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Discovery of a Novel Nav1.7 Inhibitor From Cyriopagopus albostriatus Venom With Potent Analgesic Efficacy
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Spider venoms contain a vast array of bioactive peptides targeting ion channels. A large number of peptides have high potency and selectivity toward sodium channels. Nav1.7 contributes to action potential generation and propagation and participates in pain signaling pathway. In this study, we describe the identification of μ-TRTX-Ca2a (Ca2a), a novel 35-residue peptide from the venom of Vietnam spider Cyriopagopus albostriatus (C. albostriatus) that potently inhibits Nav1.7 (IC50 = 98.1 ± 3.3 nM) with high selectivity against skeletal muscle isoform Nav1.4 (IC50 > 10 μM) and cardiac muscle isoform Nav1.5 (IC50 > 10 μM). Ca2a did not significantly alter the voltage-dependent activation or fast inactivation of Nav1.7, but it hyperpolarized the slow inactivation. Site-directed mutagenesis analysis indicated that Ca2a bound with Nav1.7 at the extracellular S3–S4 linker of domain II. Meanwhile, Ca2a dose-dependently attenuated pain behaviors in rodent models of formalin-induced paw licking, hot plate test, and acetic acid-induced writhing. This study indicates that Ca2a is a potential lead molecule for drug development of novel analgesics.
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INTRODUCTION

Voltage-gated sodium channels (VGSCs) are important integral membrane proteins expressed in electrically excitable cells. The opening of pore-forming α subunits causes an influx of sodium ions, which is essential for action potential generation and propagation. VGSCs are composed of α subunits in association with one or more auxiliary β subunits (Catterall, 2000, 2012, 2014). The α subunits are organized in four homologous domains (DI–DIV), each of which consists of six transmembrane α helices (S1–S6) connected by extracellular and intracellular loops. Up to now, nine distinct VGSC α subunits (Nav1.1–1.9) and four β subunits have been cloned from mammals (Dib-Hajj et al., 2010). Compelling genetic studies and clinical evidence have revealed the importance of human Nav1.7 (hNav1.7) as an analgesic target (Dib-Hajj et al., 2009; Wang et al., 2011; Gingras et al., 2014).

Loss-of-function mutations in SCN9A, the gene encoding hNav1.7, have been identified as a cause of congenital insensitivity to pain (CIP) (Mansouri et al., 2014; Shorer et al., 2014), while gain-of-function mutations of SCN9A are the cause of several pain disorders, including inherited erythromelalgia (IEM) (Wu et al., 2017), paroxysmal extreme pain disorder (PEPD) (Fertleman et al., 2006) and small fiber neuropathy (Faber et al., 2012). Therefore, chemicals pharmacologically inhibiting hNav1.7 activity have the potential to treat chronic pain. Developing analgesics against hNav1.7 with Nav subtype selectivity is essential, because α subunit shares high sequence similarity between each other, and off-target may cause serious side effects, especially Nav1.4 expressed in skeletal muscle and Nav1.5 expressed in cardiac muscle.

Spider venom is a highly complex mixture, mainly containing protein, polypeptide, and small molecules. Polypeptide toxins can specifically interact with ion channel proteins, membrane receptors, and transporters, and the spider venom-derived peptide toxins were used as a potential rich source of drug discovery (Escoubas and King, 2009; King, 2011). Most venom peptides have disulfide-rich architectures that provide extreme stability and a high level of resistance to proteases, which are necessary characteristics for drug discovery and design. The venom of spider Cyriopagopus albostriatus (C. albostriatus) has not been well investigated yet. Here we reported the isolation and characterization of μ-TRTX-Ca2a (Ca2a), a 35-residue peptide isolated from the venom of Vietnam Tarantula C. albostriatus with high potency and selectivity against Nav1.7. Rodent pain models demonstrated that Ca2a had powerful analgesic effects.

