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Abstract
Bactridines (Bact) are antibacterial peptides able to increase bacterial membrane Na+ permeability. Based on the biological activity and pharmacological interactions of bactridines with amiloride and mibefradil it was suggested an interaction with sodium channels. We now describe the effects of the six bactridines on mammalian Nav1.2, Nav1.3, Nav1.4, Nav1.5, Nav1.6, Nav1.7 and Nav1.8 sodium channels, Drosophila melanogaster DmNav1 sodium channels and bacteria NaChBac sodium channels, all of them expressed in oocytes. The peptides were also tested on cricket dorsal unpaired median (DUM) neurons. Bact 1, 4 and 6 gradually reduced the Na+ current amplitude with no (Bact 4) or slight modification of the gating mechanism (Bact 1 and 6) in DUM neurons.  Bact 1 did not act on the mammalian sodium channel isoforms, neither on DmNaV1 nor on NaChBac channel. Bact 2 shifted to the left the Na+ channel steady-state activation and inactivation curves in Nav1.2, Nav1.4 and Nav1.6 channels and reduced the peak current in Nav1.2 and Nav1.4 channels. Bact 2-induced modification of channel gating is dependent on the presence of the fast inactivated state of the sodium channel but the reduction in peak current isn’t. Bact 2 didn’t affect the Na+ current nor the gating mechanism of isolated cricket neurons. Bact 3 and Bact 4 induced a reduction in peak current in Nav1.3 and Nav1.4. Bact 3 was more potent on skeletal Nav1.4 channel and Bact 4 at the neuronal Nav1.3 channel. Both toxins induced a significant leftward shift in the voltage-dependence of both activation and inactivation in Nav1.3, Nav1.4 and Nav1.6. Bact 5 reduced by 10% the peak sodium current of the NaV1.7 and shifted to the left the inactivation voltage dependence on DUM neurons. Bact 6 induced a strong slowing down of inactivation and accelerates the recovery from fast inactivation on the insect sodium channel DmNaV1. Even though sequence alignment suggested it to be a β-toxin, Bact 6 act as an α-like toxin with an interesting selectivity towards NaV1.7 and DmNaV1. Bactridines represent the first scorpion toxins which posses the unique feature of combining the dual functionality of potent voltage gated sodium channel modulation with that of antibacterial activity. 
1 Introduction

Scorpion venom peptides share a similar scaffold composed of an α-helix and three-stranded β-sheet bonded through disulfide bridges (Housset et al., 1994; Ali et al., 2006; Mouhat et al., 2004). Scorpion toxins affecting voltage-gated sodium channels have a greatly diversified sequences ( Froy and Gurevitz, 2003; Zhu et al. 2004; Bosmans and Tytgat, 2007). These toxins maintain a spatially conserved scaffold cross-linked by four disulfide bonds due to evolutionary advantages such as high stability and the ability to withstand mutations in their amino acid sequence, permitting it to adapt to diverse pharmacological targets, which should be beneficial for catching their prey and maintaining their defense against predators (Froy et al. 1999; Zhu et al. 2004). Evolution forces have driven toxins to target different sites being essential for scorpion survival.

Sodium channels have been studied from diverse mammals, insects and the last decade from bacteria, the 6-α-helical transmembrane channel subunit NaChBac channels of Bacillus hallodurans (Ren et al., 2001). The NaChBac constitutes the first member of a widely distributed super family (NavBac) of channels in bacteria (Koishi et al., 2004), however their function is relatively unknown. In contrast, mammalian voltage gated sodium channels function is relatively well known, they underlie membrane excitability, muscle contraction and hormone secretion. Mammalian and insect voltage-gated Na+ channels are transmembrane protein complexes that form pores across the cell membrane through which specific ions can diffuse (Catterall et al., 2007). Mammalian sodium channels have several subtypes and are distributed in different tissues, cardiac and skeletal muscles, and neurons (Bossman and Tytgat; 2007). These channels participate in the generation and propagation of action potentials in neurons and most electrically excitable cells present in various organisms (Denac et al., 2000; Goldin, 2001). Voltage-gated sodium channels consist of a large (~260 kDa) pore-forming α-subunit, composed of four homologous domains. These channels play a pivotal role in cellular excitability and are targeted by a large variety of chemically distinct toxins (Caterall et al. 2007).

All scorpion toxins affecting sodium channels are traditionally divided into two major classes, α and β, according to their mode of action and binding properties. One scorpion species can produce α as well as β-toxins (αNaScTxs and βNaScTxs) The α-toxins mainly cause a slowing of the inactivation process of sodium currents and a prolongation of the action potential by binding to receptor site 3 of the voltage-gated sodium channel (Catterall 1995; Catterall 2000; Catterall et al., 2007; Denac et al., 2000; Gordon and Gurevitz 2003; Gordon et al., 2007). β-toxins shift  the activation of voltage dependent sodium channels to more negative membrane potentials and cause a reduction of peak current amplitude by binding to receptor site 4 (Cestele et al., 2001; Cestele et al., 2006).


Scorpion toxins which modify the gating of sodium channels are useful probes for studying the mode of action and structural elements involved in channel activation. Scorpion toxins and their mutants have been used as probes to identify channel regions and residues involved in either toxin binding and effect, or channel function (Cestele et al., 2001; Leipold et al., 2006). Understanding the molecular mechanisms underlying toxin action is important not only for toxicological research but also because toxins serve as templates  for novel therapeutics.  Bactridines are peptides isolated from Tityus discrepans scorpion venom with high antibacterial activity against a range of Gram positive and Gram negative bacteria (Diaz et al. 2009). Yet, bactridines are not typical antibacterial peptides (Kuhn-Nentwig, 2003), they are hydrophilic, non-amphipathic and positively charged polypeptides comprised of more than 60 amino acids stabilized by four disulphide bridges. Bactridines induce leakage of sodium ions from Yersinia enterocolitica, indicating a change on bacteria Na+ membrane permeability. This effect was blocked by amiloride (10 mM) and by mibefradil (25 mM) drugs affecting Na+ and Ca2+ channels respectively. Yet, no changes of K+ or Ca2+  concentrations inside or outside the bacteria were found (Diaz et al. 2009). Amiloride directly blocks the epithelial sodium channel (EnaC) and it has a second action on heart, blocking Na+/H+ exchangers sodium-hydrogen antiporter 1 or NHE-1. Acid-Sensing ion channels (ASICs) are also sensitive to inhibition by amiloride. ASICs and are involved in nociceptor responses to pH. The biological activity and pharmacological interactions of bactridines with amiloride and mibefradil suggest an interaction with sodium channels.  We now investigate bactridine's effects on sodium channels expressed in oocytes [central and peripheral nervous system (Nav1.2, 1.3, 1.6-1.8), nociceptive (Nav1.7, 1.8), skeletal muscle (Nav1.4), cardiac muscle (Nav1.5), insect DmNav1 and bacterial NachBac channels] and on isolated cricket dorsal unpaired median (DUM) neurons which are key elements of insect neuromodulatory system.
2 Materials and Methods
2.1 Venom source.

Tityus discrepans scorpions were collected in the metropolitan area surrounding Caracas, Venezuela. Scorpions kept alive in the laboratory were anesthetized once a month with CO2 and milked for venom by means of electrical stimulation. Venom was dissolved in double distilled water and centrifuged at 15,000 g for 15 min. The supernatant was freeze-dried and stored at -80 °C until used.
2.2 Bactridines purification procedures.

