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Introduction

Currently, more than 30% of the world's population suffers from chronic pain [START_REF] Cohen | Chronic pain: an update on burden, best practices, and new advances[END_REF]. Despite being widely studied, chronic pain management has changed little over the last decades and remains highly reliant on opioid treatment, resulting in inadequate pain relief, side effects and addiction manifesting itself in an opioid crisis sweeping across the United States [START_REF] Coussens | The Opioid Crisis and the of Addiction and Pain Therapeutics[END_REF][START_REF] Glare | Transition from acute to chronic pain after surgery[END_REF]. Collectively, this strongly advocates the development of effective and safe non-opioid pain treatments.

Animal venoms represent an important source of bioactive molecules, including peptide toxins, evolved to incapacitate preys or to fight off aggressors/predators [START_REF] Lewis | Therapeutic potential of venom peptides[END_REF][START_REF] King | Venoms as a platform for human drugs: translating toxins into therapeutics[END_REF][START_REF] Casewell | Complex cocktails: the evolutionary novelty of venoms[END_REF]. Over the last three decades, technological advances including improved analytical techniques and high-throughput screening in combination with the emergence of omics approaches have greatly expanded the knowledge around venoms [START_REF] King | Venoms as a platform for human drugs: translating toxins into therapeutics[END_REF][START_REF] Robinson | Venom peptides as therapeutics: advances, challenges and the future of venom-peptide discovery[END_REF]. Several drugs have been developed from the venom of different species, including lizards, snakes and cone snails for a variety of conditions such as diabetes, hypertension, hemostasis control and chronic pain [START_REF] Lewis | Therapeutic potential of venom peptides[END_REF][START_REF] King | Venoms as a platform for human drugs: translating toxins into therapeutics[END_REF].

Voltage-gated sodium channels are key in the initiation and propagation of nerve action potentials, and the NaV1.7 isoform has been implicated to play an important role in pain pathways [START_REF] Wood | Voltage-gated sodium channels and pain pathways[END_REF]. Genetic evidence has shown that mutations in the SCN9A gene, that encodes for the NaV1.7 sodium channel subtype, cause pain-related pathologies [START_REF] Cox | An SCN9A channelopathy causes congenital inability to experience pain[END_REF][START_REF] Fertleman | SCN9A Mutations in Paroxysmal Extreme Pain Disorder: Allelic Variants Underlie Distinct Channel Defects and Phenotypes[END_REF]. Several spiderderived venom peptides have displayed high affinity and selectivity for NaV1.7 subtypes including Gr2a, Hh2a and Tp2a [START_REF] Gonçalves | The NaV1.7 Channel Subtype as an Antinociceptive Target for Spider Toxins in Adult Dorsal Root Ganglia Neurons[END_REF]. Recently, µ-theraphotoxin-Pn3a, isolated from the venom of Pamphobeteus nigricolor was characterized as a NaV1.7 sodium channel inhibitor. Interestingly, a recent study demonstrated that Pn3a also inhibited CaV1 and CaV2 subtype family as well as CaV3.3 channels at high concentrations [START_REF] Mcarthur | Spider Venom Peptide Pn3a Inhibition of Primary Afferent High Voltage-Activated Calcium Channels[END_REF][START_REF] Mcarthur | µ-Theraphotoxin-Pn3a inhibition of CaV3.3 channels reveals a novel isoform-selective drug binding site[END_REF]. Interestingly, when administered in combination with subtherapeutic doses of opioids, the Pn3a peptide can produce profound analgesic activity in inflammatory animal models [START_REF] Deuis | Pharmacological characterisation of the highly NaV1.7 selective spider venom peptide Pn3a[END_REF]. Another spider toxin, µ-theraphotoxin-Pspp1, also known as phlotoxin 1 (PhlTx1) from the spider venom of a Phlogiellus sp., has been shown to inhibit NaV1.7 in mammalian cells expressing this sodium channel subtype. Furthermore, this peptide toxin was able to reduce pain-like responses in mouse models of inflammatory pain [START_REF] Nicolas | Chemical Synthesis, Proper Folding, Nav Channel Selectivity Profile and Analgesic Properties of the Spider Peptide Phlotoxin 1[END_REF]. Together, these results suggest that spider toxins targeting voltage-gated sodium channels could have potential for the treatment of pain.

The mechanisms underlying the development of pain are complex and in addition to sodium channel subtypes, including NaV1.7, numerous studies have also revealed the implication of neuronal voltage-gated calcium channels [START_REF] Todorovic | T-type voltage-gated calcium channels as targets for the development of novel pain therapies: T-channels in nociceptive pathways[END_REF][START_REF] Bourinet | Calcium-Permeable Ion Channels in Pain Signaling[END_REF]. ω-Conotoxin-MVIIA, isolated from Conus magus, and inhibits N-type CaV2.2, was FDA approved in 2004 for the treatment of severe chronic pain [START_REF] Miljanich | Ziconotide: neuronal calcium channel blocker for treating severe chronic pain[END_REF]. In addition, ω-conotoxin-GVIA and ω-conotoxin-CVID isolated from C. geographus and C. catus species, respectively, which also target CaV2.2, have demonstrated analgesic properties in vivo [START_REF] Tranberg | ω-Conotoxin GVIA Mimetics that Bind and Inhibit Neuronal Cav2.2 Ion Channels[END_REF][START_REF] Adams | ω-Conotoxin CVID Inhibits a Pharmacologically Distinct Voltage-sensitive Calcium Channel Associated with Transmitter Release from Preganglionic Nerve Terminals[END_REF]. One limitation of targeting CaV2.2 as an analgesic target is the necessity for intrathecal administration to specifically target spinal sites and limit the side effects [START_REF] Mcgivern | Ziconotide: a review of its pharmacology and use in the treatment of pain[END_REF]. Further characterization of pain pathways has also implicated T-type calcium channels (CaV3) in nociceptive transmission [START_REF] Harding | Central and peripheral contributions of T-type calcium channels in pain[END_REF][START_REF] Todorovic | The role of T-type calcium channels in peripheral and central pain processing[END_REF]. Activated by very low depolarization near resting membrane potentials and located in the cell membrane, they control neuronal excitability and participate in many calcium-dependent functions including neuronal firing, hormone secretion, smooth muscle contraction, myoblast fusion, and fertilization [START_REF] Perez-Reyes | Molecular Physiology of Low-Voltage-Activated T-type Calcium Channels[END_REF]. In opposition to CaV2.2 subtypes, CaV3 are peripherally accessible, which make them promising putative analgesic targets [START_REF] François | T-type calcium channels in chronic pain: mouse models and specific blockers[END_REF]. Administration of T-type calcium channel inhibitors, including mibefradil, ethosuximide, or more recently developed selective pan-T-type blockers such as TTA-A2 and Z944 produced analgesic effects in animal models [START_REF] Todorovic | Mechanical and thermal antinociception in rats following systemic administration of mibefradil, a T-type calcium channel blocker[END_REF][START_REF] Flatters | Ethosuximide reverses paclitaxel-and vincristine-induced painful peripheral neuropathy[END_REF][START_REF] Harding | The T-type calcium channel antagonist, Z944, reduces spinal excitability and pain hypersensitivity[END_REF][START_REF] Francois | State-dependent properties of a new T-type calcium channel blocker enhance CaV3.2 selectivity and support analgesic effects[END_REF]. Among T-type channels, the isoform CaV3.2 is largely expressed in primary sensory neurons [START_REF] Rose | Immunohistological demonstration of CaV3.2 T-type voltage-gated calcium channel expression in soma of dorsal root ganglion neurons and peripheral axons of rat and mouse[END_REF], thus suggesting a role in the nociceptive mechanism. Importantly, in mice, the CaV3.2 calcium channel is a selective marker of the Aδ-and C-lowthreshold mechanoreceptors (LTMRs) involved in the pathophysiology of chronic pain models [START_REF] François | The Low-Threshold Calcium Channel Cav3.2 Determines Low-Threshold Mechanoreceptor Function[END_REF][START_REF] Feng | Nerve injury elevates functional Cav3.2 channels in superficial spinal dorsal horn[END_REF]. One in vivo study in mononeuropathic rats showed silencing of the CaV3.2 gene by antisense oligodeoxynucleotides caused antinociceptive, antihyperalgesic and anti-allodynic effects [START_REF] Bourinet | Silencing of the Cav3.2 T-type calcium channel gene in sensory neurons demonstrates its major role in nociception[END_REF]. Similarly, in a rat model of irritable bowel syndrome, CaV3.2 channels contributed to the exaggerated colonic hypersensitivity [START_REF] Marger | T-type calcium channels contribute to colonic hypersensitivity in a rat model of irritable bowel syndrome[END_REF]. These results suggest that the CaV3.2 voltage-gated calcium channel is a potential analgesic target for future therapeutic pain management approaches.

