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Abstract

Voltage-gated sodium (NaV) channels play crucial roles in a range of (patho)physiological 

processes. Much interest has arisen within the pharmaceutical industry to pursue these channels as 

analgesic targets following overwhelming evidence that NaV channel subtypes NaV1.7–NaV1.9 are 

involved in nociception. More recently, NaV1.1, NaV1.3 and NaV1.6 have also been identified to 

be involved in pain pathways. Venom-derived disulfide-rich peptide toxins, isolated from spiders 

and cone snails, have been used extensively as probes to investigate these channels and have 

attracted much interest as drug leads. However, few peptide-based leads have made it as drugs due 
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to unfavourable physiochemical attributes including poor in vivo pharmacokinetics and limited 

oral bioavailability. The present work aims to bridge the gap in the development pipeline between 

drug leads and drug candidates by downsizing these larger venom-derived NaV inhibitors into 

smaller, more “drug-like” molecules. Here, we use molecular engineering of small cyclic peptides 

to aid in the determination of what drives subtype selectivity and molecular interactions of these 

downsized inhibitors across NaV subtypes. We designed a series of small, stable and novel NaV 

probes displaying NaV subtype selectivity and potency in vitro coupled with potent in vivo 
analgesic activity, involving yet to be elucidated analgesic pathways in addition to NaV subtype 

modulation.
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1. Introduction

Animal venoms are a natural source of potential drug leads that have received increased 

attention in the last few decades [1]. Marine gastropods, including cone snails (Conus), are 

one of the largest single genera of living marine invertebrates. All cone snails are venomous 

predators and possess a very complex venom apparatus. With more that 500 species of 

cone snails identified [2], cone snail venoms are viewed as a largely untapped cocktail 

of biologically active disulfide-rich peptides (conotoxins), increasingly recognized as an 

emerging source of peptide-based therapeutics [3–5]. An abundance of research has been 

done on one class of conotoxins, the μ-conotoxins, which target a range of voltage-gated 

sodium channel (NaV) subtypes. It has been demonstrated that these peptides are well suited 

for peptide engineering involving structure modifications and amino acid replacements 

allowing fine-tuning of the selectivity profile and optimisation of the pharmacological 

properties [3,6]. In general, the μ-conotoxins are rich in basic amino acids, which are 

responsible for the interaction with the acidic residues of the outer vestibule within the 

ion-conducting pore region of the NaV channels [3,7]. μ-Conotoxin KIIIA (μ-KIIIA), from 

Conus kinoshitai, has only 16 amino acid residues, which makes it the smallest μ-conotoxin 

described to date. KIIIA, together with CnIIIC and SxIIIC, is one of the few μ-conotoxin 

identified that target the therapeutically relevant NaV1.7 [8,55]. However, μ-KIIIA is quite a 

promiscuous peptide [9], with its NaV channel subtype preference being NaV1.2 > NaV1.4 

> NaV1.6 > NaV1.1 ≈ NaV1.7 > NaV1.3 > NaV1.5 [10]. Previous structure-activity and 

Ala replacement studies have shown that residues on the α-helix in the C-terminal part 

of the peptide (Lys7, Trp8, Arg10, Asp11, His12 and Arg14) are functionally important 

[11–13], with Lys7 of μ-KIIIA being considered a key epitope for both efficacy and potency 

of μ-KIIIA inhibition [14]. The cryo-electron microscopy (cryo-EM) structure of μ-KIIIA 

bound to human NaV1.2 confirmed the interaction of μ-KIIIA with the neurotoxin binding 

site 1 of NaV channels [15–17]. Analysis of this structure revealed the molecular basis 

for the inhibitory activity of μ-KIIIA and confirmed the key residues for interaction with 

NaV channels. The overall surface structure of μ-KIIIA is highly complementary to the 

funnel-shaped cavity formed by the extracellular segments of helix S5 and S6 in domain 

I–III of the pore of the channel. Specifically, Lys7 with its long side chain is crucial for 
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channel inhibition and the structure shows the peptide binding closely to the selectivity 

filter of the channel with the positively charged side chain amino group of Lys7 repulsing 

Na+ ions, thereby preventing ion permeation through the NaV channel [16]. Overall, the 

results obtained from the structure-function studies, in vivo experiments and the cryo-EM 

experiments on μ-KIIIA render this peptide as an in-depth characterised template for further 

peptide engineering.

Phoneutria nigriventer are very aggressive, solitary spiders. Human envenomation involving 

Phoneutria spiders occurs mainly in Brazil, but sporadic cases in Central America and in 

neighbouring countries have been reported [18]. The venom of P. nigriventer is a complex 

mixture of proteins and peptides, including several neurotoxins [19]. The peptide PnTx1 

represents 0.45% of the whole venom protein content and it was the first purified and 

sequenced neurotoxin from P. nigriventer venom [20]. PnTx1 comprises 78 amino acid 

residues, 14 of which are cysteines for which the disulfide connectivity is unknown (Fig. 

1). The recombinant toxin, rPnTx1, inhibits mammalian NaV channel isoforms with the 

following order of potency: NaV1.2 > NaV1.7 ≈ NaV1.4 ≈ NaV1.3 > NaV1.6 ≈ NaV1.8 with 

no effect on NaV1.5 [21].