Soluble venom (100 mg), was loaded on a Sephadex G-50 column (200 x 1 cm) as described previously (D’Suze et al., 1995). Fraction II was collected, freeze dried and subjected to an analytical C18 reverse phase column (250 x 10 mm) (Vydac, Hesperia, CA, USA). Bactridin-1 to -6 were isolated and purified as described previously by Díaz et al. 2009. Briefly, components were separated using a linear gradient from solution A [0.12% trifluoroacetic acid (TFA) in water] to 45% solution B (0.10% TFA in acetonitrile), in 45 min, at a flow rate of 1 mL/min, monitored by absorbance at 230 nm. Bactridines  were purified through the same column, using a linear gradient from 25 to 35% solution B in 60 min at a flow rate of 1 mL/min. Peaks were collected manually, dried using a Savant Speed-Vac dryer and used for electrophysiological experiments.
2.3 Bactridines Mass spectrometry and Sequence Determination

Mass and amino terminal sequences of active purified peptides were determined following the Moerman et al. (2002) methods. Briefly,  the amino terminal peptide sequences were resolved by Edman degradation. For this purpose samples were dissolved in acetonitrile/water/trifluoroacetic acid (20:79.9:0.1, v/v/v). Samples were loaded on a glass fiber and subjected to N-terminal amino acid sequencing using an automated peptide sequencing instrument (PPSQ-33A, Shimadzu, Japan).  For peptides molecular masses determination an aliquot of each fraction was dried, redissolved in acetonitrile/water/formic acid (80:19.9:0.1, v/v/v), loaded in a gold-coated borosilicate capillary needle (Protana L/Q needle) and masses determined by MALDI-TOF (4800 Analyzer, Applied Biosystems, USA).
2.4 Expression of Voltage-Gated Ion Channels in Xenopus laevis Oocytes

For the expression of VGSCs (rNaV.2, rNaV1.3, rNaV1.4, hNaV1.5, mNaV1.6, rNaV1.7, rNaV1.8 and the insect channel DmNaV1) in Xenopus oocytes, the linearized plasmids were transcribed using the T7 or SP6 mMESSAGE-mMACHINE transcription kit (Ambion, USA). The harvesting of stage V-VI oocytes from anaesthetized female Xenopus laevis frog was previously described (Liman1992). Oocytes were injected with 50 nl of cRNA at a concentration of 1 ng/nl using a micro-injector (Drummond Scientific, USA). The oocytes were incubated in a solution containing (in mM): NaCl, 96; KCl, 2; CaCl2, 1.8; MgCl2, 2 and HEPES, 5 (pH 7.4), supplemented with 50 mg/l gentamycin sulfate.
2.5 Oocytes Electrophysiological Recordings

Two-electrode voltage-clamp recordings were performed at room temperature (18-22°C) using a Geneclamp 500 amplifier (Molecular Devices, USA) controlled by a pClamp data acquisition system (Axon Instruments, USA). Whole cell currents from oocytes were recorded 1 — 4 days after injection. Bath solution composition was (in mM): NaCl, 96; KCl, 2; CaCl2, 1.8; MgCl2, 2 and HEPES, 5 (pH 7.4). Voltage and current electrodes were filled with 3M KCl. Resistances of both electrodes were kept between 0.5 — 1.5 MΩ. The elicited currents were filtered at 1 kHz and sampled at 20 kHz using a four-pole low-pass Bessel filter. Leak subtraction was performed using a P/4 protocol. In order to avoid overestimation of  a potential toxin-induced shift in the current-voltage relationships of inadequate voltage control when measuring large sodium currents in oocytes, only data obtained from cells exhibiting currents with peak amplitude below 2 µA were considered for analysis. For bactridine's  effect  electrophysiological analysis  several protocols were applied from a holding potential of -90 mV with a start-to-start interval of 0.2 Hz. Sodium current traces were evoked by 100 ms depolarizations to Vmax (the voltage corresponding to maximal sodium current in control conditions). The current-voltage relationships were determined by 50 ms step depolarizations between -90 and 70 mV, using 5 mV increments. The sodium conductance
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represents the Na+ current peak amplitude at a given potential V, and Vrev
means reversal potential. Toxin-induced effects on the steady-state inactivation were investigated using a standard two-step protocol. In this protocol, 100 ms conditioning 5 mV step prepulses ranging from -90 to 70 mV were followed by a 50 ms test pulse to -30 or -10 mV. Data were normalized to the maximal Na+ current amplitude, plotted against prepulse potential and fitted using the first (Boltzmann) equation in equation set [1]. The recovery from inactivation was assayed with a double-pulse protocol, where a 100-ms conditioning pulse to -30 or -10 mV was followed by a 50 ms test pulse to the same voltage. Both pulses were interspersed by a repolarization to -90 mV for a gradually increasing time interval (1 – 40 ms). The
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obtained in the conditioning pulse, plotted against the corresponding time interval and fitted with the following exponential equation:
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, where t represents the time, A is the amplitude of the current, τ is the time constant for the fast inactivation, and C is a constant representing a non-inactivating persistent fraction (close to zero in control).


To assess the concentration-response relationships, data were fitted with the Hill equation:
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, where y is the amplitude of the toxin-induced effect,
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is the toxin concentration at half maximal efficacy, [toxin] is the toxin concentration and h is the Hill coefficient.


Comparison of sample means was made using a paired Student’s t test (p< 0.05). All data are presented as mean ± standard error (S.E.M) of at least 5 independent experiments (n ≥ 5). All data was analyzed using pClamp Clampfit 10.0 (Molecular Devices, USA) and Origin 7.5 software (Originlab, USA).
2.6 Insect neuron isolation.

Adult crickets (Acheta domesticus) were maintained at constant light regime (12 h light/12 h darkness) at 25 °C and fed with dry rabbit food and water ad libitum. Cricket giant interneurons were dissociated from the terminal abdominal ganglion (TAG) and the metathoracic ganglion using a modified Kloppenburg and Horner (1998) protocol.  Briefly, the animals were cool-anesthetized at 4°C for 60 min and beheaded prior to ganglia dissection. The ganglia of 2 to 3 crickets were removed and digested with collagenase (0.5 mg/mL) and dyspase (2 mg/mL) for 10 min at 37 ºC in Hank's balanced salt solution (HBSS. In mM: K+, 5.81; Na+, 137.58; Cl-, 142.26; PO4H2-, 0.44; PO4H2-, 0.34; D-Glucose 5.55; pH 7.0; 360 mOsm). Ganglia were centrifuged at 400 g for 2 min and pellet was triturated with a closed fire-polished Pasteur pipette, and extruded through a Pasteur pipette with reduced bore. Culture medium was added and dissociated cells were seeded over glass or thermanox coverslips covered with poly-D-lysine (200μg/mL) and concanavalin A (200 μg/mL).  Neurons were cultured in modified Leibovitz L-15 medium (Leibovitz, 1963), 200 mg/L glucose, 80 mg/L fructose, 35mg/L L-proline and 6 mg/L imidazole added as 10x stock solution in Leibovitz L-15, 1% (v/v) glutamax solution (200mM), a mixture of penicillin and streptomycin (each 100 units/mL), pH 7.0 adjusted with NaOH, osmolarity was adjusted to 360 with sucrose. The medium was sterilized by filtration (0.22 μm). Isolated cells were used the same day or maintained at 28 °C overnight before the experiment. Neurons with diameter ranging 25 to 65 μm  [40 ± 10.5 μm (mean ± SD), n = 98] were chosen for whole cell clamp.
2.7 Cricket neuron electrophysiology.