In this study, we report the identification and characterizations of µ/ω-theraphotoxin-Pmu1a [START_REF] King | A rational nomenclature for naming peptide toxins from spiders and other venomous animals[END_REF] (Pmu1a), a 36-amino acid peptide isolated from the venom of the tarantula Pterinochilus murinus. Initial bioassay-guided HPLC fractionation showed potent inhibitory activity of P. murinus crude venom on hCaV3.2 voltage-gated channels. Further electrophysiological studies using synthetic material revealed inhibitory activity of Pmu1a on both hCaV3.2 and hNaV1.7 and allowed its pharmacological characterization on additional subtypes of hNaV and hCaV3 channels. These results suggest that Pmu1a is a novel voltage-gated ion channel inhibitor that may provide a basis for the development of novel agents with dual pharmacology.

Results

Screening of Pterinochilus murinus crude venom against hCaV3.2 voltage-gated channels and isolation of Pmu1a

Venom from the spider species Pterinochilus murinus (1 mg/mL) inhibited 50% of the current using manual whole-cell patch clamp electrophysiology in HEK293 cells overexpressing hCaV3.2 (data not shown). The crude venom of P. murinus was fractionated using RP-HPLC and individual fractions were evaluated for activity using manual whole-cell patch clamp electrophysiology in HEK293 cells overexpressing hCaV3.2. Fraction 32 (Figure 1A) of P. murinus inhibited hCaV3.2 calcium channels by reducing the current by more than 80% (data not shown). Further purification of fraction 32 (Figure 1B) revealed that sub-fraction 32.6 effectively inhibited more than 90% of hCaV3.2 current in HEK293 cells overexpressing hCaV3.2 (Figure 1C). Mass spectrometry analysis determined that the dominant peak in sub-fraction 32.6 displayed a monoisotopic mass of 4350.83 Da (Figure 1D). Edman degradation revealed a 36-amino acid toxin containing six cysteines, which was named Pmu1a, according to the current nomenclature [START_REF] King | A rational nomenclature for naming peptide toxins from spiders and other venomous animals[END_REF] (Figure 2). Due to limited quantity of native material, the disulfide connectivity could not be determined experimentally. However, the primary amino acid sequence follows the consensus described for inhibitor cystine knot (ICK) framework: CX3-7CX3-6CX0-5CX1-4CX4-13C, where X can be any amino acid [START_REF] King | Structure and function of insecticidal neurotoxins from Australian funnel-web spiders[END_REF]. This particular motif, found in many spider-venom peptides, comprises a ring formed by two disulfides and the intervening sections of polypeptide backbone, with a third disulfide piercing the ring to create a pseudo-knot [START_REF] Norton | The cystine knot structure of ion channel toxins and related polypeptides[END_REF]. This is the first toxin described so far from the crude venom of the spider P. murinus, known as the "orange baboon tarantula", a member of the Theraphosidae spider family. A BLAST search revealed that the closest relatives were a group of uncharacterized sequences from the spider Grammostola rosea (percentage identity ranging from 75 to 77 %). However, Pn3a from Pamphobeteus nigricolor is the most similar peptide (58% sequence identity) for which pharmacological and structural characterizations were available (Figure 2).

Chemical synthesis of Pmu1a

The quantity of native peptide isolated from the crude venom was not sufficient to perform additional bioassays and structure determination, therefore, the peptide was chemically synthesized using automated Fmoc-SPPS [START_REF] Behrendt | Advances in Fmoc solid-phase peptide synthesis[END_REF] with a yield of 10% for the pure linear peptide. When screening for optimum folding conditions, we found that using NH4OAc as a basic buffer and guanidine hydrochloride (GnHCl) as a denaturant promoted the formation of one major isomer (Figure 3A). Replacing GnHCl by urea in the oxidation buffer further increased the formation of the major isomer as evidenced by the relative increase in peak area (Figure 3B). Additionally, due to decreased solubility of the peptide during oxidation, as suggested by the diminishing peak area over time (Figure 3B), isopropyl alcohol (IPA) and acetonitrile (ACN) were evaluated as co-solvent. The addition of IPA did not promote the formation of the desired isomer (data not shown) but the use of 50% ACN improved the oxidation yield compared to conditions without ACN (Figure 3C). Following optimization of the folding conditions, NH4OAc containing 1.475 M urea and 50% ACN were used. The synthetic peptide was isolated with 12% yield (Figure 3D) from pure linear peptide and co-eluted with the native peptide (data not shown). Interestingly, when the purified peptide was solubilized after lyophilization, an additional minor peak was present in the RP-HPLC chromatogram (Figure 3D). Isolation of the main peak followed by a second round of RP-HPLC purification led to the same RP-HPLC chromatogram profile containing an additional small peak, suggesting that the peptide undergoes dynamic conformational exchange to a small extent.