MATERIALS AND METHODS

Purification of Peptide

The crude venom of C. albostriatus was obtained by electronic stimulation, and preserved at −80°C after lyophilization. The lyophilized venom was dissolved in ddH2O to a final concentration of 5 mg/ml and subjected to the first round of semi-preparative RP-HPLC purification (C18 column, 10 mm × 250 mm, 5 μm, Welch, Shanghai, China) using linear acetonitrile gradient ranging from 10 to 55% with an increasing rate of 1% per minute (Waters e2695 Separations Module, Waters, CA, United States). The fraction containing Ca2a was then collected, lyophilized, and subjected to a second round of analytical RP-HPLC purification (C18 column, 4.6 mm × 250 mm, 5 μm, Welch, Shanghai, China). The acetonitrile gradient was increased ranging from 20 to 40% at an increasing rate of 1% per minute (Waters 2795 Separations Module, Waters, CA, United States). Fractions were lyophilized and stored at −20°C before use. The purity of the toxin was tested by MALDI-TOF MS analysis (AB SCIEX TOF/TOFTM 5800 system, Applied Biosystems, United States).

Plasmid and Transfection

The cDNA genes encoding rat Nav1.4 and human Nav1.7 were subcloned into vectors pRGB4 and pcDNA3.1-mod, respectively. Mutations of rNav1.4 (N655D, Q657E, and N655D/Q657E) and hNav1.7 (D816N, E818Q, and D816N/E818Q) were constructed using the Gene Tailor Site-Directed Mutagenesis system (Invitrogen, Carlsbad, CA, United States), according to the manufacturer’s instructions. Nav1.2–Nav1.7 and mutant plasmids together with eGFP were transiently transfected into HEK293T cells while Nav1.8 together with eGFP was transiently transfected into ND7/23 cells by Lipofectamine 2000 (Invitrogen, Carlsbad, CA, United States). Additionally, plasmids β1- and β2-eGFP encoding the human β1 and β2 subunits, respectively, were co-transfected with those encoding WT Nav1.7 and Nav1.7 mutations in HEK293T cells. Human Nav1.9 was transfected into ND7/23 cells according to a previous report (Zhou et al., 2017). HEK293T and ND7/23 cells were grown under standard tissue culture conditions (5% CO2, 37°C) in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS). Cells with green fluorescent protein fluorescence were selected for whole-cell patch-clamp recordings 24 h after transfection.

Whole-Cell Patch-Clamp Recordings

Whole-cell patch-clamp recordings were performed at room temperature (20–25°C) using an EPC 10 USB Patch Clamp Amplifier (HEKA, Elektronik, Lambrecht, Germany). Suction pipettes with access resistance of 2.0–3.0 MΩ were made from borosilicate glass capillary tubes (thickness = 0.225 mm) using a two-step vertical microelectrode puller (PC-10; Narishige, Tokyo, Japan). The standard pipet solution contained (in mM): 140 CsCl, 10 NaCl, 1 EGTA, and 10 HEPES (pH 7.4). Bath solution contained (in mM): 140 NaCl, 2 CaCl2, 1 MgCl2, 5 KCl, 20 HEPES (pH 7.4), and 10 glucose. All chemicals were the products of Sigma-Aldrich (St. Louis, MO, United States) and dissolved in water. Data was acquired by PatchMaster software (HEKA Elektronik, Lambrecht, Germany). Data was analyzed by software Igo Pro 6.10A (WaveMetrics, Lake Oswego, OR, United States), SigmaPlot 10.0 (Sigma-Aldrich, St. Louis, MO, United States), OriginPro 8 (OriginLab Corp., Northampton, MA, United States), and GraphPad Prism 5 (GraphPad Software, San Diego, CA, United States). Membrane currents were filtered at 5 kHz and sampled at 20 kHz. To minimize voltage errors, 80–90% series resistance compensation was applied. Voltage-clamp recordings were acquired 5 min after establishing whole-cell configuration to allow adequate equilibration between the micropipette solution and the cell interior.

The Nav1.2–Nav1.7 channel currents were elicited by 50 ms depolarization potential to −10 mV from the holding voltage of −100 mV. The depolarization potential for Nav1.8 was +20 mV. The Nav1.9 current was elicited by 50 ms depolarization potential to −40 mV from the holding voltage of −120 mV in the presence of 1 μM TTX.

To measure current–voltage (I–V) relationships, a range of potentials from −100 mV to +80 mV in 5 mV increments were applied from the holding potential (−100 mV) for 50 ms at 5 s intervals. Peak values at each potential were plotted to form I–V curves. Activation curves were obtained by calculating the conductance G at each voltage. G = I/(V − V rev), with V rev being the reversal potential, determined for each cell individually. Steady-state fast inactivation was assessed with a 20-ms depolarizing test potential of −10 mV following a 500-ms prepulse at potentials that ranged from −110 to −30 mV with a 10-mV increment.