Voltage-dependent sodium currents were recorded while completely blocking calcium and potassium channels (see the composition of solutionsbelow). Whole-cell recordings were performed according to standard techniques with a commercially available patch-clamp amplifier (Axopatch 200B Axon Instruments, Foster City, CA, USA) in an Axiovert 10 inverted microscope [Carl Zeiss AG (Oberkochen), Germany]. Data were acquired with pClamp software 10.0 (Axon Instruments). Borosilicate glass micropipettes  (Sutter Instruments, Novato, CA) were fired-polished to a tip diameter yielding a resistance between 1 and 2 MΩ. The pipettes were filled with (in mM): NaCl 20, CsF 105, EGTA 10, TEA-Cl 20, ATP 2, HEPES-CsOH 10, pH 7.0, 330 mOsm adjusted with mannitol. The external solution had the following composition (in mM): NaCl 70 or 100, CaCl2 1, TEA-Cl 50, 4-Aminopyridine 5, glucose 5, CdCl2 2, MgCl2 2 and 0.1% BSA, HEPES 10, pH adjusted to 6.9 with NaOH, 360 mOsm adjusted with mannitol.


Cells were voltage-clamped using the tight-seal whole-cell patch-clamp method (Hamill et al., 1981). Most of the capacitive transients were canceled with the electronic circuitry provided with the amplifier, but leak and residual capacitive currents were digitally subtracted with a standard P/6 protocol. Series resistance was usually compensated between 85 and 90% in order to minimize voltage errors. All measurements were done at room temperature 20 — 21°C. Bactridines were added directly with a pipette. Chambers were thoroughly cleaned after each experiment.
2.8 Analysis of sodium currents and conductances.

The voltage dependence of sodium channels was determined by measuring peak current at test potentials ranging from −80 mV to 40 mV in 5 mV steps. Five hundred milliseconds conditioning pulses (prepulses) ranging from −100 to 20 mV in 10 mV steps, followed by a 50 ms test pulse that stepped the membrane to -10 mV, were used to estimate Na+ channel inactivation. Peak current amplitude during the test pulse was normalized dividing by the maximum current amplitude and plotted as a function of prepulse potential. Peak conductance (G) was calculated from peak current amplitude as 
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(Dubois et al., 2009) where the terms at right indicate that the equations are similar or equivalent to the
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parameters in the Hodgkin and Huxley formulation (1952). In the expression above, I is the peak sodium current, Imax is the maximal current evoked, V is the potential of the voltage prepulse, Vrev is the measured current reversal potential, V1/2 is the half-maximal voltage for inactivation, and 22 ºC
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, z is charges per mole, F is the Faraday constant, R is the gas constant and is T is the absolute temperature (295.15 ºK). 
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Eq. Set [1] was fitted using a simplex algorithm (Nelder and Mead, 1965). The algorithm minimizes the absolute value of the deviations between observations and the predicted values.

2.9. Statistical Procedures


Most  analyzes were done by comparing parameters using standard gaussian statistics. Means were compared using Student's t test. Data is presented as means and standard deviation of the mean (SEM). An exception to these was done when first order Boltzmann curves were compared; please see sections 5.1 and 5.2 of the Mathematical Appendix for details. 
3. Results

3.1. Bactridines Amino acid Sequences Analysis.

In the present work two thirds of the amino acid sequences of bactridines 3 to 6 were determined by Edman degradation. Table 1 shows the alignment of their amino acid sequences with other scorpion toxins. Bact 1 and 2 were sequenced previously; Bact 1 sequence has a 78% identity with ardiscretin and Bact 2, 98% with Tz1 (Borges et al., 2004; D'Suze et al., 2004; Díaz et al., 2009). The first 50 amino acids of Bact 3 had a 94% identity to TdNa7 (D'Suze et al. 2009). The first 47 amino acids of Bact 4 (7011 Da) were equal to Td7 (7214 Da) (Borges et al., 2006), but their molecular masses differed by 203 Da. The first 49 residues of Bact 5 were equal to ardiscretin (D'Suze et al., 2004), and their molecular masses were very close, 7101 Da for Bact 5 and 7103 Da for ardiscretin.

Bact 6 was found to be a mixture of 3 components, designated Bact 6a (7173 Da),  6b (7567.3 Da) and 6c (undetermined mass). Bact 6a and 6b were active on DmNaV1 and NaV1.3 channels. The first 39 AA of bact 6 had a 97% identity with TdNa6 (D'Suze et al. 2009), Bact 6 has an extra G at the N-terminal. Bact 6b was sequenced to residue 36 and was 100% identical to the first 36 amino acids of Td1 (Borges et al. 2006). The masses of both toxins were exactly the same. The third component, Bact 6c, was sequenced to residue 11, and was identical to the first 11 residues of potassium channel toxin TdiKIK (D'Suze et al. 2009). Bact 6c was active on neither DmNaV1 nor NaV1.3. 
3.2. Effects of bactridine 1
3.2.1. Bactridine 1 on isolated DUM neurons and amiloride sensitive currents.

The effects of Bactridines were explored on voltage dependent Na+ channels in DUM isolated cricket neurons under whole cell voltage clamp. The inset in figure 1A shows two traces of inward Na+ currents, one obtained before and another after adding Bact 1 to the external solution. In the presence of 150 nM Bact 1 the Na+ current was gradually reduced. The I vs V plot in figure 1A presents the peak INa in absence (●) and in presence (○) of 150 nM Bact 1; the peptide neither shifted the I vs V curve on the voltage axis nor modified the current reversal potential. Figure 1B is a plot of log10(GNa) vs V calculated for the currents depicted in figure 1A; the distance between dots and circles increases as the membrane is depolarized, indicating that the GNa blockage by Bact 1 is voltage dependent. Panels 1C and 1D are Gnorm and Inorm versus voltage curves.  As seen, both curves were shifted towards more negative values [V½ for Gnorm shifted by -8.4 mV (P<10-6) and -5.4 mV (P≈0.03) for Inorm]. In the presence of amiloride after the application of several I/V protocols the reversal potential began to change towards 0 mV and the current was reduced concomitantly.

DUM cricket neurons have an assortment of ionic channels and their complexity extends to the population of sodium channels per se. The first indication of this complexity may be appreciated from considering the 
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 curves (as defined in equation set [1] of the section 2.9) determined for the whole cell Na+ control currents under voltage clamp (Details in section 5.1 of the Mathematical Appendix). The multimodality may result, from the summation of several (Gaussian?) populations of channels. To avoid the uncertainties of using parametric statistics with data of unknown distribution, the analysis of differences between Na+ currents recorded from DUM neurons in presence and absence of drugs; all the adjustments of equations in set [1] were done using simplex (Nelder and Mead, 1965). The algorithm minimized the absolute values of the differences between curves and data. The statistical significance analysis of the differences was done with Kolmogorov (Kolmogorov, 1933) statistics as described in section 5.2 of the Mathematical Appendix.
3.2.2. Bactridine 1 on NaV isoforms expressed in oocytes.

Bact 1 produced no effects on the mammalian voltage-gated sodium channel isoforms expressed in Xenopus laevis oocytes nor did it modify Drosophila melanogaster voltage-gated sodium channels (DmNaV1), and was ineffective on bacterial Bacillus hallodurans (Ren et al., 2001) NaChBac channel (Table 2).
3.3. Effects of Bactridine 2
3.3.1. Bactridine 2 on isolated DUM neurons and amiloride sensitive currents.

When Bact 2 was tested on DUM, we observed that the reversal potential of voltage dependent Na+ current changed towards hyperpolarized potentials (Figure 2B, showing peak currents measured at the beginning of the pulse) and 2C (showing mean steady state currents measured at the end of the pulse). After adding Bact 2 the initial peak Na+ current was apparently suppressed, and a large outward current became evident (top trace in Figure 2A). When 1 µM amiloride was added prior to adding bactridine, the shift in peak current reversal potential shown in Figure 2B was no longer observed (Figure 2D, peak currents measured at the beginning of the pulse); in the figure, the maximum peak current seems ≈7 times larger in Figure 2D, but this apparent increase may stem from differences between the neurons used in the recordings. It thus seems that Bact 2 increased an amiloride blockable current, but was not able to affect the voltage-dependent sodium channels in DUM cricket neurons as shown in figures 2D and 2E (mean current measured at the end of the pulse); figure 2E is an I vs V plot of the current blocked by amiloride with (●) and without (○) bactiridine 2. To preclude the interference of amiloride blockable currents while recording bactridine sensitive sodium currents, all the following experiments on DUM neurons with all bactridines were done in presence of 1 µM amiloride.
3.3.2. Bactridine 2 on NaV isoforms expressed in oocytes.

