Zhang et al., 2019; Ai et al., 2020), and 10–38 pg/ml (Monga et al., 2019). It should be mentioned that the concentrations of IL-10 detected in the presence of α-conotoxins Vc1.1 and PeIA (Figure 1) exceeded the minimum detectable concentration of the Abcam kit. The concentrations for α-conotoxins RgIA, GeXIVA, PeIA, and Vc1.1 were chosen around their IC50 values at the α9α10 nAChR (McIntosh et al., 2005; Vincler et al., 2006; Ellison et al., 2008; Luo et al., 2015). Together, the results suggest that α9-containing nAChRs, that may be activated by endogenous ACh secreted by cells into the culture media, prevent IL-10 release.
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FIGURE 1. Influence of nAChR ligands on the release of IL-10 from murine bone marrow granulocytes. Cells were incubated in a medium containing 10 ng/ml lipopolysaccharide from E. coli without or with nicotine or α-conotoxins, as indicated. IL-10 concentrations were measured in supernatants after 23 h of cell incubation using a mouse IL-10 ELISA kit (ab108870, Abcam, United Kingdom). The average values ± SEM of 9–12 independent measurements, each performed in duplicates, are shown. The Kruskal-Wallis One Way Analysis of Variance on Ranks and the Mann-Whitney Rank Sum Test were used. ND, not detectable; *p < 0.05 compared to the cells treated with LPS only.


IL-10 induces analgesic and anti-inflammatory activity (Saadane et al., 2005; da Silva et al., 2015). The increased IL-10 production in our experiments therefore provides a possible mechanism how α-conotoxins (RgIA, Vc1.1, and PeIA) via blockade of α9 and/or α9α10 nAChRs could exert protective effects against pain and progression of inflammation.



Potencies of Snake Venom Neurotoxins at the Human α9α10 Nicotinic Acetylcholine Receptor

As mentioned above, α9α10 nAChRs show unusual pharmacological properties in comparison to other nAChRs and represent potential drug targets. The snake venom toxins α-Btx and α-Ctx have been shown to inhibit rat α9 nAChRs (Elgoyhen et al., 1994) and human α9α10 (Chandna et al., 2019) in addition to α7 and muscle type receptors. To further evaluate the potential of snake venom toxins as α9α10 ligands, we compared the potency and subtype selectivity of the long-chain α-neurotoxins Tx-NM2, Tx-NM3-1, NT I, the short-chain α-neurotoxin NT II, the non-conventional neurotoxin WTX, and the linear peptide AZE on the human α9α10 nAChRs expressed in X. laevis oocytes.

All experiments were performed with an injected α9:α10 cRNA ratio of 3:1 as this resulted in most robust current responses. To validate our recordings conditions, we first used α-conotoxin Vc1.1 as a positive control. Figure 2A shows that the ACh-activated currents were efficiently inhibited by α-conotoxin Vc1.1 with an IC50 value of 1.18 μM, very similar to previously described values (Yu et al., 2013, 2018).
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FIGURE 2. Potencies of snake toxins at the Xenopus laevis oocyte-expressed human α9α10 nicotinic acetylcholine receptor (nAChR). (A) Dose-Response curves and half-maximal inhibitory concentrations (IC50) values of the indicated toxins. Responses to 2 s pulses of 40 μM acetylcholine (ACh) were measured at a potential of –70 mV. Toxins were pre-incubated for 3 min in a static bath. nH: Hill-slope. 95% confidence intervals (CI95) are given in parenthesis. Note that the high values of the Hill coefficients suggest that a 3 min pre-incubation with the toxins is insufficient for complete binding and IC50 values might therefore be underestimated (compare Supplementary Figure 1). However, for practical reasons (decreasing stability of oocytes in the static bath, need of large toxin amounts in case of superfusion), all measurements were performed after 3 min pre-incubation. (B) Recovery of α9α10 current responses after a block induced by 100 nM Tx-NM2 Representative current traces are shown. Black bars indicate application of 40 μM ACh. Interruptions in the traces indicate a 4 min interval. (C) Representative current traces showing the fast dissociation of the indicated toxins from the α9α10 nAChR. Recording conditions are as in (B). Each point represents the mean of 3–5 measurements from different oocytes of least two different frogs. Error bars represent the standard deviation (S.D.).


Using the same protocol, we next determined the IC50 values of the snake toxins at the α9α10 nAChR subtype. Figure 2A shows that the long-chain α-neurotoxins from N. melanoleuca (Tx-NM2 and Tx-NM3) inhibited this receptor with potencies close to those of α-Btx (IC50 32 nM) and α-Ctx (72 nM). Interestingly, the most potent toxin Tx-NM2 (IC50 30 nM) needed 30 min to fully dissociate from the receptor (Figure 2B). In contrast, all other toxins tested in this study, including α-Btx and α-Ctx, allowed full recovery of the ACh responses within 4 min (Figure 2C).

A somewhat weaker potency was found for the long-chain α-neurotoxin NT I from the N. oxiana venom (IC50 166 nM, Figure 2). In contrast, the short-chain α-neurotoxin NT II from this species failed to inhibit the α9α10 nAChR at concentrations up to 10 μM. All short-chain α-neurotoxins including NT II were previously found to lack affinity to the α7 nAChR but their possible effect at the α9α10 nAChR was not analyzed before. The non-conventional neurotoxin WTX from Naja kaouthia, which at micromolar concentrations binds to both the muscle-type and α7 nAChRs (Utkin et al., 2001), also did not affect α9α10 currents. AZE (Utkin et al., 2012), a linear peptide from the venom of Azemiops feae viper showed only a weak inhibition of about 40% at a concentration of 10 μM (Figure 2).