Fast inactivation time constants were calculated by fitting current decay traces with a single exponential function using the I–V protocol described above. Recovery from fast-inactivation (repriming) was assessed by using a two-pulse protocol consisting of a depolarizing pulse to −10 mV for 50 ms to inactivate channels, followed by a step to −100 mV of variable duration (1 to 1024 ms) to promote recovery, and 50 ms test pulse to −10 mV to assess availability of channels. Voltage dependence of steady-state slow inactivation was measured using a series of 15 s pre-pulses, ranging from −120 to 0 mV in 10-mV increments, followed by a 50 ms step to −100 mV to remove fast inactivation, and a 50 ms test pulse to −10 mV to assess the available non-inactivated channels. The rate of toxin dissociation was determined by stepping to a depolarizing pulse of 100, 80, or 60 mV for various durations followed by a 500 ms hyperpolarization to −100 mV to allow recovery from fast inactivation, and then assessing the effect of the depolarizing pulse with a 50-ms test pulse to −10 mV. Very little re-binding takes place due to slow kinetics of the blocking of the channel during 500-ms hyperpolarization to −100 mV. Use/frequency-dependent inhibition of the channel was measured by applying repetitive pulses of different frequencies (1, 5, and 10 Hz) that mimic high firing frequency of DRG neurons expressing Nav1.7.

Animals

The ICR mice (18–22 g) used in this study were purchased from the Experimental Animal Center of SLac-kinda (Changsha, China). The animals were maintained at 20–25°C and freely allowed to standard rodent chow and water ad libitum. Ethical approval for in vivo experiments in animals was approved by the Animal Care and Use Committee (ACUC) at the Hunan Province Animal Management Office (HPAMO).

Formalin-Induced Paw Licking

A formalin test was performed according to the previous method (Owoyele et al., 2005). Mice were intraperitoneally injected with saline, morphine or Ca2a 30 min before injection with 20 μL formalin (5%) solution under the plantar surface of the right hind paw. The time spent licking the injected paw by each mouse was recorded by a digital stopwatch during Phase I (0–15 min post-injection) and Phase II (15–40 min post-injection).

Hot Plate Test

According to a previous method (Meng et al., 2017), a hot plate apparatus (model YLS-21A, Jinan, China) maintained at 55 ± 1°C, was used to measure the pain threshold of mice subjected to a thermal stimulus. Each female mouse was placed on hot plate to observe its pain response (hind-paw-licking or jumping) acted as its own control. The mice whose latent response times were shorter than 5 s or longer than 30 s were excluded from the test. The saline, morphine, and Ca2a were intraperitoneally injected to mice and the latent response time was recorded at 0.5, 1, 1.5, and 2 h.

Abdominal Writhing Induced by Acetic Acid

According to the method previously described (Liu et al., 2014), mice were injected intraperitoneally with a saline, morphine, or Ca2a for 15 min prior to injection with 200 μL of 0.8% (v/v) acetic acid solution, which induced abdominal contraction and hind limb stretching. The abdominal writhing responses were counted for 30 min continuously.

Data Analysis

Concentration-response curves were fitted using the following Hill logistic equation: y = fmax − (fmax − fmin)/(1 + (x/IC50)n), where fmax and fmin, respectively, represent the channel’s maximum and minimum responses to toxins, fmin was set to 0, x represents toxin concentration and n is an empirical Hill coefficient. Activation curves were fitted with the Boltzmann equation: y = 1/(1 + exp(V − V1/2/k)), in which V is the test potential, V1/2 is the midpoint voltage of kinetics, and k is the slope factor. Peak inward currents from steady-state inactivation were normalized by the maximum current amplitude and fit with a Boltzmann equation I = Imin + 1/(1 + exp[Vm − V1/2/k]) where I is the current amplitude measured during the test depolarization, V1/2 is the midpoint of inaction, and k is the slope factor. The currents recovery from inactivation were fitted using a single exponential equation f(t) = Ae−t/T + C, where A represents the amplitude of the current, t is the time, τ is the time constant, and C is the steady-state asymptote. Statistical analyses were performed using paired student’s t-test or ANOVA with paired comparisons. Results with p < 0.05 were considered significant. All data are presented as mean ± SEM.