The effects of Bact 2 (100 nM) on the voltage-dependence activation and inactivation of mammalian voltage gated sodium channel isoforms and DmNaV1 revealed that this toxin causes a significant hyperpolarizing shift in both the V1/2 of activation and inactivation of NaV1.4 and NaV1.6, being more potent on NaV1.4 (Figure 3A). A concentration of 100 nM induced a shift in the midpoint of activation of -23.41 ± 5.13 and -16.81 ± 2.23 mV for NaV1.4 and NaV1.6, respectively. Moreover, the same concentration also shifted the V1/2 of inactivation towards hyperpolarized potential (-18.79 ± 3.52 mV and -5.4 ± 1.2 mV, respectively). Bact 2 did not affect NaV1.3, NaV1.5, NaV1.7, NaV1.8 and DmNaV1 at concentrations up to 1 µM. Bact 2 also reduced the peak current in NaV1.2 and shifted the activation curve by  -20 mV (Figure 3B, lower left panel). It has been described before that modulation of sodium channel gating by similar toxins depends on interaction with the inactivated state of the α subunit (Tsushima et al., 1999), we investigated if this was also the case for Bact 2. We tested the effects of this toxin on NaV1.2 channel mutant, NaV1.2 IFM/QQQ, where the fast inactivation has been removed by replacing the highly conserved hydrophobic residues I1488, F1489, M1490 by Q residues. Bact 2 (100 nM) failed to induce a shift in the activation V1/2 of NaV1.2 IFM/QQQ channels. Yet, Bact 2 still decreased the peak Na current through NaV1.2 IFM/QQQ channel by 37.9 ± 3.4% (n = 3), which is not different from 33.3 ± 4.2 %, the reduction in peak current produced by 100 nM Bact 2 in wild type channels  (Figure 3B, right panel).

3.4. Effects of bactridine 3
3.4.1. Bactridine 3 on isolated DUM neurons

Bact 3 shifted the activation curves towards more negative values [V½ for Gnorm shifted by -4.4 mV (P=0.0036)  but did not affect the inactivation curves at concentration up to 150 nM (data not shown).
3.4.2. Bactridine 3 on NaV isoforms expressed in oocytes.

The effects of Bact 3 on skeletal sodium channel NaV1.4 and on the neuronal isoforms NaV1.3 and NaV1.6 are shown in Figure 4. Bact 3 (100 nM) reduced peak INa in NaV1.3 and NaV1.4 channels (Figure 4, left panel).  Right panels show effects of this toxin on the voltage-dependence of activation (left) and inactivation (right). The steady state currents in control (●) and after the addition of 100 nM toxin (○) are shown. This toxin induced a significant leftward shift in the voltage-dependence of both activation and inactivation. Bact 3 was also tested on NaV1.2, NaV1.5, NaV1.7, NaV1.8 and DmNaV1 but displayed no affinity for these isoforms.
3.5. Effects of bactridine 4
3.5.1. Bactridine 4 on isolated DUM neurons
As shown in Figure 5A, Bact 4 reduced DUM cricket neuron INa (○) without shifting the potential where the maximum current occurred, nor on the current's reversal potential. The currents in Figure 5B show that after exposure to Bact 4 the inactivation of the INa is not delayed. The GNa vs V semilog plot in Figure 5C indicates that the activation of the Na+ conductance increases as the membrane is depolarized beyond -40 to -30 mV. The normalized gNa (GNa) curve in Figure 5D indicates a shift to the right (P<0.05) of the mid point potential. Each experiment was performed 3 times.
3.5.2. Bactridine 4 on NaV isoforms expressed in oocytes.
The effects of Bact 4 on  NaV1.4,  NaV1.3 and NaV1.6 channels are shown in Figure 6. Bact 4 (100 nM) produced a reduction in peak current only in NaV1.3 and NaV1.4 channels (Figure 6, left panel). Right panels show effects of this toxin on the voltage-dependence of activation (left) and inactivation (right) in control (●) condition and after adding 100 nM Bact 4 (○). This toxin induced a significant leftward shift in the voltage-dependence of both activation and inactivation.
3.6. Effects of bactridine 5
3.6.1. Bactridine 5 on isolated DUM neurons.

Bact 5 (150 nM) had no effect on normalized gNa curve (Figure 7A) but shifted the normalized INa curve (Figure 7B) 6 mV to the left (P < 0.0001). At 1 μM, the inactivation curve was still more shifted toward hyperpolarized potentials and the reversal potential began to shift towards 0 mV even on the presence of 1 μM amiloride (data not shown).
3.6.2. Bactridine 5 on channels expressed in oocytes.
Bact 5 (1 µM) reduced the peak INa in NaV1.7 (Table 2) by ≈10%. This toxin affected neither DmNav1 (Table 2) nor NaChBac (Figure 7C and D) channels expressed in oocytes.
3.7. Effects of bactridine 6
3.7.1. Effect of bactridine 6 on isolated DUM neurons.

Bact 6 increased initially the peak INa ≈20% (Bact 6, 2 min, in figure 8A) but the current decreased afterward (Bact 6, 15 min, in figure 8A). The I vs V curves depicted in figure 8B, correspond to the changes discussed in the previous sentence. Bact 6 shifted to the left, both the activation (4 mV, P=0.003, figure 8C) and the inactivation (15 mV, P < 0.0001, figure 8D) curves.
3.7.2. Effect of bactridine 6 on NaV isoforms expressed in oocytes.

Bact 6 (1 µM) did not act on NaV1.2, NaV1.3, NaV1.4, NaV1.5, NaV1.6 and NaV1.8  voltage gated sodium channel isoforms (Figure 9). The toxin slowed the inactivation of NaV1.7 and DmNaV1 channels (Figure 9). A dose-response curve (not shown) indicated an apparent dissociation constant of 27.1 ± 1.9 nM for NaV1.7 channels. 

The action of Bact 6 (1 µM) on NaV1.7 and DmNaV1 was studied in oocytes held at -90 mV, with the following pulse regime: a 40 ms depolarizing pulse to -10 mV, a repolarization to -90 mV for 5 ms, a depolarizing pulse to 120 mV for 50 ms, a 2nd repolarization to -90 mV for 5 ms and a 2nd 40 ms depolarizing pulse to -10 mV. In the figure, the currents elicited by the 1st (leftmost traces) and 2nd (rightmost traces) depolarizing pulses to -10 mV are presented in panels 10A and 10D under control and toxin (labeled with an asterisk at the end of the trace) conditions. Bact 6 delayed INa inactivation significantly during the 1st depolarization of Nav1.7 to -10 mV (labeled *) (traces at left in 10A); but INa inactivated as well as the control during the 2nd depolarization to -10 mV, to the point that the control and Bact 6 traces (labeled *) overlap completely at the right of panel 10A. When Bact 6 was tested on DmNav1 with the same pulse protocol, it induced an even more remarkable delay of INa inactivation (labeled *, trace at left in 10D), which was less marked, but still very significant,  during the 2nd depolarization to -10 mV; the reversal of the effect was, however, less complete that the case of Nav1.7 (traces at right in 10D).