To estimate the nAChR subtype selectivities of the above toxins, we next measured their ability to inhibit human α7, α2β2, α3β2, α4β2, and muscle-type nAChRs at 1 μM concentration. As seen in Table 1, none of the toxins inhibited neuronal α2β2, α3β2, or α4β2 nAChR subtypes. Similar to α-Btx and α-Ctx, the toxins Tx-NM3-1, Tx-NM2, and NT-I, while being most effective against the α9α10 nAChRs, were also potent inhibitors of α7 and muscle-type receptors, indicating similar binding motives for long-chain α-neurotoxins in these subtypes. The short chain α-neurotoxin NT II and the linear peptide AZE selectively inhibited the muscle-type receptor, as previously reported (Utkin et al., 2001, 2012).


TABLE 1. Normalized responses of human nAChR subtypes to the indicated acetylcholine (ACh) concentration after 3 min pre-incubation with 1 μM of the indicated toxins.
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In conclusion, although Tx-NM2 is not selective for the α9α10 nAChR, it has the highest affinity for this subtype and is the only venom-derived toxin that shows a slow dissociation from this receptor.




DISCUSSION

Research at the Shemyakin-Ovchinnikov Institute originally concentrated on muscle-type and α7 nAChRs but recently focused also on α9α10 subtypes and their interactions with α-conotoxins and three-finger proteins, namely α-neurotoxins and human proteins of the Ly6 family (see review Tsetlin et al., 2021).


Structural Studies on Nicotinic Acetylcholine Receptors in Complex With Toxins

While cryo-electron microscopy structures of the T. marmorata nAChR (Unwin and Fujiyoshi, 2012) and the X-ray structure of the α4β2 nAChR (Morales-Perez et al., 2016) are known, the number of nAChR structures in complexes with peptide and protein neurotoxins is limited. Advances in cryo-EM only recently revealed the structures of the Torpedo nAChR (Rahman et al., 2020) and the human α7 nAChR in complex with α-Btx (Noviello et al., 2021). Previously, binding modes of α-neurotoxins or α-conotoxins were based on the X-ray analysis of their complexes with the AChBP, a versatile surrogate of the LBD of nicotinic and other Cys-loop receptors. Our laboratories participated in the structure determination of AChBP in complex with α-conotoxins specific for the α7 (PnIA analog and ImI), α3β2 (LvIA), and α3β4 (GIC) receptors (Celie et al., 2005; Ulens et al., 2006; Lin et al., 2016; Zhu et al., 2020). Recently the combination of alanine scanning, site-directed mutagenesis, computer modeling, and X-ray crystallography of the AChBP in complex with α-conotoxin LvIA and its synthetic analogs, identified several residues in the β2 subunit that confer LvIA specificity for the α3β2 nAChR (Zhu et al., 2020). In collaboration with Greek crystallographers, who earlier demonstrated the similarity between the α-Btx structures in complexes with AChBP and the heterologously expressed α9 LBD (Zouridakis et al., 2014), the first X-ray structure of α-conotoxin RgIA in complex with the α9 LBD was solved and, based on computer modeling, a model for RgIA binding at the α9-α10 interface was proposed (Zouridakis et al., 2019).

Most α-conotoxins bind at the orthosteric ligand binding sites in different nAChRs subtypes. Because of the high homology of such sites in all nAChR subtypes, drugs that bind at more diverse allosteric sites would have a higher chance to act in a subtype-selective way (Wang and Lindstrom, 2018). In this respect, αO-conotoxin GeXIVA with analgesic activity (Wang et al., 2019) is of interest. In TEVC experiments it inhibited the rat α9α10 nAChR at nanomolar concentrations (Luo et al., 2015) by binding exclusively to an allosteric site, thus opening up a strategy for subtype-selective targeting. However, competition with radioactive α-Btx revealed that αO-conotoxin GeXIVA also binds with a lower affinity (at micromolar concentrations) to the orthosteric sites in the monomeric α9 LBD and in the pentameric Aplysia californica AChBP (Kryukova et al., 2018).



Toxins as Tools for Functional Studies

Due to their high subtype selectivity, α-conotoxins might provide a basis for the development of novel drugs. Most interesting are α-conotoxin RgIA, αO-conotoxin GeXIVA, and their derivatives, which have analgesic properties and target α9α10 nAChRs (Wang et al., 2019; Huynh et al., 2020). The anticancer activity of several nAChR subtype selective α-conotoxins was also tested (Terpinskaya et al., 2015, 2020). The application of α-conotoxins PnIA, RgIA, ArIB[V11L,V16D], or MII together with either baicalein or indomethacin to Ehrlich carcinoma enhanced the antitumor activity several-fold (Osipov et al., 2020). However, while baicalein exerted antiproliferative and cytotoxic effects also on C6 glioma cells, α-Ctx and α-conotoxin RgIA on the contrary promoted proliferation of these cells (Terpinskaya et al., 2021). Thus, further research is required to elucidate the role of nAChRs in different tumor cell lines and environments.