μ-KIIIA competes with tetrodotoxin (TTX) for binding site 1, causing a blockage of the 

NaV channel pore [22]. PnTx1 has been reported to also be a pore blocker, and compete 

with μ-conotoxin GIIIB, but not with TTX for binding sites [23]. This finding suggests that 

PnTx1 and μ-conotoxins have different but overlapping binding sites [23]. In addition, as 

has been reported for μ-KIIIA and μ-conotoxin GIIIA, rPnTx1 does not achieve a complete 

block of the channel, even at saturating concentrations [21]. μ-KIIIA has also been shown 

to be analgesic in inflammatory pain models without motor impairment at a dose of 3 nmol 

[14].

Following identification of common sequence motifs between PnTx1 and μ-KIIIA (Fig. 1), 

we recently created a hybrid peptide comprising elements from both PnTx1 and μ-KIIIA 

resulting in the smallest cyclic peptide-based NaV channel inhibitor known to date with 

demonstrated activity across a range of NaV channel subtypes including NaV1.7 and the 

NaV1.9 chimera NaV1.9_C4 [24]. Downsizing approaches, such as recently described 

for the chimeric peptide Pn, could potentially allow for improved NaV subtype selective 

targeting by reducing cross-subtype reactivity [24], resulting in attractive cyclic peptide drug 

leads. The pain research community has made a considered judgment that ion channels are 

key pharmaceutical targets and that venom-derived toxins are a largely untapped source of 

molecules with potent actions on a range of ion channels. However, due to the sequence and 

structural similarities between different NaV channel subtypes [25]), it is imperative to tease 

out the molecular basis for selective inhibition in order to minimise side effects arising from 

off-target binding.

In the present work, we aimed to further understand the molecular mechanism driving 

NaV channel binding of these downsized cyclic peptides in order to improve the in vitro 
activity and selectivity for NaV channels of therapeutic interest. Using Multiple Attribute 

Positional Scanning (MAPS) to systematically evaluate the chemical space of each amino 

acid (excluding Cys residues) by replacing them with Lys, Glu or Tyr, we generated a 
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fourth generation of small cyclic peptides which were subsequently assessed for activity and 

selectivity in vitro using electrophysiology and in vivo using validated rodent pain models. 

The results obtained provide exciting new insights on NaV subtype selectivity and potency in 
vitro and analgesic activity in vivo for a series of novel small, cyclic and stable hybrid NaV 

probes, taking inspiration from NaV active spider and cone snail peptides.

2. Materials and methods

2.1. Peptide synthesis

Peptides were synthesised using Fmoc-solid phase peptide synthesis protocols on a 

Symphony automated peptide synthesiser (Gyros Protein Technologies, AZ, USA). PnCS1 

and analogues were assembled on rinkamide resin to produce an amidated C-terminal 

or on 2-chorotrityl (2-CTC) to produce an acid C-terminal, at 0.25 mmol scale as 

previously described [24] using amino-acid side-chain protecting groups Cys(Trt), Glu(tBu), 

Lys(Boc), Asn(Trt), Arg(Pbf), Trp(Boc). PnCS1Ac and PnCS1AcAm were acetylated in 

the N-terminal using 10 eq of acetic anhydride with 10 eq of N,N-diisopropylethylamine 

in dimethyl formamide at room temperature for 2 × 10 min. All peptides were released 

from the resin and amino acid side chain simultaneously deprotected by incubation with 

triisopropylsilane (TIPS):H2O:trifluoroacetic acid (TFA) (2:2:96, v/v/v) by stirring for 2.5 

h at room temperature. TFA was evaporated under vacuum, and the peptide precipitated 

with ice-cold diethyl ether. The peptides were dissolved in 50% acetonitrile (ACN)/0.05% 

TFA and lyophilized. The crude linear peptide was purified using reversed phase high-

performance liquid chromatography (RP-HPLC) (0–80% B over 80 min, flow rate 8 mL/

min, solvent A; 0.05% TFA, solvent B 90% ACN/0.045% TFA on a Shimadzu Prominence 

RP-HPLC) and its molecular mass determined using electrospray mass spectrometry (ESI-

MS). Purified peptides were oxidized at room temperature in 0.1 M ammonium bicarbonate 

buffer at pH 8.3 over 24 h. Peptides were >95% pure, as determined using analytical-HPLC, 

and 1D and 2D NMR 1H spectroscopy was used to confirm the presence of one isomer.

2.2. Nuclear magnetic resonance spectroscopy

Peptides were dissolved in 500 μL of H2O and 50 μL of D2O at concentrations of >1.5 

mg/mL, and one- and two-dimensional nuclear magnetic resonance (NMR) spectroscopy 

experiments including TOCSY and NOESY were acquired at 298 K on a 600 MHz 

BrukerAvance III spectrometer equipped with a cryoprobe. Spectra were referenced to water 

at 4.77 ppm.