Figures 10B and 10E show that the activation process of both Nav1.7 and DmNav1 are insensitive to Bact 6; the normalized gNa curves (axis at right) in control (■) and Bact 6 (□) conditions, overlap entirely. In the case of Nav1.7 inactivation, the normalized INa curves (axis at left) also overlap completely in control and Bact 6 conditions, but only when the membrane is polarized between -100 and -50 mV. The curves separate, and become parallel, at more positive potentials indicating that under the action of Bact 6, at the more positive potentials, ≈20% of the channels remain not inactivated. The overlapping of the normalized INa curves was much less in case of DmNav1; at potentials more positive than -60 mV there is no overlapping at all, and the control (■) and Bact 6 (□) curves are parallel at potential more positive than -20 mV. The parallel parts of the normalized INa curves, however show that under the action of Bact 6, at the more positive potentials, ≈50% of the channels remain not inactivated.

Two pulses to -30 mV (used for DmNav1) or -10 mV (used for Nav1.7) separated by a repolarization to the holding potential of -90 mV during the times indicated in the abscissa of panels 10C and 10F, were used to study the time course of recovery from inactivation peak INa under control and Bact 6 conditions. The conditioning pulse lasted 100 ms and the test pulse 50 ms. Recovery at time t was defined as follows:
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(called Fraction recovered in panels 10C and 10F) where
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is peak INa during the conditioning pulse, and
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is peak INa during the test pulse. The lines drawn through the recovery experimental points obeys a first order lag function defined as
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where t is time, Fr is as defined above,
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is the time constant of recovery, and C is a constant representing a non-inactivating persistent INa fraction.

Figure 10G shows that Bact 6 (1 µM) induced a reduction in peak current through NaV1.3 channels. The effect of this toxin on the voltage dependence of activation and inactivation is shown in figure 10H and 10I respectively. Bact 6 caused a significant leftward shift in the V1/2 of both activation and inactivation, as well as a decrease in slope at V1/2 of the activation curve (open symbols in panel 10H). 
4. Discussion.

The primary, secondary and tertiary structure of Bact 1 and 2 were elucidated previously in silico. They are positively charged polypeptides having 61 and 64 amino acids, respectively (Diaz et al. 2009). The amino acid sequences of the first 50, 47, 49 and 39 residues of Bact 3, 4, 5, 6a and 6b respectively were determined here, and are considerably similar.  Bactridines are cationic, amphiphilic globular proteins folding according to the cysteine α-β-motif of other scorpion toxins. They increase the bacteria sodium membrane permeability making bacteria nonviable (Diaz et al. 2009), like all β Na scorpion toxins, these peptides have an α-helix segment and a conserved β-sheet structure maintained by disulfide bonds. They are toxic to mammals or insects (Diaz et al. 2009). Mutagenesis studies on toxins active on Na+ channels suggest that the bioactive surfaces of β-toxins, called pharmacophore, is associated in part to the toxin's α-helix, where a conserved glutamate establishes an ionic bond to a positively charged receptor at the Na+ channel (Froy et al., 1999; Cohen et al., 2004; 2005). All toxins in Table 1 have a glutamate in their α-helix structure, with minor differences in position (E26, E27, E28). The glutamate is located on the surface of the toxins.


Hassani et al. (1999) proposed that K12, W40, W51 or W55 residues in sodium scorpion toxins are involved in phyla specificity. When lysine is acetylated and tryptophan sulfonated the toxin loses toxicity to mice, and increases its toxicity to insects (Hassani et al., 1999). The K12 residue is conserved in most of the toxins shown in Table 2. Interestingly, the anti-mammal toxin Bact 2 has a conserved  tryptophan at positions W40, W51 and W54, but Bact 1, an insect selective toxin, has tryptophan conserved only at positions W39. Thus, bactridine mammalian selectivity may be related to W51 and W54. According to in silico 3D structure analysis of Bact 1 and Bact 2 (Diaz et al., 2009), the K and W residues mentioned above are located at the toxin's surface. 

  Bactridines seems different from other antibacterial peptides. In general, antibacterial peptides described to date are positively charged, cationic and tend to be amphipathic channel formers (Jenssen et al. 2006; Hancock and Sahl, 2006), this is not the case for bactridines which are not amphipathic and do not create pores. Díaz et al. (2009) proposed that bactridines increased membrane sodium permeability. A family of bacterial sodium channels is known to exist, they are collectively called NavBac (Martinac et al., 2008); peptides of the NavBac group differ in structure, in voltage dependency and kinetics; one of the NavBac channels, isolated from B. halodurans is known as NaChBac (Koishi et al, 2004). In the present work no bactridine affected oocyte-expressed NaChBac, the only bacterial channel tested in the present work. 


Bactridines decreased the sodium channel reversal potential (ENa,rev) in DUM neurons (Figure 2B), this implies either a channel selectivity change or a raise in intracellular sodium concentration. Furthermore, using a constant voltage pulse in DUM neurons, INa kept decreasing with time in a manner that could suggest cell rundown. Amiloride was used to check if these changes stemmed from a leak in Na induced by bactridine via non voltage dependent Na channels. The drug effectively precluded the shifts in ENa,rev and the apparent cell rundown induced by bactridine (Figure 2D). These results suggest that bactridines increase an amiloride-sensitive conductance in DUM neurons enough to alter the sodium gradient. Studies are in course to characterize the amiloride sensitive conductance.  Diaz et al. (2009) observed that bactridines induce an amiloride blockable sodium efflux in bacteria.

DUM neurons are complex sets of ionic channels; they express different isoforms of insect sodium channels, as evidenced in the analysis presented in section 5.1, figure 11 and from the work of other authors (Zhao et al., 2005; Song et al., 2011). Bactridine 1 affected only DUM neurons, it was able to shift the voltage dependence of activation and inactivation, and reduce the sodium current peak, suggesting that it is a β insect toxin. Bact 1 was also tested in one insect sodium channel from D. melanogaster fly, DmNaV1. This is just one channel in a family of at least 33 members with varying electrophysiological properties, cloned from the fly (O’Donnell Olson et al., 2008). Besides of being a voltage dependent sodium channel, its location and functional role in D. melanogaster is unknown.  DmNaV1 was not affected by Bact 1 in our present study. The discrepancy between the effects of Bact 1 tested in DUM neurons and in oocyte-expressed DmNaV1 channels evidences that insect sodium channel isotypes vary among them, just as mammalian isotypes do. In our study not all the mammalian isotypes tested were affected by all bactridines either.


Several of the bactridines tested here induced voltage shifts of V½ of the Boltzmann curves fitted to activation and inactivation voltage dependency curves fitted to DUM neuron or in oocyte-expressed Nav channels. Still, with the notable exception of the effect of Bact 1 on DUM INa (Figure 1), the shifts were accompanied by a decrease in
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(See equation set 1). Since 
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if the temperature does not change, and since R and F are fundamental physical constants, a change in
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can only stem from a change in z, which is commonly interpreted as a valence. In ionic channel terms this valence corresponds to the electrical environment in the immediate vicinity of the channels. As said above, diverse structural studies of the tertiary structure of scorpion peptides acting on sodium channels, these peptides are polar and have many ionic groups on their surface, largely cationic lysine residues. It is thus not surprising that, in addition to any other effects these scorpion peptides may have, they can disrupt the ionic environment near the ionic channels in a manner that it mimics a change in z. It is customary to classify scorpion toxins as α- or β-toxins based on their ability to “shift” activation or inactivation curves alongside the voltage axis. Given that the “shift” may rather be a change in
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it would perhaps be advisable to revise the α or β toxin nomenclature for scorpion toxins in the future; for the time being we will call β-toxins to leftward shifters of V½ and α-toxins to the ones shifting V½ to the right, both with or without changes in
[image: image32.emf]κ .

An experimental observation that supports the need of revision of the α or β toxin nomenclature, is that in many instances the same toxin seems to belong to, say, the β class in one instance, and the α class in another; this was observed, for example, for the, so called, βα toxins, such as AahIT4 from Androtonus australis hector, Lqhβ1 from Leiurus quinquestriatus hebraeus disccussed ahead (Loret et al., 1991; Gordon et al., 2003).