Activity of synthetic Pmu1a at voltage-and ligand-gated ion channels using electrophysiology and calcium fluorescence imaging

Synthetic Pmu1a was evaluated for activity at hCaV3.2 overexpressed in HEK293 cells using manual whole-cell patch clamp electrophysiology, displaying an IC50 of 955.4 ± 235.5 nM (Figure 4A, table 1). Because of the sequence similarity between Pmu1a and Pn3a, a selective NaV1.7 inhibitor, synthetic Pmu1a was also evaluated for activity against a panel of voltage-gated sodium channels overexpressed in HEK293 cells, including hNaV1.7, hNaV1.6 and hNaV1.4, using automated whole-cell patch clamp electrophysiology experiments. Pmu1a inhibited hNaV1.7 and hNaV1.6 channels with high potency (NaV1.7 IC50 7.0 ± 0.7 nM, NaV1.6 IC50 9.9 ± 1.7 nM) and hNaV1.4 with ∼8-fold lower potency (IC50 62.9 ± 8.1 nM) (Figure 4B, table 1). Inhibition of hNaV1.7 was further confirmed by manual whole-cell patch clamp electrophysiology, where Pmu1a displayed an IC50 value of 5.5 ± 0.4 nM (Figure 4A). Although the original screening campaign was performed on hCaV3.2 channels, the selectivity profile of Pmu1a on all three subtypes of CaV3 channels was further investigated using manual whole-cell patch clamp electrophysiology. Interestingly when tested at 10 µM, Pmu1a inhibits 95.1 ± 0.6 % (n=4) of hCaV3.1 current, 90.8 % ± 1.5 % (n=4) of hCaV3.3 and 63.5 ± 4.7 % (n=6) of hCaV3.2 current (Figure 4C, table 1). Pmu1a also induced a strong rightward shift in the current-voltage curves of hCaV3 currents. The V1/2 values in the absence and in the presence of toxin, for hCaV3.1, hCaV3.2, hCaV3.3 current-voltage curves were -43.1 ± 0.9 and -21.7 ± 3.4 mV (p<0.01, n=4), -48.8 ± 2.6 and -37.2 ± 1.3 mV (p<0.05, n=3), -45.4 ± 1.1 and -19.3 ± 2.6 mV (p<0.01, n=4) respectively. This strong shift in the currentvoltage curves might suggest that PmuTx1 could act as a gating modifier of CaV3 currents. To further test this hypothesis, we investigated the effect of the toxin at very positive voltage (+100 mV), for which CaV3 currents are fully activated. (Figure 4E). We found that 10 µM PmuTx1 has no inhibitory effect on CaV3.1 (n=6) and CaV3.3 (n=4) currents elicited at +100 mV whereas CaV3.2 were inhibited by less than 15 % (n=5). On the contrary, in these experiments PmuTx1 induced ~86 % inhibition of CaV3.1 current, ~53 % inhibition of CaV3.2 current and ~89 % inhibition of CaV3.3 current recorded at -30 mV. Overall, these results suggest that PmuTx1 induced inhibition of CaV3 currents mainly by inducing a strong depolarizing shift in the current-voltage curve.

Solution structure of synthetic Pmu1a

Two-dimensional (2D) homonuclear NMR spectroscopy was used to determine the threedimensional (3D) structure of the Pmu1a peptide. Structure calculations were run without disulfide bond restraints and the most likely bond was between Cys2-Cys16 (C1-C4). The connectivity of the remaining disulfide bonds was ambiguous. However, structures were also run with the 15 different possible disulfide connectivities and the lowest target function [START_REF] Jordan | Hepcidin revisited, disulfide connectivity, dynamics, and structure[END_REF] value was obtained for the C1-C4, C2-C5 and C3-C6 connectivity, suggesting that is the most likely connectivity. The structure was well-defined over residues 4-28 (0.35 ± 0.09 Å RMSD over backbone atoms, Table 2, Figure 5A), but displays a disordered C-terminal across residues 29-36. The final 20 lowest-energy structures were calculated including disulfide constraints. The ensemble superimposes with a low RMSD (0.35 ± 0.09 Å) over backbone atoms of residues 4-28 (Table 2, Figure 5A). Moreover, Pmu1a comprised two antiparallel β-strands, which is typical of the inhibitory cystine knot (ICK) motif characteristic of spider ICK peptides targeting NaV channels [START_REF] Klint | Spidervenom peptides that target voltage-gated sodium channels: Pharmacological tools and potential therapeutic leads[END_REF] (Figure 5B). The molecular surface clearly indicates an amphipathic peptide where charged residues are mainly on one face (Figure 5C) and hydrophobic residues on the other face of the peptide (Figure 5D). As expected from the amino acid sequence similarity with Pn3a, superimposition of the two peptides over the backbone atoms of residues 1-27 highlight the structural similarity (RMSD value of 0.715 Å (Figure 5B). Despite the presence of a second conformer in the RP-HPLC data, there was no evidence of a second conformer in the NMR spectra, consistent with the low percentage of the second conformer in the chromatographic analysis.

Discussion

Inhibitors for various subtypes of CaV channels have been isolated from spider venom [START_REF] Klint | Spidervenom peptides that target voltage-gated sodium channels: Pharmacological tools and potential therapeutic leads[END_REF]. However, spider peptides with activity at T-type CaV channels are comparatively rare [START_REF] Cardoso | A spider-venom peptide with multitarget activity on sodium and calcium channels alleviates chronic visceral pain in a model of irritable bowel syndrome[END_REF] and low nanomolar inhibitors have not yet been reported for CaV3.2. CaV3.2 channels are characterized by their hyperpolarized voltage-activation range and window current, which make them ideally suited to regulate neuronal excitability [START_REF] François | T-type calcium channels in chronic pain: mouse models and specific blockers[END_REF]. They are expressed in various subpopulations of primary afferent neurons. Furthermore, knockdown and channel blockade mediate analgesia [START_REF] François | T-type calcium channels in chronic pain: mouse models and specific blockers[END_REF]. The majority of CaV active spider peptides have shown activity across CaV1, CaV2.1, CaV2.2 and CaV2.3 [START_REF] Santos | Phoneutria nigriventer ω-Phonetoxin IIA Blocks the Ca v 2 Family of Calcium Channels and Interacts with ω-Conotoxin-binding Sites[END_REF][START_REF] Wang | The cross channel activities of spider neurotoxin huwentoxin-I on rat dorsal root ganglion neurons[END_REF][START_REF] Liang | Properties and amino acid sequence of huwentoxin-I, a neurotoxin purified from the venom of the Chinese bird spider Selenocosmia Huwena[END_REF][START_REF] Jiang | Molecular diversification based on analysis of expressed sequence tags from the venom glands of the Chinese bird spider Ornithoctonus huwena[END_REF][START_REF] Liu | Function and Solution Structure of Huwentoxin-X, a Specific Blocker of N-type Calcium Channels, from the Chinese Bird Spider Ornithoctonus huwena[END_REF][START_REF] Bindokas | ?-Aga-I: A presynaptic calcium channel antagonist from venom of the funnel web spider,Agelenopsis aperta[END_REF][START_REF] Adams | Novel Calcium Channel Antagonists of Two Subtypes from Funnel Web Spider (Agelenopsis uperta) Venom[END_REF][START_REF] Ertel | Type III .omega.-Agatoxins: A Family of Probes for Similar Binding Sites on L-and N-Type Calcium Channels[END_REF][START_REF] Yan | The Spider Toxin ω-Aga IIIA Defines a High Affinity Site on Neuronal High Voltage-activated Calcium Channels[END_REF][START_REF] Leão | Inhibition of neuronal highvoltage activated calcium channels by the ω-Phoneutria nigriventer Tx3-3 peptide toxin[END_REF][START_REF] Cordeiro M Do | Purification and amino acid sequences of six Tx3 type neurotoxins from the venom of the Brazilian 'armed' spider Phoneutria Nigriventer (keys.)[END_REF][START_REF] Vieira | Inhibition of High Voltage-Activated Calcium Channels by Spider Toxin PnTx3-6[END_REF][START_REF] Vieira | Leftward Shift in the Voltage-Dependence for Ca2+ Currents Activation Induced by a New Toxin from Phoneutria reidyi (Aranae, Ctenidae) Venom[END_REF][START_REF] Richardson | Comparison of the partial proteomes of the venoms of Brazilian spiders of the genus Phoneutria[END_REF][START_REF] Newcomb | SNX-325, a novel calcium antagonist from the spider Segestria florentina[END_REF], with a recent report of the tarantula toxin ω-Avsp1a inhibiting T-type calcium channels CaV3.1 and CaV3.3, albeit with low affinity [START_REF] Herzig | The Tarantula Toxin ω-Avsp1a Specifically Inhibits Human CaV3.1 and CaV3.3 via the Extracellular S3-S4 Loop of the Domain 1 Voltage-Sensor[END_REF]. Recently, low potency inhibition of calcium channels CaV3.3 by the spider toxin Pn3a, a low nanomolar inhibitor of NaV1.7 sodium channels, was reported [START_REF] Mcarthur | µ-Theraphotoxin-Pn3a inhibition of CaV3.3 channels reveals a novel isoform-selective drug binding site[END_REF]. However, the authors did not observe CaV3.2 inhibition up to 10 µM [START_REF] Mcarthur | µ-Theraphotoxin-Pn3a inhibition of CaV3.3 channels reveals a novel isoform-selective drug binding site[END_REF]. Tap1a isolated from Theraphosa apophysis venom is thus far the spider toxin displaying the strongest activity on CaV3.2 channels (IC50 1.2 µM) [START_REF] Cardoso | A spider-venom peptide with multitarget activity on sodium and calcium channels alleviates chronic visceral pain in a model of irritable bowel syndrome[END_REF]. The role of CaV3.2 T-type calcium channels in the nociceptive pathway is still awaiting the discovery and pharmacological elucidation of a selective blocker of CaV3.2. In this study, Pmu1a, a novel T-type CaV3 channels inhibitor, was identified and isolated from P. murinus venom.