RESULTS

Isolation of Ca2a From C. albostriatus

The venom of spider C. albostriatus was purified by C18 RP-HPLC. The eluted fractions were lyophilized and tested on pain-related ion channel hNav1.7 heterologously expressed in HEK293T cells. The peak labeled with the red asterisk showed inhibition activity against Nav1.7 (Figure 1A). This fraction was further purified by analytical RP-HPLC (Figure 1B, asterisk labeled peak). MALDI-TOF MS analysis revealed that this peak represented a peptide toxin with a molecular weight of 3905.08 Da (Figure 1C). N-terminal Edman sequencing disclosed that the novel peptide toxin contained 35 amino acid residues (Figure 1D) and was named μ-TRTX-Ca2a (Ca2a). Ca2a contained six cysteines and belonged to the Family 1 of NaSpTx conforming to a conserved cysteine pattern of ICK motif. This family is comprised by spider venom-derived Nav channel toxins with 33–35 residues forming a hyper-stable ICK motif (Klint et al., 2012).
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FIGURE 1. Identification of μ-TRTX-Ca2a from the venom of spider C. albostriatus. (A) Isolation of native Ca2a from the pooled protein fraction by a C18 RP-HPLC column. (B) Ca2a was purified to homogeneity by analytical RP-HPLC. (C) MALDI-TOF MS analysis showing a single predominant mass of 3905.08 Da. (D) Cysteines shaded in cyan formed disulfide bonds. Sequence alignment of Ca2a with related toxins. N-terminal sequencing analysis revealed a peptide with 35 residues containing 6 cysteines.



Selectivity of Ca2a for Sodium Channel Subtypes

The biological function of Ca2a was investigated on HEK293T cells transiently transfected with VGSCs. A total of 1 μM Ca2a showed 87.3 ± 4.4% inhibition on Nav1.7 currents, and decreased the Nav1.2, Nav1.3, and Nav1.6 current amplitude by 82.6 ± 2.7%, 67.7 ± 3.8%, and 78.7 ± 2.9%, respectively. However, no inhibitory effects were observed against Nav1.4, Nav1.5, Nav1.8, or Nav1.9 currents even at high concentrations of up to 10 μM Ca2a (Figures 2A–H). Currents of Nav1.1 were not detected in heterogeneously expressed HEK293T cells, and the effect of Ca2a on Nav1.1 could not be examined in the present study. Thus, Ca2a had highest potency for Nav1.7 (IC50 of 98.1 ± 3.3 nM), followed by Nav1.2 (IC50 of 216.3 ± 9.1 nM), Nav1.6 (IC50 of 313.6 ± 6.3 nM), and Nav1.3 (IC50 of 491.3 ± 3.9 nM) (Figure 2I).
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FIGURE 2. Effects of μ-TRTX-Ca2a on Nav1.2–Nav1.9 channels. (A–H) Representative Nav1.2–Nav1.9 current traces before (black) and after (red) addition of Ca2a. Ca2a at 1 μM inhibited Nav1.2–Nav1.3, Nav1.6, and Nav1.7. 10 μM Ca2a showed no obvious effect on Nav1.4–Nav1.5 or Nav1.8–Nav1.9 current. Inset above panel (A) shows the pulse protocol for recording Nav1.2–Nav1.7 channel currents. Inset above panel (G) shows the pulse protocol for recording Nav1.8 channel current. Inset above panel (H) shows the pulse protocol for recording Nav1.9 channel current. (I) Concentration-response curves of Ca2a at Nav1.2–Nav1.3, Nav1.6, and Nav1.7 assessed by whole-cell patch-clamp experiments. Data are mean ± SEM, with n = 4–7 cells per data point.