Bact 1 did not affect any of the mammalian sodium channel isoforms tested and, in previous work, it was shown to be innocuous to mice (Diaz et al., 2009).  Bact 2 appears to be a β mammalian toxin, it didn't affect any of the insect channels studied and was demonstrated toxic to mice (Diaz et al. 2009). Bact 3 shifted the voltage dependence of activation on DUM neurons; and Bact 4 only decreased the sodium conductance in this system. Bact 3 and 4 had β effects on NaV1.3, NaV1.4 and NaV1.6 mammalian isoforms. Bact 5 was the only toxin able to affect NaV1.7 diminishing 10% the sodium conductance, however in DUM neurons it only shifted the voltage dependence of inactivation. 

The action of Bact 6 (1 µM) on NaV1.7 and DmNaV1 was studied in oocytes with a multiple pulse regime (See section 3.7.2); this study shows that the binding of Bact 6 to these channels is voltage dependent since the delay in inactivation induced by the toxin is removed, at least in part, by a depolarization to 120 mV. Whether this voltage dependency is due to an effect of the electric field on the sodium channels by themselves (inducing a conformation change), or stems from a force induced by the electric field on a charged polypeptide unlocking it from its receptor site is not known. The second option could be feasible since scorpion Na toxins are usually cationic, and the force field tested was acting in the right direction to break the drug receptor interaction. In panels 10A and D the oocytes were stepped from a -90 mV holding potential to 120 mV, which is a 210 mV depolarization. The energy applied by a 210 mV change electric field may be estimated by remembering that
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evaluated for a monovalent ion is equivalent to 0.025 J·C-1·z-1≈ 25 mV·z-1. The 210 mV voltage change is thus equivalent to 0.025 J·C-1·z-1 = 5.238·10-3 cal·mole at 20ºC (for the units and conversions, see for example Alonso and Finn, 1967). Na scorpion toxins have a whole molecule z < 3; in the case of Bact 1 and 2, for example was estimated as 0.456 and 1.368, respectively, at pH 7. The apparent dissociation constant of Bact 6, was estimated to be Kd ≈27 nM. Another high affinity toxin acting on sodium channels is tetrodotoxin (TTX) which has a Kd ≈5 nM; the apparent activation energy (Ea) for the interaction of TTX with its type 2 receptors in squid it was estimated from the slope of and Arrhenius plot of log(Kd) vs 1/T to be Ea = 13704 ± 2978 cal·mole (Sevcik, 1982), which is ≈2.6·106 times higher than the energy provided by the 210 mV pulse.  Even though Bact 6 Kd is ≈5 times higher that TTX's,  it is evident that a 210 mV depolarization pulse is extremely unlikely to break the drug receptor interaction if Kd < 100 nM. The voltage dependence of Bact 6 action on NaV1.7 and DmNaV1 observed, must thus result from voltage dependent changes of Bact 6 receptor site conformation which probably changes Kd. 

Besides modifying channel activation, most bactridines were also capable of shifting the steady-state inactivation and reducing the sodium conductance. In order to investigate this, we used mutant NaV1.2 channels in which the fast inactivation has been removed. After toxin application it could be noticed that even though there was no shift in voltage dependence of activation, there was still a reduction in the sodium peak current. However, since removal of the inactivated state did not influenced the toxin’s ability to reduce the sodium conductance, channel blockage result from toxin binding on distinct or at least only partially overlapping binding sites within the neurotoxin binding site 4.


Conotoxins belonging to the µO-family are believed to bind at site 4 or close by, even though they do not shift the voltage-dependence of activation. These toxins cause an inhibition of the sodium conductance but do not compete with STX for site 1 (Terlau et al., 1996). µO-conotoxins such as MrVIA (Conus marmoreus), interact with sodium channels through a voltage sensor toxin mechanism as indicated by their voltage-dependence of action (Leipold et al., 2007). It has been shown that µO-conotoxins and β Na scorpion toxins,  functionally compete with one another for modification of the NaV channels and thus a least partially share the neurotoxin receptor 4 as site of interaction with the NaV channels. Scorpion β-toxins enhance activation by binding to neurotoxin receptor site 4 at the extracellular S3-S4 linker on domain II and trapping the IIS4 voltage sensor in the outward, activated configuration (Cestele et al., 1998; Xiao et al., 2008); µO-conotoxins bind to this segment in the inward position and prevent the outward movement of the voltage sensor upon membrane depolarization preventing the channels from opening (Leipold et al., 2007). Bactridines 2, 3 and 4, in turn, induced only a shift in voltage dependence of activation without decrease of sodium conductance in NaV1.6.


Another example of toxins capable of reducing the sodium conductance without modulating the activation interacting with site 4, is huwentoxin IV isolated from the Chinese spider Ornithoctonus (Selenocosmia) huwena venom (Peng et al., 2002). Huwentoxin IV binds at site 4, locks the voltage sensor of domain II in its inward position and prevents channels from opening, blocking the sodium conductance. Characterization of the huwentoxin IV interaction revealed that this toxin fails to induce any modification on the activation and steady-state inactivation and thus, it could be concluded that the observed reduction in sodium conductance resulted from a stabilization of channels in the closed state (Xiao et al., 2008).  The lack of toxin induced modification of channels gating, as described for µO-conotoxins and huwentoxin IV, makes these toxins electrophysiologically distinguishable from bactridines. However, using mutated NaV1.2 channels, we eliminated bactridines induced effects on activation and inactivation, allowing us to demonstrate that the inhibition in sodium conductance caused by βNaScTxs, such as the bactridines, is not directly correlated with the alterations in channel activation. Together with huwentoxin IV and the µO-conotoxins, the results with Bact 2 suggest the existence of a binding site within site 4 which, upon toxin binding, structurally influences the sodium conductivity through the channels. In order to delineate the exact binding site competitive radio-ligand binding studies and mutagenesis studies are required to confirm if these toxins bind at the same or at least at partially overlapping binding site.


The testing of Bact 6 against eight NaV channel isoforms revealed an interesting selectivity for the mammalian isoforms NaV1.3 and NaV1.7. Like other bactridines, Bact 6 shifts the midpoint of both the activation and inactivation curves of NaV1.3. Remarkably, Bact 6 could slow down the fast inactivation of NaV1.7 and DmNaV1 channels, a channel gating modulation typically observed for α Na scorpion toxins. The constructed concentration-response curve demonstrated that Bact 6 affects the gating of NaV1.7 with an apparent Kd ≈27 nM, resulting in the observed slowing down of fast inactivation, increased sodium peak current and sustained non-inactivating sodium current.


It has been reported before that certain β-toxins, classified as βα toxins, such as AahIT4 from A. australis Hector, Lqhβ1 from L. quinquestriatus hebraeus also compete with α-toxins for binding at site 3. However, they only bind to site 3 at high concentrations while they exert typical β-toxin binding properties to a much greater extent since they bind at site 4 with high affinity (Loret et al., 1991; Gordon et al., 2003). It has been shown for LqqIT2 from L. quinquestriatus quinquestriatus that this toxin, besides modulating the voltage dependence of activation also affects the inactivation process of DmNaV1 channels (Bosmans et al., 2005). A recent study has demonstrated that 2 β-toxin-like peptides from Buthus martensii Karsch caused a maintained current at the late phase of inactivation of insect sodium channels (Yuan et al., 2010). The results shown here suggest that, at least for NaV1.7 and DmNaV1 channels,  Bact 6 binds to site 3 rather than to site 4 although binding studies are required to investigate to which extend Bact 6 also competes for site 4 on these channels. It was suggested that toxins such as AahIT4 and Lqhβ1 represent a group of ancestral toxins from which further diversification permitted the emergence of toxins with the structural features of β-toxins but displaying an α-like activity without modulating the activation. Three toxins from Centuroides sculpturatus Ewing, CsEv1-3, are believed to belong to this group (Possani et al., 1999). Bact 6 represents the first toxin from Tityus species belonging to this group of ancestral Na scorpion toxins. Mutagenesis studies using Bact 6 might provide further insight on a putative route for toxin diversification. The extracellular sites upon which toxins that modulate the inactivation of voltage-gated sodium channels bind are of particular interest for further investigation of the kinetics of channel gating since toxin binding affects the inactivation process at intramembranal segments of the channel (Gordon et al., 1992). Bact 6 might be a very interesting probe for further characterization of these binding sites and a valuable tool for elucidating the residues constituting the pharmacore enabling toxins to discriminate in binding sites and pharmacological activities.  