Identification and initial characterization of Pmu1a was followed by solid-phase peptide synthesis and thermodynamic oxidative folding to obtain material for assays and NMR structure determination. During oxidation of the peptide, urea promoted the more efficient formation of a major folding isomer than guanidine hydrochloride (Figure 3A,B). Addition of urea to the oxidation buffer has previously been used in the folding of the spider peptide Hsp1a and most likely improves oxidation yield by decreasing aggregation [START_REF] Gonzales | Fluorescence Imaging of Peripheral Nerves by a Nav1.7-Targeted Inhibitor Cystine Knot Peptide[END_REF]. Similarly, the presence of urea was required for solubility of linear Pmu1a, most likely because of the peptide's tendency to aggregate via hydrophobic interactions during the folding reaction. Hydrogen exchange experiments have demonstrated that urea forms hydrogen bonds to peptide NH and CO groups [START_REF] Lim | Urea, but not guanidinium, destabilizes proteins by forming hydrogen bonds to the peptide group[END_REF], which may promote reduced aggregation leading to higher oxidation yield. For Pmu1a, addition of ACN to the folding buffer further improved solubility and increased the folding yield further (Figure 3C). One explanation could be that one or more key folding intermediates are more soluble in ACN resulting in improved overall yield. The optimized folding conditions provided sufficient material (12% folding yield) to perform bioassays on different subtypes of sodium voltage-gated ion channels and NMR structure determination. Synthetic Pmu1a inhibits CaV3.2 (Figure 4A) with submicromolar potency (955.4 nM). To further assess the selectivity profile of Pmua1, we performed additional electrophysiology experiments on other CaV3 channels (Figures 4C,D). Interestingly, Pmu1a appears even more potent on CaV3.1 and CaV3.3 channels which are also targets with potential therapeutic value. Knock-out of CaV3.1 channels in rodent shows no low-voltage activated (LVA) Ca 2+ current in thalamocortical relay neurons with no burst-firing activity [START_REF] Kim | Lack of the Burst Firing of Thalamocortical Relay Neurons and Resistance to Absence Seizures in Mice Lacking α1G T-Type Ca2+ Channels[END_REF] as well as decreased mechanical hypersensitivity [START_REF] Choi | Pathophysiological implication of Ca V 3.1 T-type Ca 2+ channels in trigeminal neuropathic pain[END_REF]. Additionally, spike-and-wave discharges were prevented in the absence epilepsy model, and in a model of tonic-clonic generalized seizures, animals were less prone to tonic seizures in the maximal electroshock seizure test compared to CaV3.2 knock-outs [START_REF] Stamenic | Alterations in Oscillatory Behavior of Central Medial Thalamic Neurons Demonstrate a Key Role of CaV3.1 Isoform of T-Channels During Isoflurane-Induced Anesthesia[END_REF][START_REF] Sakkaki | Blockade of T-type calcium channels prevents tonic-clonic seizures in a maximal electroshock seizure model[END_REF]. Loss of LVA Ca 2+ currents in the thalamic reticular nucleus (nRT) neurons was observed when CaV3.3 were inactivated in mice suggesting a role in sleep behaviour [START_REF] Astori | The Ca(V)3.3 calcium channel is the major sleep spindle pacemaker in thalamus[END_REF]. The incomplete block of the CaV3.2 channel (Figure 4A) could indicate either a partial occlusion of the pore or an effect on channel gating [START_REF] Bourinet | Block of voltage-gated calcium channels by peptide toxins[END_REF]. However, the depolarizing shifts observed in the voltage-dependence of activation for CaV3.1, CaV3.2, CaV3.3 (Figure 4D) suggest that Pmu1a acts as a gating modifier of CaV3 channels [START_REF] Bourinet | Block of voltage-gated calcium channels by peptide toxins[END_REF]. Accordingly, we found that Pmu1a inhibited all Cav3 currents at -30 mV but had negligible effect at very depolarizing voltage (i.e. +100 mV) (Figure 4E).

Because of the sequence similarity between Pmu1a and Pn3a (Figure 2), activity at NaV1.7 and other subtypes of NaV channels was also investigated to establish a more complete pharmacological profile. Pmu1a also inhibits NaV1.7 and NaV1.6 with similar potency (5-10 nM) as well as NaV1.4 with ∼10-fold less potency compared to hNaV1.7 (Figure 4B). The activity of Pmu1a at the skeletal muscle isoform NaV1.4 and the neuronal isoform NaV1.6 would most likely cause dose-limiting side effects which limits suitability of Pmu1a as an analgesic lead [START_REF] Rogart | Molecular cloning of a putative tetrodotoxin-resistant rat heart Na+ channel isoform[END_REF][START_REF] Caldwell | Sodium channel Na(v)1.6 is localized at nodes of ranvier, dendrites, and synapses[END_REF]. However, Pmu1a is the most potent spider peptide targeting the CaV3.2 subtype described so far, therefore providing a valuable lead to design a potential potent dual-acting inhibitor.