α-Conotoxins are not only convenient tools for structure-function studies on heterologously expressed nAChRs, but also for characterization of their physiological roles in native tissues. Here, we extended a previous study on the involvement of α9α10 nAChRs in mouse granulocyte functions and found that α-conotoxins (RgIA, Vc1.1 and PeIA) significantly increased the release of IL-10 (see Figure 1), which is known to produce analgesic and anti-inflammatory effects (Saadane et al., 2005; da Silva et al., 2015). We suggest that α9-containing nAChRs activated by endogenous ACh may prevent IL-10 release. Similarly, the inhibition of hybridoma cell proliferation by α-Ctx or WTX has been explained by prior action of endogenously released ACh (Skok et al., 2003). There is also evidence in the literature that non-neuronal ACh released by immune cells regulates immune functions via nAChRs (Mashimo et al., 2021) and ACh synthesis was demonstrated in granulocytes (Neumann et al., 2007). Although there are no data showing that α9α10 nAChRs in murine bone marrow granulocytes are constitutively active, we have previously shown effects of α9α10 antagonists, RgIA and Vc1.1 in the absence of agonists, on functions of murine bone marrow granulocytes (Safronova et al., 2021). Similar results were obtained by other groups for the action of different nAChR antagonists on immune cells (Razani-Boroujerdi et al., 2007; Zazueta-Favela et al., 2019). Together with previous findings (Safronova et al., 2016, 2021; Serov et al., 2021), this supports the participation of the α9 and/or α9α10 nAChR in the anti-inflammatory processes and might help to explain the analgesic action of compounds inhibiting this receptor.



Subtype-Selectivity of Snake Toxins

It was earlier shown that α-Btx and α-Ctx can inhibit distinct subtypes of ionotropic GABAA receptors (McCann et al., 2006; Hannan et al., 2015; Kudryavtsev et al., 2015) and similar properties were found for the recently isolated N. melanoleuca long-chain α-neurotoxins (Son et al., 2021). However, N. melanoleuca Tx-NM2, in contrast to α-Btx and α-Ctx, distinguishes the two ACh binding sites in the Torpedo receptor (Son et al., 2021). Here we checked if the N. melanoleuca toxins can also interact with the α9α10 nAChRs and whether their binding to this nAChR subtype would differ from that of α-Btx and α-Ctx.

As seen in Figure 2A, both N. melanoleuca toxins inhibit the α9α10 nAChRs with IC50 values of 30 nM (Tx-NM2) and 119 nM (Tx-NM3-1), the first one being slightly more potent than α-Btx or α-Ctx. We also tested the ability of a series of toxins from other venoms to interact with the α9α10 nAChRs. A relatively high affinity (166 nM) was detected for the NT I, a long-chain α-neurotoxin from N. oxiana. No activity was detected for short-chain NT II, which is not surprising since short-chain α-neurotoxins are known to bind also very weakly to the α7 nAChR. No strong inhibition was found with non-conventional toxin WTX as well. Analysis of the linear peptide AZE that does not contain disulfide bonds was interesting because it was earlier shown to inhibit the muscle-type nAChR (Utkin et al., 2012) and because other linear peptides, oligoarginines, inhibit various nAChR subtypes including the α9α10 nAChRs quite potently (Lebedev et al., 2019). However, no efficient inhibition by AZE was detected at the α9α10 nAChR (Figure 2A and Table 1).

Thus, Tx-NM2 appears most promising for α9α10 nAChR research. It has the highest affinity and dissociates significantly slower from this receptor than all other toxins tested in this study. However, Tx-NM2 was also the most active against the earlier tested nAChR and GABAA receptor subtypes (Son et al., 2021). Nevertheless, it is the first described snake toxin that shows such high affinity at the human α9α10 receptor and provides a valuable basis to elucidate critical determinants for α9α10 selectivity and for the development of α9α10 nAChR labels.




DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The animal study was reviewed and approved by the Commission for the Rules for the Treatment of Animals [The protocol No. 2019/5] of the Institute of Cell Biophysics of the Russian Academy of Sciences (Pushchino, Russia).



AUTHOR CONTRIBUTIONS

VT planned the project, wrote the first draft and together with AN, IS, YH, and YU finalized the manuscript. DK, EK, and LS contributed to the essential materials. DS, YH, PS, and VS performed the experiments. AN, YH, IK, and VS analyzed and interpreted the data. YU, VT, VS, and AN led the project. VT, YU, AN, VS, and IK contributed to the funding acquisition. All authors contributed to, reviewed and approved the manuscript.



FUNDING

This work was supported by the DFG [Research Training Group GRK2338, P01 (AN)], Russian Foundation for Basic Research (RFBR) grant 20-04-00761 (IK), and Russian Science Foundation (RSF) grant 21-14-00316 (isolation of snake toxins).