The involvement of NaV1.7 in several physiological disorders, such as prostate cancer and acute inflammatory pain, has been well established (Nassar et al., 2004; Diss et al., 2005; Maertens et al., 2006). Because of its key role in pain, NaV1.7 has become a therapeutic target of great pharmacological interest. The high potency, together with its unique selectivity profile, renders Bact 6 the potential to become not only a valuable tool for further structure-function studies in order to obtain a better understanding of these channels. Bact 6 modulation on Nav1.7 could contribute to hyperexcitability in nociceptive neurons and thus hyperalgesia.
5. Mathematical Appendix.
5.1 Resampling analysis of DUM neurons sodium currents.
Figure 11 contains plots of probability of observing
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. All data in figure 11 were calculated from control I vs V plots to which equations in equation set [1] were fitted using the procedure described in Methods. The data in figure 11 were calculated by fitting individual data recorded from 29 DUM control neurons to calculate
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curves and 23 neurons control to calculate
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curves. The values of
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for each parameter curve were resampled to produce 20,000 subsample means, as indicated in section 5.2 of this Mathematical Appendix, and subsample means were nested, as indicated there, into 40 bins spanning the sample range to produce frequencies per bin. These nested subsample means transformed into probabilities (dividing the frequencies by 20,000) are the points presented in all panels of figure 11. The lines are cubic splines arbitrarily fitted to the points to facilitate interpretation. As it is clearly seen from the data in the figures, none of the probability curves resembles Gaussian bells. In the four cases, the distributions seem multimodal; this multimodality may stem from the combination of data of slightly different Na+ isochannels in the same type of neurons, or to variations in the type of neuron isolated in each experiment. When 20,000 subsampled averages were tested for normality using the Jarque-Bera (Bera and Jarque, 1981) test the significance of the difference with the Gauss pdf was
[image: image47.emf]P ≪10

− 6

for all pdfs in Figure 12.
5.2 Comparing Inorm and Gnorm curves obtained under different experimental conditions.

The expressions at left in equation set [1] highlight the approximate equivalence with the parameters
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in the Hodgkin and Huxley (1952) model. In the model the parameters are also probabilities, m3 the probability to find a Na channel activated and h the probability that, at the same time, it is not inactivated;
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would be the probability to find the channel inactivated. Within this context, the parameters defined by equation set (1) are cumulative (integrated) probability distribution functions (cdf).  As it may be appreciated in figure 1, the cdfs of the
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in equation set [1] are complicated multimodal functions and thus, comparing these parameters thwarts common statistical procedures based on the Gauss distribution function.


Kolmogorov (1933) and Smirnov (1939) analyzed the probability that two samples come from different populations based on the maximum difference between any two empirical cdfs F1,n(x) and F2,n'(x)
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where the bars indicate that absolute values are considered, x is the point where the supremum (sup, see http://en.wikipedia.org/wiki/Supremum) occurs, n and n' are sample sizes. Using the notation in Eq. 1 for the control and parameters with primes for the experimental condition, for
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then with n and n' the sample sizes,
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Though, V in Eq. [3] has no algebraic solutions, it may be solved numerically, and once V at which the supremum occurs is known, Eq. 4 may be evaluated; similar equations may be derived for
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too. According to Kolmogorov-Smirnov statistics if
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the null hypothesis may be rejected with an
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may be calculated with the algorithm of Marsaglia et al. (2003), is tabulated by Conover (1980) and may also be expressed as
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where c is tabulated by Pearson and  Hartley (1972).
5.3. Guessing the probability distribution function from small data samples.

Under many experimental situations the samples size available are too small to determine the probability distribution function (pdf) of the population sampled. This limitation may, some times, be overcome by resampling. To understand the resampling used in connection with figure 11, it is necessary to introduce the so called characteristic function of a random variable (Wilks, 1962).


The characteristic function
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of a random  variable x having a cdf F(x) is defined as
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where
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denotes the expectation function of a random variable x. The moment generating function
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If the rth moment
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exists we can differentiate Eq. [6] k times,
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with respect to t and obtain
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from which the kth moment
[image: image72.emf]μ

k

' ( x )

is 

[image: image73.emf]μ

k

' ( x )=

φ

( k )

( 0 )

ι

k

, 0< k ⩽ r .










[8]

From Eq. [8]
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the expectation function of xi which is the most general expression of its mean. Also
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is the variance of xi. Other statistical parameters such as kurtosis and skewness are also functions of the statistical moments. One important theorem states (Wilks, 1968):

Theorem 1: If x1 and x2 are random variables having cdf's
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Another important theorem also states (Wilks, 1968):

Theorem 2. If
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where
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which shows that by virtue of theorem 2, the sample or sub-sample mean is a linear combination of the m random variables sampled.


A third important theorem states (Guttman et al., 1971):
Theorem 3. Let
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If the distributions in theorem 3 are identical, namely
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with
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equation [11] becomes the characteristic function of the Gaussian
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Theorems [1], [2] and [3] prove that it is possible to smoothen a frequency histogram  
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was drawn. In this work we applied this analysis to samples of sizes 23 and 29 of INa recorded from DUM cricket neurons. For this purpose k was calculated as
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here the function “round[ ]”, rounds the argument to the nearest integer. 
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Table 1:
Bactridines effects on mammals sodium isochannels, insect DmNav1 and bacterial NaChBac expressed in oocytes and on cricket isolated dorsal unpaired median (DUM) neurons.
	Bact
	NaV1.2
	NaV1.3
	NaV1.4
	NaV1.5
	NaV1.6
	NaV1.7
	NaV1.8
	DmNaV1
	NaChBac
	DUM n

	1
	-
	-
	-
	-
	-
	-
	-
	-
	-
	β / 38%

	2
	β / 33%
	-
	β /63%
	-
	β / 0%
	-
	-
	-
	-
	-

	3
	-
	β / 11%
	β /64%
	-
	β / 0%
	-
	-
	-
	-
	

	4
	-
	β / 45%
	β / 21%
	-
	β / 0%
	-
	-
	-
	-
	28%

	5
	-
	-
	-
	-
	-
	10%
	-
	-
	-
	

	6
	
	β / 34%
	-
	-
	-
	α
	-
	α
	-
	-18% β / 24%


 "β" indicates toxin modulation of channel gating, "α" indicates that the toxin affects channel inactivation,"%" indicates the percentage of reduced peak current, "-" indicates the percentage of increased peak current and "-" means tested but with no effect.
Table 2:
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Figures legends
Figure 1. Effect of Bactrine 1 on  DUM neurons sodium currents. 
A: Current-voltage relationships for steady state activation from peak currents. Inset: shows current traces obtained by stepping the membrane to -10 mV before and after addition of 150 nM Bact 1. B: Log conductance plotted against the applied voltage. C: Normalized conductance plotted against the test voltage.  D: Normalized current against the applied pre-pulse (500 ms from -100 to +20 mV) and  test potential was -10 mV. Close symbols: control; open symbols: 150 nM Bact 1, curves were fitted with a first order Boltzmann equation, values are means ± SEM; n  3.
Figure 2. Effect of bactridine 2 on  DUM neurons sodium currents. 
A: Current traces obtained by stepping the membrane to -10 mV. B: Peak INa vs voltage plots. C: Mean currents values measured at the end of current traces vs membrane potential. D: Peak INa vs voltage plots in presence of 1 μM amiloride. E: Mean currents values measured at the end of current traces vs voltage plots in presence of 1 μM amiloride.  In all panels ○ indicates controls and ● indicates 150 nM Bact 2. 
Figure 3:  Effect of bactridine on mammalian NaV1.2, NaV1.4, NaV1.6 isoforms and D. melanogaster voltage gated sodium channel DmNav1 expressed in oocytes. 