Despite the sequence similarity between Pmu1a and Pn3a, the two peptides display quite different pharmacological profiles. Therefore, we were interested in investigating the structural differences between Pmu1a and Pn3a. The three-dimensional structure of synthetic Pmu1a was determined using homonuclear solution 1 H NMR. Structure calculations were run with the 15 different possible disulfide connectivities and the lowest target function value was obtained for the C1-C4, C2-C5 and C3-C6 connectivity. Additionally, a strong sequence homology with Pn3a and the ICK scaffold CX3-7CX3-6CX0-5CX1-4CX4-13C [START_REF] King | Structure and function of insecticidal neurotoxins from Australian funnel-web spiders[END_REF] of Pmu1a strongly suggests the ICK connectivity. The NMR structure calculated with the ICK disulfide connectivity as a constraint [START_REF] Klint | Spidervenom peptides that target voltage-gated sodium channels: Pharmacological tools and potential therapeutic leads[END_REF] displays a typical ICK topology with two beta strands from L19 to C21 and from C29 to W31. The three-dimensional structures of Pn3a and Pmu1a superimpose well (RMSD 0.715 Å) over backbone atoms (C, CO, N), and the residues important for Pn3a activity at NaV1.7 (Y4, K22, K24, W30) [START_REF] Mueller | Mapping the Molecular Surface of the Analgesic Na V 1.7-Selective Peptide Pn3a Reveals Residues Essential for Membrane and Channel Interactions[END_REF] are conserved in the Pmu1a peptide, which could explain the retention of activity for Pmu1a at NaV1.7 (Figure 5B,4B). Overall, Pmu1a has a conserved amphipathic surface with a hydrophobic patch surrounded by charged residues. One face of the peptide is primarily composed of charged residues (Figure 5C), and the other face is mainly populated by hydrophobic residues (Figure 5D). Interestingly, this surface arrangement is very similar to Pn3a and has been suggested to permit interactions with the membrane and with parts of the voltage-sensing domains located on the extracellular surface [START_REF] Mueller | Mapping the Molecular Surface of the Analgesic Na V 1.7-Selective Peptide Pn3a Reveals Residues Essential for Membrane and Channel Interactions[END_REF]. Molecular modeling studies of Pn3a suggests that K22 and K24 strongly interact with the S3-S4 loop of domain II of NaV1.7 while removal of hydrophobic residues Y4, Y27, W30 led to a loss of potency (>250 fold) [START_REF] Mueller | Mapping the Molecular Surface of the Analgesic Na V 1.7-Selective Peptide Pn3a Reveals Residues Essential for Membrane and Channel Interactions[END_REF]. In addition, Mueller et al. also showed that negatively charged residues E10 and E13 are crucial for selectivity since their substitution with positively charged lysine led to a loss of selectivity between NaV1.6 and NaV1.7 [START_REF] Mueller | Mapping the Molecular Surface of the Analgesic Na V 1.7-Selective Peptide Pn3a Reveals Residues Essential for Membrane and Channel Interactions[END_REF]. In contrast, the absence of a negative charge on the equivalent residues in Pmu1a (N10, A13) could explain the lack of selectivity of this peptide for NaV1.7 over NaV1.6 (Figure 4B).

The pharmacology of Pmu1a suggests potential to be used as an analgesic with dual activity at NaV1.7 and CaV3 channels including CaV3.2. Previously when Pn3a failed to produce analgesia in vivo, a combination of the peptide with a subtherapeutic dose of opioid was successful [START_REF] Deuis | Pharmacological characterisation of the highly NaV1.7 selective spider venom peptide Pn3a[END_REF]. This indicates that combination therapies or dual-acting peptides are worth pursuing. Whereas Pn3a

has not yet been established as a dual inhibitor of other pain-relevant voltage-gated ion channels, a recent study demonstrated that the peptide inhibits CaV3.3 with low potency [START_REF] Mcarthur | µ-Theraphotoxin-Pn3a inhibition of CaV3.3 channels reveals a novel isoform-selective drug binding site[END_REF]. However, the implication of this target in the nociceptive pathway is less supported in the literature [START_REF] Astori | The Ca(V)3.3 calcium channel is the major sleep spindle pacemaker in thalamus[END_REF][START_REF] Sekiguchi | T-type calcium channels: functional regulation and implication in pain signaling[END_REF]. Tap1a is yet another example of peptide targeting several channels including NaV1.1, NaV1.3, NaV1.7-NaV1.9, CaV2.2, and CaV3.2. Tap1a nearly ablated neuronal mechanosensitivity in afferent fibers innervating the colon and the bladder. Additionally, in vivo intracolonic administration reversed colonic mechanical hypersensitivity in a mouse model of irritable bowel syndrome [START_REF] Cardoso | A spider-venom peptide with multitarget activity on sodium and calcium channels alleviates chronic visceral pain in a model of irritable bowel syndrome[END_REF]. This could have been a result of Tap1a interacting with more than one pain-relevant voltagegated ion channel. Therefore, Pmu1a's dual inhibition of NaV1.7 and CaV3.2, two therapeutic targets known to be implicated in pain pathways, might lead to insights into the development of promising non-opioid analgesic peptides.

In summary, Pmu1a is the first peptide isolated from P. murinus venom and is a dual inhibitor of CaV3 calcium channels, including CaV3.2, and NaV1.7 sodium channels. However, the low selectivity of Pmu1a for NaV1.7 over NaV1.6 and NaV1.4 and its relatively weak affinity for CaV3.2 limits its potential use as analgesic without side-effect. Nevertheless, Pmu1a is the most potent spider toxin inhibitor of CaV3.2 calcium channels described to date. It would be of interest to engineer this peptide further to achieve a low nanomolar potency on CaV3.2 and NaV1.7 channels while limiting its activity on the skeletal muscle isoform NaV1.4 and the neuronal isoform NaV1.6 for the design of non-opioid analgesic peptide drugs.

Materials and methods

Pterinochilus murinus crude venom screening on CaV3.2 using whole cell patch clamp electrophysiology

Pterinochilus murinus venom was purchased from a private collector based in France, collected by chelicerae electrostimulation and lyophilized. Venom was evaluated for activity at 1 mg/mL using manual whole-cell patch clamp on HEK293 cells stably overexpressing CaV3.2 (see protocol below).