Effect of Ca2a on Nav1.7 Activation and Inactivation Properties

Many spider peptide toxins are regarded as gating modifiers because these toxins bind to the voltage-sensing domains of Nav channels and alter voltage dependence of activation and/or inactivation (Catterall et al., 2007). Ca2a inhibited 64.5 ± 2.1% of the Nav1.7 current at the concentration of 0.2 μM (Figure 3A), so we chose this subsaturation concentration to analyze the effects of Ca2a on the activation and inactivation of Nav1.7. Ca2a decreased the currents at all tested voltages, but it did not change the threshold of initial activation voltage, the active voltage of peak current, or the reversal potential of the Nav1.7 current (Figure 3B). In addition, the half-activation voltage and half-inactivation voltage of Nav1.7 after treatment with 0.2 μM Ca2a were −18.9 ± 1.3 and −70.7 ± 1.1 mV, respectively. In the control group, the half-activation voltage and the half-inactivation voltage of Nav1.7 were −20.1 ± 1.1 and −70.2 ± 0.8 mV, respectively. These results indicated that Ca2a inhibited the peak currents without affecting the voltage-dependent activation and fast inactivation (Figures 3C,D).
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FIGURE 3. Effects of μ-TRTX-Ca2a on the voltage dependence of Nav1.7 activation and inactivation gating. (A) Representative current traces of Nav1.7 channel inhibited by 0.2 μM Ca2a. (B) I–V curves before (black) and after (red) treatment of Ca2a (n = 10). Inset shows the pulse protocol for measuring current–voltage (I–V) relationships. (C) G–V curves before (black) and after (red) treatment of Ca2a (n = 10). (D) Voltage-dependence of steady-state fast inactivation curves before (black) and (red) after treatment of Ca2a (n = 10). Inset shows the pulse protocol for measuring steady-state fast inactivation.



Kinetics of Ca2a Inhibition and Dissociation in Nav1.7

Spider toxins usually modulate the gating behaviors of VGSCs and can influence voltage sensor movement (Yamaji et al., 2009; Bosmans and Swartz, 2010). To investigate the effects of Ca2a on the kinetics of fast inactivation and repriming, we measured the time constants of fast inactivation and recovery from fast inactivation. Fast inactivation time constants were calculated by fitting current decay traces with a single exponential function. Ca2a only inhibited the peak current, but it did not alter the inactivation time constants between −15 and 10 mV (P > 0.05; two-way ANOVA; Figure 4A). However, Ca2a significantly but modestly slowed recovery from fast inactivation at Nav1.7 (control, τ = 6.42 ± 0.85 ms; Ca2a, τ = 8.93 ± 1.62 ms; P < 0.05; paired t-test; Figure 4B). Moreover, Ca2a significantly shifted steady-state slow inactivation to more hyperpolarized membrane potentials (control, −52.62 ± 3.79 mV; Ca2a, −72.00 ± 2.76 mV; P < 0.01; paired t-test; Figure 4C). Slow inactivation is a process that occurs under a high-frequency stimulation or a prolonged depolarizing pulse. This process is most likely to involve a rearrangement of the channel pore, which results in a different conformational state and directly regulates cellular excitability (Chatterjee et al., 2018). The dissociation time constants were calculated to be 169.8 ± 25.6 ms at 100 mV, 347.9 ± 29.2 ms at 80 mV, and 547.2 ± 24.3 ms at 60 mV in the presence of 1 μM Ca2a (Figure 4D). This indicated that Ca2a dissociated quickly from Nav1.7 in a voltage-dependent manner. In addition, Ca2a did not show obvious use/frequency dependence of inhibition for Nav1.7, and the IC50 values of 1, 5, and 10 Hz were 229.3 ± 34.8, 243.8 ± 30.7, and 184.9 ± 23.8 nM, respectively (Supplementary Figure S1).
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FIGURE 4. Nav1.7 kinetic parameters affected by the addition of μ-TRTX-Ca2a. (A) Voltage-dependence of fast inactivation time constants of Nav1.7 before (black) and after (red) addition of 0.2 μM Ca2a. (B) Kinetics of current recovery from fast inactivation of Nav1.7 before (black) and after (red) addition of 0.2 μM Ca2a at –100 mV. Inset shows the pulse protocol for measuring recovery from fast-inactivation. (C) Voltage-dependence of steady-state slow inactivation of Nav1.7 before (black) and after (red) addition of 0.2 μM Ca2a. Inset shows the pulse protocol for measuring steady-state slow inactivation. (D) Time course of dissociation of 1 μM Ca2a from Nav1.7 at 100, 80, and 60 mV. Data are mean ± SEM, with n = 6–11 cells per data point. Inset shows the pulse protocol for measuring the rate of toxin dissociation.