ACKNOWLEDGMENTS

We thank Han Shen Tae and David Adams (Illawara Health and Medical Research Institute, Wollongong University, Australia) for providing α9α10 nAChR cDNAs and Monika Haberland for preparing oocytes.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fncel.2021.765541/full#supplementary-material



REFERENCES

Ai, L., Luo, W., Yuan, P., Liu, L., and Zhou, Y. (2020). Liver macrophages mediate effects of downhill running and caloric restriction on nonalcoholic fatty liver disease of high fat diet-fed mice. Life Sci. 256:117978. doi: 10.1016/j.lfs.2020.117978

Barber, C. M., Isbister, G. K., and Hodgson, W. C. (2013). Alpha neurotoxins. Toxicon. 66, 47–58. doi: 10.1016/j.toxicon.2013.01.019

Celie, P. H. N., Kasheverov, I. E., Mordvintsev, D. Y., Hogg, R. C., van Nierop, P., van Elk, R., et al. (2005). Crystal structure of nicotinic acetylcholine receptor homolog AChBP in complex with an alpha-conotoxin PnIA variant. Nat. Struct. Mol. Biol. 12, 582–588. doi: 10.1038/nsmb951

Chandna, R., Tae, H. S., Seymour, V. A. L., Chathrath, S., Adams, D. J., and Kini, R. M. (2019). Drysdalin, an antagonist of nicotinic acetylcholine receptors highlights the importance of functional rather than structural conservation of amino acid residues. FASEB Bioadv. 1, 115–131. doi: 10.1096/fba.1027

da Silva, M. D., Bobinski, F., Sato, K. L., Kolker, S. J., Sluka, K. A., and Santos, A. R. S. (2015). IL-10 Cytokine Released from M2 Macrophages Is Crucial for Analgesic and Anti-inflammatory Effects of Acupuncture in a Model of Inflammatory Muscle Pain. Mol. Neurobiol. 51, 19–31. doi: 10.1007/s12035-014-8790-x

Dutertre, S., Nicke, A., and Tsetlin, V. I. (2017). Nicotinic acetylcholine receptor inhibitors derived from snake and snail venoms. Neuropharmacology 127, 196–223. doi: 10.1016/j.neuropharm.2017.06.011

Elgoyhen, A. B., Johnson, D. S., Boulter, J., Vetter, D. E., and Heinemann, S. (1994). α9: An acetylcholine receptor with novel pharmacological properties expressed in rat cochlear hair cells. Cell 79, 705–715. doi: 10.1016/0092-8674(94)90555-X

Elgoyhen, A. B., Vetter, D. E., Katz, E., Rothlin, C. V., Heinemann, S. F., and Boulter, J. (2001). α10: A determinant of nicotinic cholinergic receptor function in mammalian vestibular and cochlear mechanosensory hair cells. Proc. Natl. Acad. Sci. U. S. A. 98, 3501–3506. doi: 10.1073/pnas.051622798

Ellison, M., Feng, Z. P., Park, A. J., Zhang, X., Olivera, B. M., McIntosh, J. M., et al. (2008). Alpha-RgIA, a novel conotoxin that blocks the alpha9alpha10 nAChR: structure and identification of key receptor-binding residues. J. Mol. Biol. 377, 1216–1227. doi: 10.1016/j.jmb.2008.01.082

Ellison, M., Haberlandt, C., Gomez-Casati, M. E., Watkins, M., Elgoyhen, A. B., McIntosh, J. M., et al. (2006). Alpha-RgIA: a novel conotoxin that specifically and potently blocks the alpha9alpha10 nAChR. Biochemistry 45, 1511–7151. doi: 10.1021/bi0520129

Galvis, G., Lips, K. S., and Kummer, W. (2006). Expression of nicotinic acetylcholine receptors on murine alveolar macrophages. J. Mol. Neurosci. 30, 107–108. doi: 10.1385/JMN:30:1:107

Giribaldi, J., Haufe, Y., Evans, E. R. J., Amar, M., Durner, A., Schmidt, C., et al. (2020). Backbone cyclization turns a venom peptide into a stable and equipotent ligand at both muscle and neuronal nicotinic receptors. J. Med. Chem. 63, 12682–12692. doi: 10.1021/acs.jmedchem.0c00957

Gloor, S., Pongs, O., and Schmalzing, G. (1995). A vector for the synthesis of cRNAs encoding Myc epitope-tagged proteins in Xenopus laevis oocytes. Gene 160, 213–217. doi: 10.1016/0378-1119(95)00226-v

Grau, V., Richter, K., Hone, A. J., and McIntosh, J. M. (2019). Conopeptides [V11L;V16D]Arib and RGIA4: Powerful tools for the identification of novel nicotinic acetylcholine receptors in monocytes. Front. Pharmacol. 9:1499. doi: 10.3389/fphar.2018.01499

Hannan, S., Mortensen, M., and Smart, T. G. (2015). Snake neurotoxin α-bungarotoxin is an antagonist at native GABAA receptors. Neuropharmacology 93, 28–40. doi: 10.1016/j.neuropharm.2015.01.001

Ho, T. N. T., Abraham, N., and Lewis, R. J. (2020). Structure-function of neuronal nicotinic acetylcholine receptor inhibitors derived from natural toxins. Front. Neurosci. 14:1209. doi: 10.3389/fnins.2020.609005

Huynh, P. N., Giuvelis, D., Christensen, S., Tucker, K. L., and McIntosh, J. M. (2020). RgIA4 accelerates recovery from paclitaxel-induced neuropathic pain in rats. Mar. Drugs 18:12. doi: 10.3390/md18010012

Khezri, K., Farahpour, M. R., and Mounesi Rad, S. (2019). Accelerated infected wound healing by topical application of encapsulated Rosemary essential oil into nanostructured lipid carriers. Artif. Cells Nanomed. Biotechnol. 47, 980–988. doi: 10.1080/21691401.2019.1582539

Kryukova, E. V., Ivanov, I. A., Lebedev, D. S., Spirova, E. N., Egorova, N. S., Zouridakis, M., et al. (2018). Orthosteric and/or Allosteric Binding of α-Conotoxins to Nicotinic Acetylcholine Receptors and Their Models. Mar. Drugs 16:460. doi: 10.3390/md16120460