Cell culture for manual whole-cell patch clamp electrophysiology

HEK293 cells stably overexpressing CaV3.2, CaV3.3 human calcium channels were cultured in T75 flasks with vented caps, at 37 °C with 5% carbon dioxide (CO2). Cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM, Fisher Scientific) supplemented with 10% of fetal bovine serum (FBS, Gibco, Life technologies) and penicillin and streptomycin antibiotics (Gibco, Life technologies). Geneticin G418 (Gibco, Life technologies) at 300 µg/mL was added to the cells once a week for selection. The CHO cells stably expressing CaV3.1 human calcium channels were cultured in T75 flasks with vented caps, at 37 °C with 5% carbon dioxide (CO2). Cells were cultured in α-MEM (Fisher Scientific) supplemented with 10% of Fetal Bovine Serum (FBS), 1 mM pyruvate, penicillin and streptomycin antibiotics (Gibco, Life technologies). Hygromycin was added to the cells at 300 µg/ml once a week for selection. The CHO cells stably expressing NaV1.7 sodium channels were cultured in T75 flasks with vented caps, at 37 °C with 5% carbon dioxide (CO2). Cells were cultured in Dulbecco's Modified Eagle's Medium-F12 (DMEM-F12, Fisher Scientific) supplemented with 10% of Fetal Bovine Serum (FBS), 1 mM pyruvate, penicillin and streptomycin antibiotics (Gibco, Life technologies). Hygromycin was added to the cells at 200 µg/mL once a week for selection.

Cells were split twice a week (1:10) upon reaching 80% confluency. Dulbecco's Phosphate Buffer Saline (DPBS, Thermo Fisher Scientific) was used to wash the cells and Versene (ThermoFisher Scientific) to detach the cells. For manual whole-cell patch clamp of P. murinus venom fractions on HEK293 cells stably overexpressing CaV3.2, cells were cultured on coverslips in 35 x 10 mm petri dishes. Before seeding, coverslips were incubated with polyornithine (P.L.O-1X, Fisher scientific) and washed two times with PBS-1X (Gilbo, Life technologies). For manual whole-cell patch clamp of synthetic Pmu1a on HEK293 cells stably overexpressing CaV3.2, cells were cultured on 35x23 mm Fluorodish cell culture dishes (World Precision Instruments). Cells were also maintained at 37 °C with 5% of CO2.

Manual whole-cell patch-clamp electrophysiology

All electrophysiological experiments were performed at room temperature (20 °C) in a wholecell patch-clamp configuration at a holding potential of -85 mV for CHO cells expressing NaV1.7, -80 mV for CHO cells expressing CaV3.1 and HEK293 cells stably overexpressing CaV3.2, and CaV3.3. Patch pipettes were made from borosilicate glass (World Precisions Instruments) and had tip resistances of 2-3 MΩ when filled with intracellular solution (ICS) containing 140 mM CsCl, 10 mM HEPES, 10 mM EGTA, 3 mM CaCl2, 3 mM MgATP, and 0.6 mM Na-GTP. Cells were maintained in a bath with extracellular solution (ECS) composed with 135 mM NaCl, 20 mM TEACl, 10 mM HEPES, 4 mM KCl, 1 mM MgCl2, 2 mM CaCl2. pH for both solutions was adjusted at 7.3 with NaOH (adjusted to 320 mOsm/L with sucrose). Currents were recorded with Axopatch 200B amplifier (Axon Instruments) and pClamp10 softwares. Results were analysed with Clampfit 10.7 and GraphPad Prism 8.4.2 software. hCaV3 currents were elicited by a series of step depolarizations (180 ms duration for Cav3.1 and Cav3.2, and 450 ms duration for Cav3.3) ranging from -80 to +50 mV (0.2 Hz) from a holding potential of -90 mV and by a 10 ms test pulse to 0 mv from a holding potential of -85 mV for NaV1.7 channels (repetition intervals 2 s). Crude venoms were dissolved at 1 mg/mL with extracellular solution supplemented with 0.1% BSA and applied to the cell patched by home-made gravity driven perfusion device after stabilisation of the current. The percentage of inhibition was established by plotting the peak amplitude of the currents recorded from eight cells before and after toxin application. The peak amplitude value obtained after toxin application was multiplied by 100 and divided by the peak amplitude value obtained before toxin application. The result was subtracted from 100 giving the percentage of inhibition. Currentvoltage curves were fitted using a combined Boltzmann and linear Ohmic relationships, where I=Gmax×(Vm-Vrev)/(1+exp((Vm-V0.5)/slope factor)).

Isolation and purification of Pmu1a

Crude venom (5 mg) was fractionated by RP-HPLC (UltiMate® 3000 Standard LC systems, ThermoFisher Scientific) using a C18 column (Synchronis C18, 254 ⨯ 4.6 mm, 5 µm, ThermoScientific) and a gradient of water/acetonitrile (ACN) in 0.1% formic acid from 0-100% over 100 min. The flow rate was 1mL/min and fractions were collected by time in a 96-well plate and lyophilized.

Activity of crude venom fractions on whole cell patch clamp electrophysiology

P. murinus lyophilized fractions were dissolved in 100 µL of extracellular solution supplemented with 0.1% BSA and tested using manual whole-cell patch clamp on HEK293 cells stably overexpressing CaV3.2 (see protocol above). Fraction 32 was re-purified by RP-HPLC (UltiMate® 3000 Standard LC systems, ThermoFisher Scientific) on a C18 column (Synchronis C18, 254 ⨯ 4.6mm, 5 µm, ThermoScientific) using a gradient of water/ACN in 0.1% formic acid from 20-40% ACN over 20 min. Fractions were collected manually. Sub-fraction 32.6 was evaluated for activity using manual whole-cell patch clamp on HEK293 cells stably overexpressing CaV3.2 (see protocol below) and analyzed by LC-HRMS (Acquity H-Class, Waters, Synapt G2-S, Waters) using a Kinetex C18 100 Å column (100 × 2.1 mm, 2.6 μm particle size) from Phenomenex (France) and a gradient of water/ACN in 0.1% formic acid from 20-40% ACN over 20 min. Peptide mass was determined using electrospray ionization time-of-flight (ESI-TOF) mass spectrometry (Acquity H-Class, Waters, Synapt G2-S, Waters), and the amino acid sequence of the peptide was determined by Edman degradation.

Chemical synthesis of linear Pmu1a

N,N′-dimethylformamide (DMF), N,N diisopropylethylamine (DIPEA), acetonitrile (ACN), triisopropylsilane (TIS), trifluoroacetic acid (TFA), piperidine, N,N'-diisopropylcarbodiimide (DIC), 2,2′-(ethylenedioxy)diethanethiol (DODT) and all other reagents were obtained from Sigma-Aldrich (Saint-Louis, MI, USA) or Chem-Impex International (Wood Dale, IL, USA) and were used as supplied. Fmoc (L) amino acid derivatives, Oxyma Pure and Cl-TCP(Cl) Protide resin (100-200 mesh, 0.4 mmol/g) were purchased from CEM (Matthews, NC, USA). The following sidechain protecting groups were used: Asn/Cys (Trt), Thr/Glu (tBu), Trp/Lys/His (Boc), Asp (OMpe), and Arg (Pbf). Resin loading and Fmoc-SPPS of linear Pmu1a were carried out using a CEM liberty prime microwave peptide synthesizer. Oxyma was prepared at 0.25 M in DMF containing 0.1 M DIPEA. The DIC solution was prepared at 2 M in DMF. Fmoc-Thr(tBu)-OH (2 mL, 0.5 M) was loaded onto 0.1 mmol of resin by adding 2 mL of a KI/DIPEA solution in DMF (0.52 g KI, 4.35 mL DIPEA completed to 25 mL with DMF) 2 x 10 min at 60 °C. Fmoc deprotection was carried out with pyrrolidine (25% in DMF v/v), 2 x 3 min at 60 °C. Subsequent amino acids were coupled twice for 10 min at 60 °C using an amino acid/DIC/Oxyma ratio of 5:10:5 relative to resin loading. Sidechain deprotection and cleavage from the resin was carried out by treating the dried peptide-resin with 10 mL of TFA/TIS/thioanisole/H2O/DODT (92:2:2:2:2 v/v), 2 x 90 min. The cleavage solution was collected in a round bottom flask and evaporated under vacuum, crude peptide was precipitated using cold diethyl ether, resolubilized in H2O/ACN (70:30 v/v) containing 0.1% TFA and stirred overnight.