Ca2a Binds to the DIIS3–S4 Linker of Nav1.7

The mechanism of Ca2a acting on Nav1.7 is similar to that of HWTX-IV and HNTX-III, and it might be a site 4 toxin acting on the DIIS3–S4 linker of the sodium channel (Xiao et al., 2008; Liu et al., 2013). As Ca2a showed no activity on Nav1.4, we constructed chimeric channels of Nav1.4 and Nav1.7 to validate this hypothesis. As shown in Figure 5A, only two amino acids are different in DIIS3–S4 linkers of Nav1.4 and Nav1.7. To investigate the role of these two acidic residues, we mutated their compartments in Nav1.4 (N655D, Q657E, and N655D/Q657E). The results showed that 1 μM Ca2a had no inhibitory effect on WT Nav1.4 and Nav1.4/N655D, but it significantly inhibited the peak current of Nav1.4/Q657E and Nav1.4/N655D/Q657E (Figures 5C–F). The IC50 values of Nav1.4/Q657E and Nav1.4/N655D/Q657E were 268.9 ± 14.9 and 237.9 ± 26.1 nM, respectively (Figure 5B). These results indicate that the residue Q657 plays an important role in resistance to Ca2a rather than N655 located in DIIS3–S4 linker of Nav1.4.
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FIGURE 5. Effect of Ca2a on WT and mutant Nav1.4 expressed in HEK293T cells. (A) Amino acids of potential binding sites in the sequence were shaded in cyan. Sequence alignment of DIIS3-S4 of Nav1.2–Nav1.7. (B) Dose-response curves of Q657E and N655D/Q657E. (C–F) Representative current traces for WT and mutant channels (N655D, Q657E, and N655D/Q657E) inhibited by 1 μM Ca2a. Data are mean ± SEM, with n = 4–5 cells per data point.



To validate the role of Q657 in Ca2a inhibition, we constructed reverse mutations in Nav1.7 (D816N, E818Q, and D816N/E818Q). A total of 1 μM Ca2a significantly inhibited Nav1.7/D816N current amplitude with IC50 value (172.0 ± 11.4 nM) twofold higher than the wild type. This validates the hypothesis that D816 plays a negligible role in Ca2a interacting with Nav1.7 (Figures 6B,E). The time course of 1 μM Ca2a inhibiting the Nav1.7/D816N current was characterized by a slow onset of action (τon = 18.4 ± 1.3 s) similar to that of WT Nav1.7 (τon = 18.0 ± 2.5 s) while the current did not recover during the extended washout in contrast to that of WT Nav1.7 (τoff = 295.6 ± 27.5 s) (Supplementary Figures S2A,B). In contrast to complete inhibition on WT Nav1.7 (Figure 6A), 1 μM Ca2a showed no activity on Nav1.7/E818Q or Nav1.7/D816N/E818Q, implying that E818 plays an important role in Ca2a inhibition (Figures 6C,D). These results demonstrate that the DIIS3–S4 linker is critical for Ca2a binding to the sodium channel.


[image: image]

FIGURE 6. Effect of Ca2a on WT and mutant Nav1.7 expressed in HEK293T cells. (A) Representative current traces for WT inhibited by 1 μM Ca2a. (B–D) Representative current traces for mutant channels (D816N, E818Q, and D816N/E818Q) inhibited by 1 μM Ca2a. (E) Dose-response curves of Nav1.7 and D816N. Data are mean ± SEM, with n = 5 cells per data point.



Effects of Ca2a on Pain

To assess the analgesic potential of Ca2a in vivo, we examined the effects of Ca2a in animal models of pain including formalin-induced paw licking, hot plate test and acetic acid-induced writhing.