2.3. Expression of voltage-gated ion channels in Xenopus laevis oocytes

For the expression of NaV channels, including hNaV1.1, rNaV1.2, rNaV1.3, rNaV1.4, 

hNaV1.5, mNaV1.6, rNaV1.7, rNaV1.8, together with the auxiliary subunits rβ1 and 

hβ1, in Xenopus oocytes, the linearized plasmids were transcribed using the T7 or SP6 

mMESSAGE-mMACHINE transcription kit (Ambion®, Carlsbad, California, USA). Stage 

V–VI Xenopus laevis oocytes were isolated by partial ovariectomy. The animals were 

anesthetized by a 15 min submersion in 0.1% tricaine methane sulfonate (Sigma®) solution 

(pH 7.0). Isolated oocytes were defolliculated with 1.5 mg/mL collagenase. Defolliculated 

oocytes were injected with 50 nL of cRNA at a concentration of 1 ng/nL using a 
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micro-injector (Drummond Scientific®, Broomall, Pennsylvania, USA). The oocytes were 

incubated in a solution containing (in mM): NaCl, 96; KCl, 2; CaCl2, 1.8; MgCl2, 2 and 

HEPES, 5, at pH 7.4, supplemented with 50 mg/L gentamycin sulfate. The use of the frogs 

was in accordance with license number LA1210239 of the Laboratory of Toxicology & 

Pharmacology, University of Leuven. All animal care and experimental procedures agreed 

with the guidelines of ‘European convention for the protection of vertebrate animals used for 

experimental and other scientific purposes’ (Strasbourg, 18.III.1986).

2.4. Electrophysiological recordings

Two-electrode voltage-clamp recordings were performed at room temperature (18–22 °C) 

using a Geneclamp 500 amplifier (Molecular Devices®, Downingtown, Pennsylvania, 

USA) controlled by a pClamp data acquisition system (Axon Instruments®, Union City, 

California, USA). Whole-cell currents from oocytes were recorded 1–4 days after mRNA 

injection. Bath solution composition was (in mM): NaCl, 96; KCl, 2; CaCl2, 1.8; MgCl2, 

2 and HEPES, 5, at pH 7.4. Voltage and current electrodes were filled with 3 M KCl. 

Resistances of both electrodes were kept between 0.8 and 1.5 MΩ. The elicited currents 

were sampled at 20 kHz and filtered at 2 kHz using a four-pole low-pass Bessel filter. 

Leak subtraction was performed using a – P/4 protocol. For the electrophysiological analysis 

of toxins, a number of protocols were applied from a holding potential of – 90 mV with 

a start-to-start interval of 5 s. Na+ current traces were evoked by 100 ms depolarizations 

to Vmax (the voltage corresponding to maximal Na+ current in control conditions). To 

assess the concentration response relationships, data were fitted with the Hill equation: y 

= 100/[1 + (EC50/[toxin])h], where y is the amplitude of the toxin-induced effect, EC50 is 

the toxin concentration at half maximal efficacy [toxin], is the toxin concentration and h is 

the Hill coefficient. All data are presented as mean ± standard deviation (SD) of at least 

5 independent experiments (n ≥ 5). All data were tested for normality using a D’Agustino 

Pearson omnibus normality test. All data were tested for statistically significance using 

Bonferroni test or Dunn’s test. Data following a Gaussian distribution were analyzed for 

significance using one-way ANOVA. Non-parametric data were analyzed for significance 

using the Kruskal–Wallis test. Differences were considered significant if the probability that 

their difference stemmed from chance was 5% (p < 0.05). Data were analyzed using pClamp 

Clampfit 10.0 (Molecular Devices®, Downingtown, Pennsylvania, USA) and Origin 7.5 

software (Originlab®, Northampton, Massachusetts, USA).

2.5. In vivo NaV1.7 target engagement using OD1

To assess the in vivo effect of peptide analogues, an OD1 induced model of NaV1.7 target 

engagement was used as previously described [26]. Male C57BL/6J mice aged 8 weeks (20–

25 g) were housed in 12 h light-dark cycle with access to food and water ad libitum. Briefly, 

the NaV1.7 selective α-scorpion toxin OD1 (300 nM) was diluted in phosphate-buffered 

saline (PBS) containing 0.1% (w/v) BSA. Under brief and light (1.5% (v/v) isoflurane) 

anesthesia, mice were administered vehicle (0.1% (w/v) BSA in PBS) or OD1 (40 μL of 

300 nM) via shallow intraplantar injection into the dorsal hind paw. Animals received OD1 

alone (control, n = 5) or were co-administered OD1 with PnCS1, Pn [W4K], Pn[R6E] or 

Pn[W7Y] (10 μM or 100 μM, n = 5). Following injection, mice were allowed to recover in 
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polyvinyl boxes and were video recorded for 30 min post-injection. Spontaneous nocifensive 

behaviours (paw lifts, licks, shakes and flinches) were counted by a blinded observer.

Animal ethics approval was obtained from The University of Queensland Animal ethics 

committee. All experiments were conducted in accordance with local and national 

regulations and the International Associations for the Study of Pain Guidelines for the Use 
of Animals in Research.

2.6. Algesimetric method

Male Swiss mice, weighing between 30 g and 40 g, from the Bioterism Center of Federal 

University of Minas Gerais (CEBIO-ICB/UFMG, Brazil), were used in all experiments. 