RP-HPLC Purification of synthetic peptides

Crude synthetic linear peptide was purified by preparative RP-HPLC on a Shimadzu LC-20AT (Kyoto, JPN) system using a preparative column (C18 Jupiter®, 300 Å, 250 x 21.2 mm, 5 µm particle size) and a flow rate of 8 mL/min. Semi preparative RP-HPLC was run on a Shimadzu LC-20AT (Kyoto, JPN) system using a preparative column (NX-C18 Gemini®, 110 Å, 250 x 10 mm, 5 µm particle size) and a flow rate of 3 mL/min. Solvent A was 0.05% TFA in MilliQ water and solvent B was 0.045% TFA in 90% ACN/10% MilliQ water. The purification gradient was from 0-60%B over 60 min and the purification was monitored at 214 and 280 nm. Fractions were collected using a fraction collector (Shimadzu FRC-10A), mass determined by ESI-MS and fractions of interest were lyophilized and stored at -2 °C prior to use.

Thermodynamic folding of synthetic linear Pmu1a

Purified linear Pmu1a peptide was dissolved in 8 M urea in H2O (0.2 mM peptide) containing Lglutathione (20 mM, 100 eq) and oxidized L-glutathione (2 mM, 10 eq). The peptide solution was added dropwise onto 50/50 (v/v) ACN/H2O (0.02 mM final peptide concentration) containing 0.675 M urea, 2.5 M NH4OAc and adjusted to pH 8 with NH4OH. The folding solution was agitated for 72 h at 4 °C. After 72 h, the solution was acidified to pH 3-4 with TFA diluted with water and purified by semi-preparative RP-HPLC. The pure fractions were freeze dried and the purity of the peptide was confirmed by analytical RP-HPLC and HRMS analysis.

Analytical RP-HPLC of folding reaction and folded synthetic Pmu1a

Analytical RP-HPLC was run on a Shimadzu LC-20AD (Kyoto, JPN) system using an analytical column (NX-C18 Gemini®, 110 Å, 150 x 2 mm, 5 µm particle size) and a flow rate of 0.5 mL/min. Solvent A was 0.05% TFA in MilliQ water and solvent B was 0.045% TFA in 90% ACN/10% MilliQ water. The separation gradient was from 0-50% B over 50 min and the purification was monitored at 214 and 280 nm.

Mass spectrometry of routine analysis during chemical synthesis and folded synthetic Pmu1a

Solvents used for LC/MS were of HPLC grade. The LC/MS system consisted of an Agilent (Santa Clara, CA, USA) 1200 Series, coupled to an Agilent 6130 quadrupole (electrospray ionization mode, ESI+). Analysis was carried out using an Agilent Poroshell StableBond (2.1 x 75 mm, 5 µm particle size) column and a flow rate of 0.6 mL/min. Solvent A was 0.1% formic acid in MiliQ water and solvent B was 0.1% formic acid in ACN. The gradient was from 0-100% B over 2 min. Folded peptide was characterized using an Agilent 1200 Series, coupled to Agilent 6520 Accurate-Mass Q-TOF (electrospray ionization mode, ESI+). Analyses were carried out using an Agilent Poroshell StableBond (2.1 x 75 mm, 5 µm particle size) column and a flow rate of 0.6 mL/min. Solvent A was 0.1% formic acid in MilliQ water and solvent B was 0.1% formic in ACN. The gradient was from 0-100% B over 6 min.

Automated whole-cell patch-clamp electrophysiology

Automated whole-cell patch-clamp recordings were performed on HEK293 cells stably expressing human NaV1.4, 1.6 and 1.7 with β1 (SB Drug Discovery, Glasgow, United Kingdom) with a QPatch II automated electrophysiology platform (Sophion Bioscience, Ballerup, Denmark) using singlehole plates (QPlate 16 with a standard resistance of 2 ± 0.4 MΩ) as previously described [START_REF] Mcmahon | Discovery, Pharmacological Characterisation and NMR Structure of the Novel µ-Conotoxin SxIIIC, a Potent and Irreversible NaV Channel Inhibitor[END_REF]. The extracellular solution (ECS) consisted of 145 mM NaCl, 4 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, and 10 mM glucose, pH adjusted to 7.4 with NaOH (adjusted to 305 mOsm/L with sucrose). The intracellular solution (ICS) consisted of (in mM) 140 CsF, 1 EGTA, 5 CsOH, 10 HEPES, and 10 NaCl, pH adjusted to 7.3 with CsOH (adjusted to 320 mOsm/L with sucrose). Concentration-response curves were acquired using a holding potential of -90 mV and a 50 ms pulse to -20 mV every 20 s (0.05 Hz). Pmu1a was diluted in ECS with 0.1% bovine serum albumin (BSA) and incubated with cells for 160 s at each concentration. Peak current was normalized to buffer control and fitted to a four-parameter Hill equation with variable Hill coefficient.

NMR spectroscopy

NMR spectra were recorded at 290 and 298 K on a Bruker Avance III 600 MHz spectrometer equipped with a cryoprobe (Bruker, Billerica, MA, USA). Sample (≈ 1.2 mg) was dissolved in 90% H2O/10% D2O (v/v). D2O (99.9%) was obtained from Cambridge Isotope Laboratories, Woburn, MA, USA. Two-dimensional spectra including 1 H-1 H TOCSY, 1 H-1 H NOESY, 1 H-1 H DQF-COSY, 1 H-15 N HSQC, and 1 H- 13 C HSQC spectra were recorded using standard Bruker pulse sequences with excitation sculpting for solvent suppression. All spectra were acquired with an interscan delay of 1 s, and NOESY and TOCSY mixing times of 200 ms and 80 ms, respectively, were used. Spectra were referenced to external 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS; Cambridge Isotope Laboratories) and analyzed using TopSpin v4.1.4 (Bruker, Billerica, MA, USA) and manually assigned using CcpNmr v2.5.2 based on the approach described by Wüthrich [START_REF] Wüthrich | NMR of proteins and nucleic acids[END_REF][START_REF] Vranken | The CCPN data model for NMR spectroscopy: Development of a software pipeline[END_REF]. The 2D NOESY spectra were automatically assigned, and an ensemble of structures calculated using the program CYANA [START_REF] Güntert | Automated NMR Structure Calculation With CYANA[END_REF]. Torsion-angle restraints predicted using TALOS-n were used in the structure calculations. The disulfide bond connectivities (Cys2-Cys16, Cys9-Cys21, Cys15-Cys29) were included in the calculations. Structures were visualized using MOLMOL [START_REF] Koradi | MOLMOL: a program for display and analysis of macromolecular structures[END_REF]. Slowly exchanging amide protons were detected by recording a time series of one-dimensional and TOCSY spectra immediately following dissolution of lyophilized peptide in D2O. A combination of preliminary structures and slowly exchanging amide protons was used to predict hydrogen bonds, which were subsequently used in the structure calculations. Structures were visualized using MOLMOL [START_REF] Koradi | MOLMOL: a program for display and analysis of macromolecular structures[END_REF]. The coordinates and chemical shifts have been deposited with the PDB code 8FEY and BMRB code 31063, respectively. Figure 2. Sequence alignment between Pmu1a and related sequences Pn3a (P0DM12), GTx1-8-2 (M5AWT1) and GTx1-5-1 (M5AYB3). GTx1-8-2 and GTx1-5-1 are uncharacterized sequences from the spider Grammostola rosea, which amino acid sequences show the closest identity to Pmu1a. Conserved residues are highlighted in salmon pink color with conserved cysteine residues in black color. The sequence alignment was generated using Jalview [START_REF] Waterhouse | Jalview Version 2-a multiple sequence alignment editor and analysis workbench[END_REF]. 