The paw licking time of the control was 90.3 ± 6.6 s on Phase I (0–15 min) and 197.7 ± 20.7 s on Phase II (15–40 min) (Figure 7A). The paw licking time in Phase I was 80.1 ± 4.6 s, 79.4 ± 9.5 s and 75.6 ± 7.7 s for 50, 100, and 200 μg/kg Ca2a, respectively, while the paw licking time of 100 μg/kg morphine was 64.1 ± 8.5 s on Phase I (Figure 7A). Ca2a (50, 100, and 200 μg/kg) produced no analgesic effect on Phase I compared to the control while morphine (100 μg/kg) showed modest analgesia (Figure 7B). However, Ca2a produced a significant analgesic effect in a dose-dependent manner on Phase II. The paw licking time was significantly reduced to 100.9 ± 16.2 s, 67.2 ± 20.2 s, and 40.5 ± 7.1 s for 50, 100, and 200 μg/kg Ca2a, respectively. The paw licking time of 100 μg/kg morphine was 126.1 ± 19.8 s in Phase II (Figure 7C). In the hot plate test, Ca2a also showed a strong analgesic effect (Figure 7D). The latency time of the control was 10.6 ± 1.1 s, while the latency time of Ca2a at each dose (50, 100, and 200 μg/kg) was increased to 12.9 ± 0.8 s, 15.4 ± 1.2 s, and 18.1 ± 1.6 s, respectively. As a positive control, the latency time of morphine at a concentration of 2 mg/kg increased to 15.2 ± 1.9 s (Figure 7E). In the acetic acid-induced writhing test, Ca2a dose-dependently reduced the writhing numbers. Intraperitoneal injection of 50, 100, and 200 μg/kg Ca2a reduced the duration of writhing from 27.3 ± 3.3 of the control to 15.8 ± 2.4, 10.5 ± 2.8, and 5.4 ± 2.2, respectively, while morphine at 100 μg/kg caused a reduction to 11 ± 3.7 (Figure 7F).
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FIGURE 7. Analgesic effect of Ca2a. (A) Time course of the antinociceptive effect of Ca2a in the formalin test. Evaluation of the antinociceptive effect of Ca2a on phase I (B) or phase II (C). (D) Time course of the antinociceptive effect of Ca2a in hot plate test. (E) Analgesic effect was assessed after 30 min of Ca2a injection. (F) The antinociceptive effect of Ca2a in the abdominal constriction test. The data are shown as mean ± SEM, with n = 6–8; ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 vs. vehicle.



DISCUSSION

In this study, we described the identification and characterization of a novel peptide μ-TRTX-Ca2a, which is a 35-residue peptide toxin isolated from the venom of tarantula spider C. albostriatus with six cysteines and belongs to the ICK motif. It has been thought that ICK toxins typically owned tremendous chemical, thermal, and biological stability and provided a variety of delivery options for therapeutic administration (Colgrave and Craik, 2004; Saez et al., 2010). Ca2a inhibited Nav1.2, Nav1.3, Nav1.6, and Nav1.7 channels but had negligible effect on Nav1.4, Nav1.5, Nav1.8, and Nav1.9 channels, suggesting that Ca2a is a selective antagonist of neuronal TTX-S VGSCs. Meanwhile, Ca2a ought to have an effect on neurons where Nav1.7 accounts for a majority of TTX-S Na+ current, and peptide toxins inhibiting Nav1.7 usually have inhibitory activity on DRG neurons (Deuis et al., 2017; Kornecook et al., 2017; Moyer et al., 2018).

Ca2a belongs to NaSpTx family 1 and shares identity to some known spider toxins. β-TRTX-Hlv1a from Haplopelma lividum exhibits 94.3% identity to Ca2a (Meir et al., 2011). Although β-TRTX-Hlv1a was thought to be a Nav channel inhibitor, it only inhibited Nav1.3 with IC50 of 1 μM. Moreover, β-TRTX-Ps1a (Pautx-3) and ω-TRTX-Gr2a (GpTx-1) with an identity of 68.8 and 62.9% to Ca2a, respectively, were potent VGSC blockers (Bosmans et al., 2006; Cherki et al., 2014). β-TRTX-Ps1a was an inhibitor of Nav1.2, but it had no effect on Nav1.7. ω-TRTX-Gr2a exhibited activity against all sodium channel subtypes (Nav1.1–Nav1.8) without any selectivity. Similar to μ-TRTX-Hhn1b (HWTX-IV), Ca2a showed preferred affinity to Nav1.7 without inhibitory activity against Nav1.5 or Nav1.4 while HWTX-IV inhibited skeletal isoform Nav1.4 with an IC50 value of 400 nM (Xiao et al., 2008; Goncalves et al., 2018). Therefore, Ca2a shows stronger activity or higher selectivity to Nav1.7 than other similar toxins.