The animals were placed in standard cages, with free access to water and food. They were 

housed in a temperature-controlled room (24 ± 2 °C) with a 12 h light/dark cycle. After 

the experimental procedures, the animals were euthanized with 300 mg/kg of ketamine 

and 15 mg/kg of xylazine, both Sigma-Aldrich, USA. Hyperalgesia was induced using 

subcutaneous injection of prostaglandin E2 (PGE2; 2 μg) into the plantar surface of the hind 

paw (intraplantar injection). PGE2 (Sigma, EUA) was diluted in ethanol 10% whereas the 

peptides PnCS1, PnCS1[W4K], PnCS1[R6E] and PnCS1 [W7Y] were dissolved in sterile 

physiological solution (saline). All these drugs were injected into the right plantar surface of 

the paw in a volume of 20 μL per paw. The nociceptive threshold was measured according to 

Randall and Selitto [27] and adapted to mice by Kawabata et al. [28], using the mechanical 

paw pressure test. An analgesy-meter was used (UgoBasile, Italy) with a cone-shaped 

paw-presser with a rounded tip, which applies a linearly increasing force to the hind paw. 

The weight in grams (g) required to elicit the nociceptive response of paw withdrawal was 

determined as the nociceptive threshold. The nociceptive threshold was expressed in grams 

and it was determined in the right hind paw according to the average of three consecutive 

measures recorded before (0 time) and after PGE2 injection (3 h). A cut-off value of 160 g 

was used to reduce the possibility of damage to the paws.

To evaluate the temporal development of the dose response curve, PGE2 (2 μg) was injected 

into the right hind paw of the animals and the peptides were given 150 min after the local 

injection of PGE2 (peak of PGE2 hyperalgesia). The nociceptive threshold measurements 

were recorded every 5 min, from 180 to 240 min. To exclude systemic effect, PGE2 was 

injected into both hind paws, whereas each peptide was injected only into the right paw 

150 min after PGE2 injection. The contralateral paw received vehicle (saline). Nociceptive 

threshold was measured in both hind paws in two moments, before any injection (time 0 

min) and at 180 min after PGE2 injection, in such a way that the peak of the antinociceptive 

action of peptides and the peak of hyperalgesic action of PGE2 occur simultaneously at 

the time of measurements. The difference between these values was expressed as Δ of 

the nociceptive threshold. The results were shown as the mean ± SD and the data were 

statistically analysed using analysis of variance followed by Bonferroni test. Statistically 

significance was set at p < 0.05.

All animal care and experimental protocols were approved by the local Ethics Committee 

on the Use of Animals (CEUA) of UFMG and were in accordance with ARRIVE guidelines 
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[29,30]. Efforts were made to minimize suffering and reduce the number of animals used in 

the experiments.

3. Results

Following the identification of PnCS1 as a promising scaffold for further NaV inhibitor 

design [24], we carried out a fourth round of structure-activity relationship studies using a 

Multiple Attribute Positional Scanning (MAPS) approach [31]. This approach systematically 

replaces every non-cysteine residue with an amino acid possessing a variety of chemical 

attributes. To cover a broad range of chemical space, we replaced each amino acid with 

alanine, lysine or glutamic acid, and replaced tryptophan residues with tyrosine. PnCS1 

is cyclized via a disulfide bond and like μ-KIIIA, is amidated in the C-terminal. To 

investigate the importance of N- and C-terminal modifications upon NaV binding, PnCS1 

with or without N-terminal acetylation and/or C-terminal amidation were also synthesised. 

This design cycle resulted in a series of 28 cyclic peptides (Table 1). All peptides were 

successfully assembled in high yield using solid phase peptide synthesis and cyclised in 

solution. Using NMR spectroscopy, the presence of one conformation was established prior 

to the peptides being subjected to in vitro and in vivo pharmacological evaluation.

3.1. Electrophysiological characterisation of PnCS1 mutants

Two-electrode voltage clamp electrophysiology on oocytes expressing NaV subtypes was 

used to evaluate the activity of the 28 MAPS analogues and compared to the activity 

of the parent peptide PnCS1. Initially peptides were evaluated against NaV1.2, NaV1.4, 

NaV1.5, NaV1.6 and NaV1.8 for their % of inhibition at 100 μM and IC50 (Table 2, Hill 

slope coefficients in Table 3). As was observed for PnCS1, none of the MAPS mutants 

showed any activity at NaV1.8 and were not analysed further. None of the 28 mutants 

assayed were able to produce 100% inhibition (0–96%), even at 100 μM, across the subtypes 

investigated. The Ala-mutants and the Lys-mutants showed the highest % inhibition across 

NaV1.2, NaV1.4, NaV1.5 and NaV1.6 (51–96%), with analogues [N8A] and [R3K] on 

NaV1.2, [R2A], [R6A], [W7A] and [N8K] on NaV1.4 and [R6A] on NaV1.6 displaying 

inhibition of more than 95%. The Glu analogues displayed inhibition of 0–73%, however 

many analogues showed less than 50% inhibition. Of the Trp-mutants, analogue [W4Y] 

displayed only 33–43% inhibition at 100 μM, whereas [W7Y] showed 73–93% inhibition 

and IC50 values between 0.7 and 11.7 μM. Analogues with a modified N- or C-terminal also 

displayed a reduced level of inhibition, whereas the analogue with an acylated N-terminus 

as well as an amidated C-terminus showed no significant activity. Removing the amidated 

C-terminal led to a reduction in inhibition across NaV1.2, NaV1.4, NaV1.5 and NaV1.6 (10–

43%) and acylation of the N-terminal while retaining the amidated C-terminal also resulted 

in a complete loss of inhibition (0%) across NaV1.2, NaV1.4, NaV1.5 and NaV1.6.