Kudryavtsev, D. S., Shelukhina, I. V., Son, L. V., Ojomoko, L. O., Kryukova, E. V., Lyukmanova, E. N., et al. (2015). Neurotoxins from snake venoms and α-conotoxin ImI inhibit functionally active Ionotropic γ-aminobutyric acid (GABA) receptors. J. Biol. Chem. 290, 22747–22758. doi: 10.1074/jbc.M115.648824

Lebedev, D. S., Kryukova, E. V., Ivanov, I. A., Egorova, N. S., Timofeev, N. D., Spirova, E. N., et al. (2019). Oligoarginine peptides, a new family of nicotinic acetylcholine receptor inhibitors. Mol. Pharmacol. 96, 664–673. doi: 10.1124/mol.119.117713

Lin, B., Xu, M., Zhu, X., Wu, Y., Liu, X., Zhangsun, D., et al. (2016). From crystal structure of α-conotoxin GIC in complex with Ac-AChBP to molecular determinants of its high selectivity for α3β2 nAChR. Sci. Rep. 6, 1–10. doi: 10.1038/srep22349

Luo, S., Zhangsun, D., Harvey, P. J., Kaas, Q., Wu, Y., Zhu, X., et al. (2015). Cloning, synthesis, and characterization of αO-conotoxin GeXIVA, a potent α9α10 nicotinic acetylcholine receptor antagonist. Proc. Natl. Acad. Sci. U. S. A. 112, E4026–E4035. doi: 10.1073/pnas.1503617112

Mashimo, M., Moriwaki, Y., Misawa, H., Kawashima, K., and Fujii, T. (2021). Regulation of immune functions by non-neuronal acetylcholine (ACh) via muscarinic and nicotinic ACh receptors. Int. J. Mol. Sci. 22:6818. doi: 10.3390/ijms22136818

McCann, C. M., Bracamontes, J., Steinbach, J. H., and Sanes, J. R. (2006). The cholinergic antagonist alpha-bungarotoxin also binds and blocks a subset of GABA receptors. Proc. Natl. Acad. Sci. U. S. A. 103, 5149–5154. doi: 10.1073/pnas.0600847103

McIntosh, J. M., Absalom, N., Chebib, M., Elgoyhen, A. B., and Vincler, M. (2009). Alpha9 nicotinic acetylcholine receptors and the treatment of pain. Biochem. Pharmacol. 78, 693–702. doi: 10.1016/j.bcp.2009.05.020

McIntosh, J. M., Plazas, P. V., Watkins, M., Gomez-Casati, M. E., Olivera, B. M., and Elgoyhen, A. B. (2005). A novel alpha-conotoxin, PeIA, cloned from Conus pergrandis, discriminates between rat alpha9alpha10 and alpha7 nicotinic cholinergic receptors. J. Biol. Chem. 280, 30107–30112. doi: 10.1074/jbc.M504102200

Moglie, M. J., Marcovich, I., Corradi, J., Carpaneto Freixas, A. E., Gallino, S., Plazas, P. V., et al. (2021). Loss of choline agonism in the inner ear hair cell nicotinic acetylcholine receptor linked to the α10 subunit. Front. Mol. Neurosci. 14:5. doi: 10.3389/fnmol.2021.639720

Monga, S., Nagler, R., Amara, R., Weizman, A., and Gavish, M. (2019). Inhibitory effects of the two novel TSPO ligands 2-Cl-MGV-1 and MGV-1 on LPS-induced microglial activation. Cells 8:486. doi: 10.3390/cells8050486

Morales-Perez, C. L., Noviello, C. M., and Hibbs, R. E. (2016). X-ray structure of the human α4β2 nicotinic receptor. Nature 538, 411–415. doi: 10.1038/nature19785

Neumann, S., Razen, M., Habermehl, P., Meyer, C. U., Zepp, F., Kirkpatrick, C. J., et al. (2007). The non-neuronal cholinergic system in peripheral blood cells: effects of nicotinic and muscarinic receptor antagonists on phagocytosis, respiratory burst and migration. Life Sci. 80, 2361–2364. doi: 10.1016/j.lfs.2007.01.010

Noviello, C. M., Gharpure, A., Mukhtasimova, N., Cabuco, R., Baxter, L., Borek, D., et al. (2021). Structure and gating mechanism of the α7 nicotinic acetylcholine receptor. Cell 184, 2121–2134. doi: 10.1016/j.cell.2021.02.049

Osipov, A. V., Kasheverov, I. E., Makarova, Y. V., Starkov, V. G., Vorontsova, O. V., Ziganshin, R., et al. (2008). Naturally occurring disulfide-bound dimers of three-fingered toxins: a paradigm for biological activity diversification. J. Biol. Chem. 283, 14571–14580. doi: 10.1074/jbc.M802085200

Osipov, A. V., Terpinskaya, T. I., Yanchanka, T., Balashevich, T., Zhmak, M. N., Tsetlin, V. I., et al. (2020). α-Conotoxins enhance both the in vivo suppression of Ehrlich carcinoma growth and in vitro reduction in cell viability elicited by cyclooxygenase and lipoxygenase inhibitors. Mar. Drugs 18:193. doi: 10.3390/md18040193