Consistent with the molecular mechanism of μ-TRTX-Hd1a, μ-TRTX-Hhn1b (HNTX-IV), and μ-TRTX-Hs2a (HWTX-IV) interacting with Nav1.7, Ca2a caused no change of I–V curve, G–V curve, and steady-state fast inactivation. The critical residue of Ca2a binding to Nav1.7 channel is E818 in the S3–S4 linker of DII. E818 also plays an important role in HWTX-IV’s binding, but another residue D816 critical for HWTX-IV binding does not (Xiao et al., 2008; Cai et al., 2015; Klint et al., 2015). However, E818 is a critical residue for Ca2a binding to Nav1.7, and Nav1.7/E818Q greatly reduces the binding affinity of Ca2a. The IC50 value of Nav1.7/D816N is similar to that of wild-type Nav1.7, implying that D816 does not play an important role in binding affinity. Asn (Nav1.7/D816N) residue may strengthen the binding energy and make the binding a more compact. The irreversible washout of Ca2a inhibition of Nav1.7/D816N may be attributed to the higher binding energy and more compact structure. Ca2a did not affect channel inactivation progress, which was validated by a similar inactivation process observed in Nav1.7/D816N channel (Supplementary Figure S3). Nevertheless, Ca2a significantly but modestly slowed recovery from fast inactivation. In addition, the large hyperpolarized shift in slow inactivation suggests that Ca2a binds tightly to the slow inactivated state of the channel. These results suggest Ca2a may also interact with DIV because toxins affect channel inactivation by interacting with DIV (Xiao et al., 2010; Tao et al., 2016), and activation is affected by toxins binding to any of DI–III (Klint et al., 2015). This is similar with ProTx-II in which DII and DIV voltage sensors are involved in interaction by the dual modulatory effect (Bosmans et al., 2008) and a recently reported peptide Pn3a interacting with DII and DIV voltage sensors (Deuis et al., 2017). The mechanism of Ca2a acting on Nav1.7 is similar to that of HWTX-IV, but it also exhibits a little difference.

In formalin-induced paw licking, hot plate test and abdominal writhing, Ca2a showed dose-dependently equipotent or stronger analgesia than morphine (100 μg/kg Ca2a equals to the concentration of 25.6 nmol/kg Ca2a, and 100 μg/kg morphine refers to 350.9 nmol/kg morphine). As a selective antagonist of neuronal TTX-S VGSCs, Ca2a preferentially inhibited Nav1.7 with more than 100-fold selectivity against off-targets skeletal isoform Nav1.4 and cardiac isoform Nav1.5. Of the nine mammalian sodium channels, Nav1.3, Nav1.7, Nav1.8, and Nav1.9 channel subtypes are widely regarded as “pain channels” associated with nociception and chronic pain disorders that play essential roles in pain pathway (Dib-Hajj et al., 2010; Liu and Wood, 2011). In addition, Nav1.2, distributed in the central nervous system, is unlikely to contribute to analgesia because it is associated with epilepsy (Sugawara et al., 2001). Nav1.6, mainly distributed in the central nervous system and mature nodes of Ranvier in the peripheral nervous system (Habib et al., 2015), has been previously shown to be related with infantile epileptic encephalopathy (Veeramah et al., 2012; Estacion et al., 2014; Blanchard et al., 2015). However, recent studies have reported that the gain-of-function mutation of Nav1.6 increased trigeminal ganglia (TRG) neuron excitability in trigeminal neuralgia (Tanaka et al., 2016) while Nav1.6 knockdown ameliorated mechanical pain behavior in models of local inflammation and neuropathic pain (Xie et al., 2013, 2015). The exact role of Nav1.6 in the pain pathway currently remains unclear currently. Inhibition of Nav1.6 was also previously regarded to cause movement disorders and hind limb paralysis (Meisler et al., 2001). The dose of Ca2a used in this study does not cause significant adverse effects, indicating that the peptide dose not target Nav1.6 in vivo. Meanwhile, the expression of Nav1.7 is higher than other TTX-S VGSCs in DRG neurons (Fukuoka et al., 2008; Ho and O’Leary, 2011). Nav1.3 is not expressed in adult rat DRG except for upregulated expression after nerve injury (Abe et al., 2002). Meanwhile, the effective analgesic doses of Ca2a used in the studies are very low. These results suggest that the analgesic effect of Ca2a is due to the inhibition of Nav1.7 and not affected by blocking other Nav channels. The effect of Ca2a on motor functions remains to be elucidated, and further study is required to improve the selectivity and potency of Ca2a, making Ca2a a clinical potential peptide for the treatment of pain.

In summary, a new spider peptide toxin named μ-TRTX-Ca2a was identified. Ca2a binds to the DIIS3–S4 linker to inhibit channel current and may interact with DIVS3–S4 to affect channel inactivation. Moreover, in vivo analgesic efficacy suggests Ca2a may be a lead molecule for the development of analgesics targeting Nav1.7 channel.
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