Mutants in the Ala- and Lys-series of analogues were the most potent amongst the series 

of 28 peptides investigated compared to PnCS1. Across subtype NaV1.2, PnCS1 analogue 

[W4K] was the most potent peptide with an significant lower IC50 (0.5 ± 0.4 μM) compared 

to PnCS1 (IC50 of PnCS1 1.0 ± 0.3 μM), with [W4A], [W7A], [N8A], [R2K], [R3K], 

[W4K] and [A5K] being equipotent to PnCS1. Across NaV1.4, no peptide displayed 
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improved activity compared to PnCS1, but several peptides including [W4A], [R6A], [R2K], 

[R3K], [W4K], and [R6K] were equipotent with PnCS1 (IC50 of PnCS1 0.6 ± 0.3 μM). 

Similarly, several analogues were equipotent with PnCS1 across NaV1.6 (IC50 of PnCS1 

0.7 ± 0.3 μM), including [R6A], [N8A], [R9A], [R2K], [R3K], [W4K], [A5K], [R6K] 

and [N8K] with [R2K] and [N8K] being the most potent at 0.6 ± 0.2 μM and 0.5 ± 

0.2 μM, respectively, but none were significantly more potent than PnCS1. All Ala- and 

Lys-mutants displayed reduced potency at NaV1.5 (1–3.3 fold) compared to PnCS1 with 

[R3A] experiencing reduced inhibition (51%) and no measurable IC50.

Although all Glu-analogue peptides produced inhibition across subtypes NaV1.2, NaV1.4, 

NaV1.5 and NaV1.6, only [W4E] and [A5E] were sufficiently potent to measure 

IC50’s across subtypes NaV1.2, NaV1.4, and NaV1.6, and NaV1.2, NaV1.5 and NaV1.6, 

respectively. [A5E] was 1.4- and 2.6-fold less potent at NaV1.2 and NaV1.6, respectively, 

with the two peptides displaying 3.1–21.1-fold loss in potency across the other subtypes. Of 

the Tyr-mutants, an IC50 [W4Y] could not be determined due to lack of potency, whereas 

[W7Y] showed 7.4-, 13-, 2.7- and no loss of potency across NaV1.2, NaV1.4, NaV1.5 and 

NaV1.6, respectively. Due to lack of potency for the N- and C-terminally modified peptides, 

IC50’s were not measurable.

3.2. Electrophysiological characterisation of PnCS1, PnCS1[W4K], PnCS1[R6E] and 
PnCS1[W7Y] on NaV channels involved in pain pathways

In addition to the 28 analogues being evaluated across subtypes NaV1.2, NaV1.4, NaV1.5, 

NaV1.6, and NaV1.8, three analogues and PnCS1 were also evaluated for inhibition and 

potency across the validated pain target subtypes NaV1.1, NaV1.3 and NaV1.7, prior to in 
vivo studies. The three peptides chosen were: [W4K] for being the most active peptide 

across subtypes NaV1.2, NaV1.4, NaV1.5 and NaV1.6; [R6E], for not displaying activity 

across any NaV subtype tested, and [W7Y] for displaying selectivity for NaV1.6 across 

NaV1.2, NaV1.4, NaV1.5. [W4K] was twice as potent as PnCS1 on NaV1.1, equipotent 

across NaV1.4 and 8.2-fold less potent on NaV1.7 compared to PnCS1 inhibiting NaV 

channels with the following preference: NaV1.1 ≈ NaV1.6 ≈ NaV1.7 > NaV1.3 > NaV1.8 

(Table 4, Fig. 2). [W7Y] was 2.8-, 3.7- and 9.1-fold less potent across NaV1.1, NaV1.3 

and NaV1.7, respectively, displaying a preference of NaV1.6 > NaV1.1 > NaV1.3 > NaV1.7 

(Table 4). As observed for NaV1.2, NaV1.4, NaV1.5 and NaV1.6, [R6E] did not show any 

activity on subtypes NaV1.1, NaV1.3 or NaV1.7 (Table 4).