A: Current traces before (first column) and after (second column) addition of bactridine 2. Effect of Bact 2 on the voltage dependent activation (third column) and inactivation (fourth column). B: Effects of 100 nM Bact 2 on NaV1.2 and fast-inactivation-deficient Nav1.2 mutant Nav1.2 IFM/QQQ (top pannel). Voltage dependent activation curves (bottom panel).  Close symbols: control; open symbols: 100 nM Bact 2, curves fitted with a first order Boltzmann equation. Values are means ± SEM, n  3.
Figure 4: Effect of bactridine on mammalian NaV1.3, NaV1.4 and NaV1.6 isoforms expressed in oocytes. 

A: Current traces before (first column) and after (second column) addition of bactridine 2. Effect of Bact 2 on the voltage dependent INa activation (third column) and inactivation (fourth column). Close symbols: control; open symbols: 100 nM Bact 2, curves fitted with a first order Boltzmann equation. Values are means ± SEM, n  3.
Figure 5:  Effect of bactridine 4 on  DUM neuron sodium currents.

A: Peak INa vs voltage relationships before and after adding Bact 4. B: Current traces obtained by stepping the membrane to -10 mV before and after adding Bact 4. C: Logarithmic plot of cord gNa vs membrane potential. D: Normalized gNa vs voltage. ●: control; ○: 150 nM Bact 4. Curves were fitted with a first order Boltzmann equation. Values are means ± SEM, n  3.  
Figure 6: Effect of bactridine 4 on mammalian NaV1.3, NaV1.4 and NaV1.6 isoforms expressed in oocytes. 

A: INa traces before (first column) and after (second column) addition of bactridine 4. Effect of Bact 4 on the voltage dependent activation (third column) and inactivation (fourth column). ●: control; ○: 100 nM Bact 4, Curves fitted with a first order Boltzmann equation. Values are means ± SEM, n  3.
Figure 7: Effect of bactridine on peak INa from 5 DUM neurons and bacterial NaChBac expressed in oocytes.
Effect of 150 nM Bact 5 on the voltage dependent activation and inactivation of DUM neurons peak INa in cells stepped from -100 mV to 10 mV during 500 ms. A: Normalized gNa vs membrane potential. B: Normalized INa vs membrane potential. C: Current trace of oocyte expressing the cloned bacterial voltage gated sodium channel from Bacillus halodurans (NaChBac). The dotted line indicates the zero current level. The * indicates the steady state INa peak amplitude after application of 1 μM Bact 5. D: Effect of Bact 5 on the voltage dependent activation and inactivation of NaChBac channel. ●: control; ○: Bact 5. Curves fitted with a first order Boltzmann equation. Values are means ± SEM, n  3.
Figure 8:  Effect of bactridine 6 on  DUM neuron INa.
A: INa obtained in cells stepped from -100 mV to 10 mV during 500 ms, under control conditions, 2 and 15 min after adding 150 nM Bact 6. B: INa vs voltage plots under control conditions (●), 2 min (×) and 15 min (○) after adding Bact 6. C: Normalized gNa vs voltage plots under control conditions (●) and after the adding 150 nM Bact 6 (○). D: Normalized INa vs voltage plots under control conditions (●) and after the adding 150 nM Bact 6 (○). Values are means ± SEM, n=4.  First order Boltzmann equations were fitted to the data with the following parameters V½= -38.4  ± 0.7 mV and 
[image: image120.emf]κ

= 5.7 ± 0.6 for control and V½ = -53.4 ±.0.9 
[image: image121.emf]κ

and = 6.7 ± 0.9 for toxin. The control and experimental normalized INa curves were statistically different, P<0.0001. See the text of the communication for other details.

Figure 9:  Effect of bactridine 6 on mammalian NaV1.2, NaV1.3, NaV1.4, NaV1.5, NaV1.6, NaV1.7 and NaV1.8 isoforms and D. melanogaster voltage gated sodium channel DmNaV1 expressed in oocytes. 
INa traces recorded in oocytes expressing the sodium channel isoforms indicated aside each trace plot. The dotted line indicates the zero-current level. The * indicates the current observed after application of 1 μM Bact 6. In the trace pairs from NaV1.2, NaV1.3, NaV1.4, NaV1.5, NaV1.6 and NaV1.8 isoforms the control and Bact 6 traces overlap completely.
Figure 10:  Differential effects of bactridine 6 on NaV1.7, DmNaV1 and NaV1.3 voltage gated sodium channels expressed in oocytes.
The action of Bact 6 (1 µM) on NaV1.7 and DmNaV1 was studied in oocytes held at -90 mV, with the following pulse regime: a 40 ms depolarizing pulse to -10 mV, a repolarization to -90 mV for 5 ms, a depolarizing pulse to 120 mV for 50 ms, a 2nd repolarization to -90 mV for 5 ms and a 2nd 40 ms depolarizing pulse to -10 mV. In the figure, the currents elicited by the 1st (leftmost traces) and 2nd (rightmost traces) depolarizing pulses to -10 mV are presented in panels 10A and 10D under control and toxin (labeled with an asterisk at the end of the trace) conditions. Figures 10B and 10E show that the activation process of both Nav1.7 and DmNav1 are insentive to Bact 6; the normalized gNa curves (axis at right) in control (■) and Bact 6 (□) conditions, overlap entirely. Two pulses to -30 mV (used for DmNav1) or -10 mV (used for Nav1.7) separated by a repolarization to the holding potential of -90 mV during the times indicated in the abscissa of panels 10C and 10F, were used to study the time course of recovery from inactivation peak INa under control and Bact 6 conditions. The conditioning pulse lasted 100 ms and the test pulse 50 ms. Figure 10G shows that Bact 6 (1 µM) induced a reduction in peak current through NaV1.3 channels. The effect of this toxin on the voltage-dependence of activation and inactivation is shown in figure 10H and 10I respectively. 
Figure 11:  Frequency histograms of the parameters V½ and κ defining the m∞ and h∞ Boltzmann curves from DUM neurons Na+ channels. Parameters were estimated by adjusting Inorm and Gnorm expressed as in equation set [1] to experimental data obtained from each DUM neuron, as indicated in section 2.9. In top panels abscissas are membrane potential (V½) at which m∞ (panel A) and h∞ (panel B) are valued 0.5, and ordinate is the probability that the parameters will be at half maximum at a given value of V½. In the bottom panel abscissas are values of the slope (κ) of the Boltzmann curves at V½, and ordinates are the probability that a given value of κ occurs [m∞ (panel A) and h∞ (panel B)]. Histograms were built by resampling experimental data as indicated in section 5.1. Resampling was carried out by randomly drawing 4 values out of each experimental set (n = 23 for m∞ and 22 for h∞); 20,000 resampled averages were generated to produce the histograms. As seen, the histograms seem skewed and multimodal. When subjected to the Jarque-Bera test all were non Gaussian (P<10-5). For other details see the text of the communication.
�Steve, the description of the equation does not ad much if we do not include the values of the parameters.
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