Peng, H., Ferris, R. L., Matthews, T., Hiel, H., Lopez-Albaitero, A., and Lustig, L. R. (2004). Characterization of the human nicotinic acetylcholine receptor subunit alpha (alpha) 9 (CHRNA9) and alpha (alpha) 10 (CHRNA10) in lymphocytes. Life Sci. 76, 263–280. doi: 10.1016/j.lfs.2004.05.031

Rahman, M. M., Teng, J., Worrell, B. T., Noviello, C. M., Lee, M., Karlin, A., et al. (2020). Structure of the native muscle-type nicotinic receptor and inhibition by snake venom toxins. Neuron 106, 952.e–962.e. doi: 10.1016/j.neuron.2020.03.012

Razani-Boroujerdi, S., Boyd, R. T., Dávila-García, M. I., Nandi, J. S., Mishra, N. C., Singh, S. P., et al. (2007). T cells express alpha7-nicotinic acetylcholine receptor subunits that require a functional TCR and leukocyte-specific protein tyrosine kinase for nicotine-induced Ca2+ response. J. Immunol. 179, 2889–2898. doi: 10.4049/jimmunol.179.5.2889

Rothlin, C. V., Katz, E., Verbitsky, M., and Elgoyhen, A. B. (1999). The α9 nicotinic acetylcholine receptor shares pharmacological properties with type A γ-aminobutyric acid, glycine, and type 3 serotonin receptors. Mol. Pharmacol. 55, 248–254. doi: 10.1124/mol.55.2.248

Saadane, A., Soltys, J., and Berger, M. (2005). Role of IL-10 deficiency in excessive nuclear factor-κB activation and lung inflammation in cystic fibrosis transmembrane conductance regulator knockout mice. J. Allergy Clin. Immunol. 115, 405–411. doi: 10.1016/j.jaci.2004.10.044

Safronova, V. G., Vulfius, C. A., Astashev, M. E., Tikhonova, I. V., Serov, D. A., Jirova, E. A., et al. (2021). α9α10 nicotinic acetylcholine receptors regulate murine bone marrow granulocyte functions. Immunobiology 226:152047. doi: 10.1016/j.imbio.2020.152047

Safronova, V. G., Vulfius, C. A., Shelukhina, I. V., Mal’tseva, V. N., Berezhnov, A. V., Fedotova, E. I., et al. (2016). Nicotinic receptor involvement in regulation of functions of mouse neutrophils from inflammatory site. Immunobiology 221, 761–772. doi: 10.1016/j.imbio.2016.01.016

Serov, D., Tikhonova, I., Safronova, V., and Astashev, M. (2021). Calcium activity in response to nAChR ligands in murine bone marrow granulocytes with different Gr-1 expression. Cell. Biol. Int. 45, 1533–1545. doi: 10.1002/cbin.11593

Skok, M. V., Kalashnik, E. N., Koval, L. N., Tsetlin, V. I., Utkin, Y. N., Changeux, J. P., et al. (2003). Functional nicotinic acetylcholine receptors are expressed in B lymphocyte-derived cell lines. Mol. Pharmacol. 64, 885–889. doi: 10.1124/mol.64.4.885

Son, L., Kryukova, E., Ziganshin, R., Andreeva, T., Kudryavtsev, D., Kasheverov, I., et al. (2021). Novel three-finger neurotoxins from Naja melanoleuca cobra venom interact with GABAA and nicotinic acetylcholine receptors. Toxins 13:164. doi: 10.3390/toxins13020164

St-Pierre, S., Jiang, W., Roy, P., Champigny, C., LeBlanc, E., Morley, B. J., et al. (2016). Nicotinic acetylcholine receptors modulate bone marrow-derived pro-inflammatory monocyte production and survival. PLoS One 11:e0150230. doi: 10.1371/journal.pone.0150230

Sun, Z., Bao, J., Zhangsun, M., Dongs, S., Zhangsun, D., and Luo, S. (2020a). A O-conotoxin GexIVa inhibits the growth of breast cancer cells via interaction with α9 nicotine acetylcholine receptors. Mar. Drugs 18:195. doi: 10.3390/md18040195

Sun, Z., Zhangsun, M., Dong, S., Liu, Y., Qian, J., Zhangsun, D., et al. (2020b). Differential expression of nicotine acetylcholine receptors associates with human breast cancer and mediates antitumor activity of αO-conotoxin gexiva. Mar. Drugs 18:61. doi: 10.3390/md18010061

Terpinskaya, T. I., Osipov, A. V., Balashevich, T. V., Yanchanka, T. L., Tamashionik, E. A., Tsetlin, V. I., et al. (2020). Blockers of nicotinic acetylcholine receptors delay tumor growth and increase antitumor activity of mouse splenocytes. Dokl. Biochem. Biophys. 491, 89–92. doi: 10.1134/S1607672920020143

Terpinskaya, T. I., Osipov, A. V., Kryukova, E. V., Kudryavtsev, D. S., Kopylova, N. V., Yanchanka, T. L., et al. (2021). α-Conotoxins and α-cobratoxin promote, while lipoxygenase and cyclooxygenase inhibitors suppress the proliferation of glioma C6 cells. Mar. Drugs 19:118. doi: 10.3390/md19020118

Terpinskaya, T. I., Osipov, A. V., Kuznetsova, T. E., Ryzhkovskaya, E. L., Ulaschik, V. S., Ivanov, I. A., et al. (2015). α-Conotoxins revealed different roles of nicotinic cholinergic receptor subtypes in oncogenesis of Ehrlich tumor and in the associated inflammation. Dokl. Biochem. Biophys. 463, 216–219. doi: 10.1134/S1607672915040055