3.3. Activity of PnCS1, PnCS1[W4K], PnCS1[R6E] and PnCS1[W7Y] in a murine model of 
NaV1.7 mediated nociception

Despite modest activity and lack of selectivity, we were interested in examining whether 

a series of our analogues were efficacious in vivo. We therefore examined the effects 

of PnCS1, PnCS1[W4K], PnCS1[R6E] and PnCS1[W7Y] in a mouse model of NaV1.7-

mediated nociception after intraplantar administration of OD1 (300 nM), an α-scorpion 

toxin that selectively impairs inactivation and enhances current from NaV1.7 [26,32]. OD1 

was injected with or without 10 μM or 100 μM of peptide and nocifensive pain behavior was 

monitored by a blinded observer. At 10 μM, there was a significant reduction in nocifensive 

behaviour for PnCS1 and PnCS1[R6E] (nocifensive behaviour in % of OD1 control 49.8 ± 
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2.9%, and 47.6 ± 11.5%, respectively, p < 0.05) compared to the control (OD1; 100 ± 9.4%) 

whereas no significant difference in nocifensive behaviour was observed for PnCS1[W4K] 

and [PnCS1[W7Y] (nocifensive behaviour in % of OD1 control 72.6 ± 10.5%, and 60.1 

± 18.5%, respectively) at the same dose (Fig. 3). At a higher dose of 100 μM, all four 

peptides partially reduced pain behavior (PnCS1: 50.3 ± 12.7%; PnCS1[W4K]: 46.9 ± 

10.6%; PnCS1[R6E]: 37.2 ± 9.7%; [PnCS1 [W7Y]: 35.7 ± 8.2%) to a similar degree as 

PnCs1 at 10 μM (Fig. 3).

3.4. In vivo activity of PnCS1 and selected mutants using a PGE2 model of nociception

The PnCS1, PnCS1[W4K], PnCS1[R6E] and PnCS1[W7Y] were evaluated separately, but 

similar results were observed for the four different peptides. The intraplantar injection of the 

four peptides, at the doses of 30 μg/paw, 15 μg/paw and 7.5 μg/paw, at the third hour after 

injection of PGE2 (2 μg/paw), induced a significant antinociceptive effect when compared to 

the control group (ethanol 10%). Increase in the nociceptive threshold was observed 5 min 

after peptide injection and the peak of action was noticed 30 min following injection (Fig. 

4A–D). An intermediary antinociception was observed with the 15 μg/paw and 7.5 μg/paw 

doses and a maximum antinociception was noticed with the 30 μg/paw dose. Compared to 

the group treated only with prostaglandin (PGE2), no nociception was observed with the 

intraplantar injection of ethanol 10% (vehicle of prostaglandin) and saline (peptide vehicle). 

One hour following the peptide injection, the peptide treated and control groups presented 

similar nociceptive thresholds.

In order to exclude a possible systemic effect, PGE2 (2 μg/paw) was injected, at time zero, 

into both hind paws, whereas the peptides (30 μg/ paw) were given after 150 min, only in 

the right hind paw and the vehicle (saline) was injected just in the left hind paw. Nociceptive 

threshold measurements of both hind paws were made before and 180 min after injection 

of PGE2. The difference between the averages of these measurements was calculated (Δ 

nociceptive threshold). These assessments showed that the four peptides, at a dose of 30 

μg/paw, induced antinociception restricted to the paw treated, while the contralateral paw 

presented nociceptive threshold without significant difference when compared to the PGE2-

induced hyperalgesia (Fig. 5A–D).

4. Discussion

In this study we synthesised a fourth generation of Pn peptides consisting of 28 analogues 

of downsized hybrid peptides originally based on sequence homology between the 

potent spider-derived NaV inhibitor PnTx1 [21,23] and cone snail NaV inhibitor μ-KIIIA 

[13,14,16,24]. We evaluated their potency and selectivity in vitro across therapeutically 

interesting NaV1.1, NaV1.3, NaV1.7 and NaV1.8 subtypes, as well as off-target NaV 

subtypes including NaV1.2, NaV1.4, NaV1.5 and NaV1.6. Species differences in NaV 

subtype potency have previously been described for conotoxins, including GIIIA and 

GIIIB [33] as well as small molecule NaV1.7 inhibitors (https://www.biorxiv.org/content/

10.1101/869206v1.full.pdf). Assessment of in vitro activity of our peptides at NaV subtypes 

was limited by availability of relevant clones, although the use of rodent isoforms for 

therapeutically relevant NaV subtypes virtually eliminates the possibility that the surprising 
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in vivo activity in our rodent pain models arises due to species differences in NaV1.7 

potency. Nevertheless, for promising candidates, selectivity across human and rodent 

subtypes should be assessed in more detail in future studies. We also evaluated a handful 

of peptides from the series in vivo using an NaV1.7 target engagement assay as well as an 

PGE2-mediated pain assay.

Despite an extensive MAPS analysis, exploring the chemical space, and replacing non-Cys 

residues with positive and negative charges as well as aromatic residues, across the full 

cyclic peptide, none of the peptides displayed any improvement in potency or inhibition 

compared to the parent peptide PnCS1 when examined using two-electrode voltage clamp 

electrophysiology across sodium channel subtypes expressed in oocytes (Fig. 6). Replacing 

Arg3 with an Ala did not significantly affect either the potency or level of inhibition across 

NaV1.1, NaV1.4 and NaV1.6, but did abolish potency at NaV1.5. This is surprising since 

Arg3 is equivalent to Lys7 in μ-KIIIA, which has been shown by us and others to be integral 

for binding to NaV1.2 [13,14,16,24]. This suggests that the peptide analogues are too small 

to make specific connections. The fact that the cyclic peptides are active on NaV1.2 and 

NaV1.4 is not too surprising since they are hybrids of μ-KIIIA and PnTx1, peptides known 

to display low IC50s at these two NaV subtypes. Subtype selectivity is one challenge that 

is yet to be overcome in order to design selective peptidic pore blockers for therapeutically 

relevant NaV subtypes.