Figure 1 .

 1 Figure 1. (A) RP-HPLC chromatogram of crude P. murinus venom (1 mg/mL) using a separation gradient from 0-100% B over 100 min. Fraction 32 inhibiting ∼80% of hCaV3.2 current is highlighted in red. (B) RP-HPLC trace of fraction 32 using a separation gradient from 20-40% B over 20 min. Sub-fraction 32.6 is highlighted in red. (C) Current trace of sub-fraction 32.6 on HEK293 cells stably overexpressing hCaV3.2 acquired using manual whole cell patch clamp electrophysiology. Currents were elicited by a 180 ms test pulse to -30 mv from a holding potential of -85 mV. (D) RP-HPLC trace and electrospray ionization high-resolution mass spectrometry (ESI-HRMS) spectra of sub-fraction 32.6 using a separation gradient of 0-20% B from 0 to 10 min and 20-40% B from 10 to 30 min.

Figure 3 .

 3 Figure 3. (A) RP-HPLC chromatograms following thermodynamic folding of Pmu1a in NH4OAc containing 6 M GnHCl, showing starting material (black trace), and analysis after 72 h of oxidation (blue trace). The product of interest undergoes a shift towards more hydrophobic elution conditions (indicated with an asterisk). (B) HPLC chromatograms showing a time course of thermodynamic folding of Pmu1a peptide in NH4OAc containing 2.15 M urea, showing starting material (black trace), 24 h (green trace), 48 h (orange trace), and 72 h (blue trace). (C) Thermodynamic folding of Pmu1a in NH4OAc containing 1.475 M Urea after 72 h of oxidation with 50% ACN (blue trace) and 72 h oxidation without ACN (red trace). (D) RP-HPLC chromatogram and high-resolution mass spectroscopy (HRMS) spectrum of oxidized and purified peptide. The additional peak appears to be a minor conformer most likely arising from dynamic exchange in solution.

Figure 4 .

 4 Figure 4. (A) Manual whole-cell patch clamp electrophysiology concentration-response curves of Pmu1a on HEK293 cells overexpressing hCaV3.2 (n=8) or CHO cells expressing hNaV1.7 (n=8). The response is normalized to control values. (B) Automated whole-cell patch clamp electrophysiology concentration-response curves of Pmu1a on HEK293 cells overexpressing hNaV1.7 (n=5), hNaV1.6 (n=5), or hNaV1.4 (n=5). The response is normalized to control values. (C) Manual whole-cell patch clamp electrophysiology (currents blockade) of 10 µM Pmu1a on HEK293 cells overexpressing hCaV3.2 (n=6) or hCaV3.3 (n=4) and CHO cells expressing hCaV3.1 (n=4). Currents were elicited at -30 mV from a holding potential of -80 mV at a frequency of 0.2 Hz. (D) Manual whole-cell patch clamp electrophysiology current-voltage curves of 10 µM Pmu1a on HEK293 cells overexpressing hCaV3.2 (n=3) or hCaV3.3 (n=4) and CHO cells expressing hCaV3.1 (n=4). hCaV3 currents were elicited by a series of step depolarizations (180 ms duration for Cav3.1 and Cav3.2, and 450 ms duration for Cav3.3) ranging from -80 to +50 mV (0.2 Hz) from a holding potential of -90 mV. Current in the presence of Pmu1a were normalized to the current obtained

Figure 5 .

 5 Figure 5. (A) Stick representation of the 20 lowest-energy structures of Pmu1a. N-and C-termini are labelled and disulfide bonds are highlighted in yellow. (B) Superimposition of Pmu1a (light blue) and Pn3a (dark magenta) over backbone atoms. Residues in Pn3a important for NaV1.7 activity, and their equivalent in Pmu1a, are highlighted in pale green. Residues in Pn3a important for NaV1.7 selectivity over NaV1.6, and their equivalent in Pmu1a, are highlighted in pale red.(C, D) Molecular surface representation of the lowest energy structure of Pmu1a highlighting the amphipathic nature of the peptide with negatively charged residues represented in red, positively charged residues in blue and hydrophobic residues in white. The final structures were visualized using UCSF Chimera[START_REF] Pettersen | UCSF Chimera?A visualization system for exploratory research and analysis[END_REF].

  

  

Table 1 .

 1 Summary table of synthetic Pmu1a activity on tested channels.

	Channel	IC50 or %block ± SEM (n)	Method
	hNaV1.7	7.0 ± 0.7 nM (5)	Automated patch clamp
	hNaV1.7	5.5 ± 0.4 nM (8)	Manual whole-cell patch
			clamp
	hNaV1.6	9.9 ± 1.7 nM (5)	Automated patch clamp
	hNaV1.4	62.9 ± 8.1 nM (5)	Automated patch clamp
	hCaV3.2	955.4 ± 235.6 nM (8)	Manual whole-cell patch
		63.5 % ± 4.7 % (6) at 10 µM	clamp
	hCaV3.1	95.1 % ± 0.6 % (4) at 10 µM	Manual whole-cell patch
			clamp
	hCaV3.3	90.8 % ± 1.5 % (4) at 10 µM	Manual whole-cell patch
			clamp

Table 2 .

 2 Structural statistics for the 20 lowest energy structures of synthetic Pmu1a

	Experimental restraints	
	Interproton distance restraints	498
	Intraresidue	135
	Sequential	147
	Medium range (i-j < 5)	55
	Long range (i-j ≥5)	161
	Dihedral-angle restraints	41
	RMSD from mean coordinate structure (Å)	
	Backbone atoms (residues 4-28)	0.35 ± 0.09
	All heavy atoms (residues 4-28)	1.32 ± 0.34
	Ramachandran Statistics	
	% in most favoured region	76%
	% in additionally allowed region	24%
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