Tsetlin, V. I. (2015). Three-finger snake neurotoxins and Ly6 proteins targeting nicotinic acetylcholine receptors: pharmacological tools and endogenous modulators. Trends Pharmacol. Sci. 36, 109–123. doi: 10.1016/j.tips.2014.11.003

Tsetlin, V. I., Kasheverov, I. E., and Utkin, Y. N. (2021). Three-finger proteins from snakes and humans acting on nicotinic receptors: Old and new. J. Neurochem. 158, 1223–1235. doi: 10.1111/jnc.15123

Ulens, C., Hogg, R. C., Celie, P. H., Bertrand, D., Tsetlin, V., Smit, A. B., et al. (2006). Structural determinants of selective alpha-conotoxin binding to a nicotinic acetylcholine receptor homolog AChBP. Proc. Natl. Acad. Sci. U S A. 103, 3615–3620. doi: 10.1073/pnas.0507889103

Unwin, N., and Fujiyoshi, Y. (2012). Gating movement of acetylcholine receptor caught by plunge-freezing. J. Mol. Biol. 422, 617–634. doi: 10.1016/j.jmb.2012.07.010

Utkin, Y. N., Kukhtina, V. V., Kryukova, E. V., Chiodini, F., Bertrand, D., Methfessel, C., et al. (2001). “Weak toxin” from Naja kaouthia is a nontoxic antagonist of α7 and muscle-type nicotinic acetylcholine receptors. J. Biol. Chem. 276, 15810–15815. doi: 10.1074/jbc.M100788200

Utkin, Y. N., Weise, C., Kasheverov, I. E., Andreeva, T. V., Kryukova, E. V., Zhmak, M. N., et al. (2012). Azemiopsin from Azemiops feae viper venom, a novel polypeptide ligand of nicotinic acetylcholine receptor. J. Biol. Chem. 287, 27079–27086. doi: 10.1074/jbc.M112.363051

Verbitsky, M., Rothlin, C. V., Katz, E., and Belén Elgoyhen, A. (2000). Mixed nicotinic-muscarinic properties of the α9 nicotinic cholinergic receptor. Neuropharmacology 39, 2515–2524. doi: 10.1016/S0028-3908(00)00124-6

Vincler, M., Wittenauer, S., Parker, R., Ellison, M., Olivera, B. M., and McIntosh, J. M. (2006). Molecular mechanism for analgesia involving specific antagonism of alpha9alpha10 nicotinic acetylcholine receptors. Proc. Natl. Acad. Sci. U S A. 103, 17880–17884. doi: 10.1073/pnas.0608715103

Wang, H., Li, X., Zhangsun, D., Yu, G., Su, R., and Luo, S. (2019). The α9α10 nicotinic acetylcholine receptor antagonist αo-conotoxin GeXIVA[1,2] alleviates and reverses chemotherapy-induced neuropathic pain. Mar. Drugs 17:265. doi: 10.3390/md17050265

Wang, J., and Lindstrom, J. (2018). Orthosteric and allosteric potentiation of heteromeric neuronal nicotinic acetylcholine receptors. Br. J. Pharmacol. 175, 1805–1821. doi: 10.1111/bph.13745

Yu, R., Kompella, S. N., Adams, D. J., Craik, D. J., and Kaas, Q. (2013). Determination of the α-conotoxin Vc1.1 binding site on the α9α10 nicotinic acetylcholine receptor. J. Med. Chem. 56, 3557–3567. doi: 10.1021/jm400041h

Yu, R., Tae, H. S., Tabassum, N., Shi, J., Jiang, T., and Adams, D. J. (2018). Molecular determinants conferring the stoichiometric-dependent activity of α-conotoxins at the human α9α10 nicotinic acetylcholine receptor subtype. J. Med. Chem. 61, 4628–4634. doi: 10.1021/acs.jmedchem.8b00115

Zazueta-Favela, D., Donis-Maturano, L., Licea-Navarro, A. F., Bernáldez-Sarabia, J., Dan, K. W. L., Cota-Arce, J. M., et al. (2019). Marine peptides as immunomodulators: Californiconus californicus-derived synthetic conotoxins induce IL-10 production by regulatory T cells (CD4+Foxp3+). Immunopharmacol. Immunotoxicol. 1, 463–468. doi: 10.1080/08923973.2019.1641114

Zhang, C. W., Wu, X., Liu, D., Zhou, W., Tan, W., Fang, Y. X., et al. (2019). Long non-coding RNA PVT1 knockdown suppresses fibroblast-like synoviocyte inflammation and induces apoptosis in rheumatoid arthritis through demethylation of sirt6. J. Biol. Eng. 13:60. doi: 10.1186/s13036-019-0184-1

Zhu, X., Pan, S., Xu, M., Zhang, L., Yu, J., Yu, J., et al. (2020). High selectivity of an α-conotoxin LvIA analogue for α3β2 nicotinic acetylcholine receptors is mediated by β2 functionally important residues. J. Med. Chem. 63, 13656–13668. doi: 10.1021/acs.jmedchem.0c00975