Few venom-derived peptide toxins act as pore blockers, and when they do, they typically act 

in a promiscuous manner like TTX. This is not surprising, since there is high sequence 

homology across the pore of the different sodium channel subtypes [25], most likely 

giving rise to this observed promiscuity. However, despite the promiscuity of pore blockers, 

molecules like lidocaine have been proven to be very effective as local anaesthetics, nerve 

block agents, antiarrhythmic drugs, and to treat chronic pain and acute surgical pain [34–36]. 

Therefore, although drugs like lidocaine have a very narrow therapeutic window due to them 

targeting several subtypes, they can be extremely useful in a clinical setting.

Besides PnCS1, three peptides from the fourth generation were tested for their activity 

in vivo by intraplantar injection three hours after injection of PGE2 as well as in the 

OD1 model of NaV1.7 mediated pain. PnCS1[W4K], PnCS1[R6E] and PnCS1[W7Y] 

were chosen based on the initial electrophysiological data indicating interesting activity 

for these peptides on the tested NaV channels (Fig. 6). NaV1.7 is a well-validated and 

promising pain target based on genetic evidence with extensive drug discovery efforts for 

selective inhibitors being pursued [25]. The OD1 model provides an in vivo model to 

pharmacologically characterize local target engagement of NaV1.7 blockers and is therefore 

a great tool to investigate the translatability of in vitro to in vivo activity of NaV1.7 

inhibiting compounds. PnCs1, with an IC50 of 0.9 μM at NaV1.7 expectedly reduced pain 

behaviours at doses of 10 μM and 100 μM in this model. The peptides with a lower 

activity at NaV1.7, PnCS1[W4K] and PnCS1[W7Y], only showed significant effects when 

a dose of 100 μM was administered; but not at 10 μM, a dose just above their IC50 values 

of 7.4 μM and 8.2 μM, respectively. Surprisingly, PnCS1[R6E] also showed significant 

antinociceptive activity (at both doses) despite inactivity at NaV1.7 channels in vitro, 

suggesting alternative analgesic off-targets being responsible for this result, downstream of 
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NaV1.7 activation may be modulated, or alternatively an unexpected activity of PnCS1[R6E] 

at the mouse NaV1.7 orthologue. It is well documented that PGE2 has important cell 

signalling activities in neurons and hereby influences the pain threshold by increasing the 

excitability of afferent neurons innervating the area of inflammation [37]. PGE2 lowers 

the pain threshold in thermal, chemical and mechanical stimuli. Inflammatory mediators 

such as PGE2 are important contributors to the pain induced by local inflammation after 

tissue damage [38,39]. In fact, secondary mediators, activated by inflammatory mediators 

like PGE2 act directly on specific NaV channels related to nociception [37]. For example, 

it has been reported that inflammatory regulators mediate an up-regulation of NaV1.3, 

NaV1.7 and NaV1.8 channels in dorsal root ganglias (DRGs) [40]. In axotomized DRGs, 

the mediator glial-derived neurotrophic factor (GDNF), enhances the expression of the 

TTX-resistant current which largely consists of NaV1.8 and NaV1.9 current [33]. Elevated 

PGE2 concentrations induces protein kinase C (PKC), which in turn will also increase the 

TTX-resistant currents [41]. It has been reported that adenosine and bradykinin cause a NaV 

channel mediated alteration of the excitability of sensory neurons [37,42–44], and that PKA, 

induced by PGE2, alters the trafficking of NaV1.8 channels [45]. Furthermore, treatment 

with PGE2 resulted in an increased persistent Na+ current attributed to NaV1.9 channels for 

up to 1 h [46].

A NaV channel inhibiting activity, as observed for the PnCS peptides, will contribute to 

a reduced Na+ current and thus hereby induce an antinociceptive effect in a model of 

inflammatory pain. Therefore, it is no surprise that PnCS1, PnCS1[W4K], and PnCS1[W7Y] 

induce antinociception in a PGE2 induced model of pain. Indeed, the antinociceptive effect 

seen for these peptides can be explained by inhibition of NaV1.3 (PnCS1, PnCS1[W4K]), 

NaV1.7 (PnCS1, PnCS1[W4K], PnCS1 [W7Y]) and NaV1.9 (PnCS1) [24]. Furthermore, 

the inhibition of NaV1.1 (PnCS1, PnCS1[W4K], PnCS1[W7Y]) and NaV1.6 (PnCS1, 

PnCS1[W4K], PnCS1[W7Y]) might contribute as well, although the involvement of these 

channels in mechanical pain pathways has been reported [47], caution is still needed when 

interpreting these results. Nevertheless, caution is required when interpreting the in vivo 
data since there is no obvious correlation between the in vitro observed electrophysiological 

data and the in vivo observed analgesia. This indicates that these peptides might exert their 

analgesic effect by targeting other ion channels or receptors involved in analgesic pathways.