Zouridakis, M., Giastas, P., Zarkadas, E., Chroni-Tzartou, D., Bregestovski, P., and Tzartos, S. J. (2014). Crystal structures of free and antagonist-bound states of human α9 nicotinic receptor extracellular domain. Nat. Struct. Mol. Biol. 21, 976–980. doi: 10.1038/nsmb.2900

Zouridakis, M., Papakyriakou, A., Ivanov, I. A., Kasheverov, I. E., Tsetlin, V., Tzartos, S., et al. (2019). Crystal structure of the monomeric extracellular domain of α9 nicotinic receptor subunit in complex with α-conotoxin RgIA: molecular dynamics insights into RgIA binding to α9α10 nicotinic receptors. Front. Pharmacol. 10:474. doi: 10.3389/fphar.2019.00474


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Tsetlin, Haufe, Safronova, Serov, Shadamarshan, Son, Shelukhina, Kudryavtsev, Kryukova, Kasheverov, Nicke and Utkin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fncel-15-765541-g002.jpg
100— Toxin ICs0 (Clos) nM nx (Clgs) |
2 . Tx-NM3-1 119 (90 to 155) -1.11 (-1.56 t0 -0.82)
® 80 e Tx-NM2 30 (25 to 35) -1.85 (-2.72 to -1.38)
§_ 1o NTI 166 (13210 208)  -1.43 (-1.91 to -1.09)
@ 60— ¢ NTII > 10,000 n.d.
s 1< % WTX > 10,000 n.d.
® 40 ; AZE > 10,000 n.d.
T [ PAGSr=— a-Ctx 72 (58 to 87) -1.83 (-2.72 to -1.35)
E 204, 1w a-Btx 32 (28 to 46) -2.00 (-3.00 to -1.47)
> . 1A Tx-NM3-1 Vel.1 1,181 (986 to 1,409)  -0.87 (-1.0110-0.75)
1 10 100 1000 10000
Toxin] nM
B [ ]
X 100- 100 nM Tx-NM2
m gl ] 1 * ] ] E ] E i £ £
(7))
S 80t o = |q,-ﬂ1/—4 >
Q.
® 60
o 40—
N il
S 204 Koff: 0.088 < L
g ] (0.063t00.117) min-" 0
2 O ‘ I I I I 1 I 1 I 1 I 1 I I I 1 | 1 10 S
0O 4 8 12 16 20 24 28 32
Time [min]
C 10 pM Vet 1 1 UM Tx-NM3-1 1 uM NTI
= - * - - = - = * - - - - - * - = -
Il-v—l IFV# | |l | | I { [~ {| =
< < b b < l‘ U V—-‘
| |
3L QL o
10s 10's 10's
100 nM a-Btx 300 nM a-Ctx
.. Y. L. A 2
T |hp~41 f-1 — 1 Al

< < l‘ FL(

c cC

QL ] J

10 s 10 s





OPS/images/fncel-15-765541-g001.jpg
IL-10 concentration, pg/ml

26,
20 -
16 1

10

ND

1

LPS, Nicotine, MIl, RglA, GeXIVA, Vc1d1, PelA,
10 ng/ml 100pM 200nM 10nM 10nM 25nM 10nM

LPS.10 ng/mi






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Interaction of α9α10 Nicotinic Receptors With Peptides and Proteins From Animal Venoms



		INTRODUCTION



		MATERIALS AND METHODS



		Materials



		Nicotinic Acetylcholine Receptor, cDNAs, RNA Preparation, and Oocyte Injection



		Electrophysiological Recordings and Data Analysis



		Animals



		Granulocyte Isolation



		Enzyme-Linked Immunosorbent Assay for IL-10



		Statistical Analysis for Granulocyte Assay







		RESULTS



		Testing Effects of α-Conotoxins on IL-10 Release From Mouse Granulocytes



		Potencies of Snake Venom Neurotoxins at the Human α9α10 Nicotinic Acetylcholine Receptor







		DISCUSSION



		Structural Studies on Nicotinic Acetylcholine Receptors in Complex With Toxins



		Toxins as Tools for Functional Studies



		Subtype-Selectivity of Snake Toxins







		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/cover.jpg
frontiers _
in Cellular Neuroscience

Interaction of «9a10 Nicotinic
Receptors With Peptides
and Proteins From Animal

Venoms







OPS/images/fncel-15-765541-t001.jpg
(x1)2B1e8
odf2 (5:1)  o3B2(1:1) o282 (1:1) o7 (2:1:1:1)
ACh conc. 100 pM 100 oM 100 puM 100 puM 30 M

Tx-NM3-1 80 6% 67 +£6% 96 £+ 2% 2+2%* 1x1%*
Tx-NM2 84 +9% 68 +£7% 99 + 2% 2+2%** 1+£1%*

WTX 9 +1% 101 £2% 95 + 4% 99 +2% 100£7%

NT I 101 £1% 101 £1% 94 £+ 2% 2+ 2%** 2+3%*
NT I 99 +2% 101 £1% 96 + 3% 91 £+ 4% 0+ 0%*
AZE 100 £1% 101 £1% 98+3% 101 £2% 13 £ 10%

Three recordings were performed on different oocytes from at least two frogs.
Mean values with standard deviation (S.D.) are shown. The injected mRNA ratio
is given in parenthesis for each nAChR subtype.

* Indicates a slow off-rate of the toxin, ** indicates no off-rate of toxin within 10 min.
High potency is highlighted in bold.







OPS/images/logo.jpg
’ frontiers
in Cellular Neuroscience