Rather unexpected was the observation that in both the OD1 and the PGE2 model of 

nociception, PnCS1[R6E] seems to be as active as the other peptides. Based on the available 

electrophysiological data in X. laevis oocytes, this peptide has a reduced affinity for NaV1.1-

NaV1.8, but yet it appears to be active in vivo. Further experiments are needed to confirm 

PnCS1[R6E] activity on other targets. Moreover, these peptides need to be tested on other 

ion channels and receptors in order to exclude that the observed nociceptive effect is a 

resultant of off-target activity on other nociceptors such as, e.g., CaV, TRP channels or 

opioid and cannabinoid receptors.

It has been well recognized that NaV channels play a crucial role in inherited diseases, 

such as cardiovascular arrhythmias, central nervous system disorders and pain syndromes. 

This knowledge highlights NaV channel isoforms as targets of novel compounds that will 

hopefully fulfil the unmet therapeutic need to successfully treat these disorders [48,49]. 
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Therefore, molecules capable of selective targeting and modulation of NaV channel isoforms 

represent attractive pharmacological tools, either to identify the specific isoform involved 

in different channelopathies or as potential therapeutics. Drugs currently used in humans 

can roughly be divided in either small molecules or large biologics, including antibodies. 

The small organic molecules tend to display the desirable physicochemical property of oral 

bioavailability, but on the other hand may suffer from reduced target selectivity that is 

manifest in unwanted side effects. TTX is an interesting example of a low molecular weight 

compound targeting Nav channels. Despite being characterized as a NaV channel blocker for 

many years, TTX is still one of the most efficient NaV channel inhibitors known to date. 

TTX is selective for NaV channels and has a preference for what is known as TTX-sensitive 

NaV channels over the cardiac NaV1.5 channel and NaV1.8 and NaV1.9, and importantly, 

does not cross the blood-brain barrier. Not surprising, TTX is under heavy investigation 

for development of analgesic therapeutics as evidenced by the existing 76 patents related 

to TTX applications [50]. Nevertheless, several hurdles need to be overcome before TTX 

can be further developed into a druggable compound. Clinical trials on TTX revealed 

several occurring side effects, mainly due to toxicity upon systemic distribution of TTX and 

analogues. Among the most severe side effects reported were ataxia, aspiration pneumonia, 

hypertension and nausea [13,50,51]. This demonstrates the difficulties and challenges that 

are involved in the development of NaV channel inhibitors into usable therapeutics.

By contrast with small molecules, large biologics on the other hand, tend to be exquisitely 

specific for their targets due to their larger surface area. However, this advantage usually 

comes at the cost of low bioavailability, poor membrane permeability, and metabolic 

instability [52,53]. Peptides have emerged with the promise to bridge the gap between 

small molecules and large biologics, and the field of drug development is now refocusing 

its efforts to pursue peptides as lead molecules that fit between these two molecular 

weight extremes and at the same time, exhibit the advantageous characteristics of both 

[54]. Indeed, molecules combining advantages of small molecules (cost, conformational 

restriction, membrane permeability, metabolic stability, oral bioavailability) with those 

of large biologics (natural components, target specificity, high potency) might represent 

the novel tools to overcome the hurdles experienced today in drug discovery [54]. It 

is within this philosophy of combining the better of two worlds that we decided to 

combine the sophisticated evolutionary peptide chemistry of cone snails and spiders in 

order to design small, cyclic and bioactive peptides. The resulting peptides do represent 

the first and the smallest (ten residues) cyclic NaV modulators to date. These peptides are 

unique pharmacological tools to investigate disease pathways including, but not limited to, 

neuropathic and nociceptive pain. Moreover, they represent promising starting scaffolds for 

further development of peptide-based therapeutics. Notwithstanding, a major challenge in 

developing these cyclic Pn peptides in therapeutics will be creating ligands that target a 

single NaV channel subtype. Moreover, future studies are required to elucidate which other 

pain targets are also recognized by these peptides in order to understand the potent analgesia 

observed in vivo. Pharmacological interactions of the cyclic Pn peptides with membrane 

receptors and ion channels other than their NaV channel target cannot be underestimated and 

should be investigated in order to validate the therapeutic effectiveness of these peptides.
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Fig. 1. 
Sequence alignment of PnTx1, μ-KIIIA and the previously designed peptide Pn [24]. Key 

residues for NaV channel inhibition are shown in green [5,10,14,24] and cysteines are shown 

in blue. The asterisk indicates amidation. Orange lines (dashed and solid) signify disulfide 

bonds for KIIIA and Pn. Disulfide connectivity is not known for PnTx1. The sequence for 

PnTx1 continues after the … (For interpretation of the references to colour in this figure 

legend, the reader is referred to the web version of this article.)
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Fig. 2. 
Electrophysiological characterization of PnCS1[W4K] across NaV channel subtypes 

NaV1.1–1.8. Representative whole-cell current traces in control (black) and toxin (red) 

conditions are shown. The dotted line indicates the zero-current level. The arrow marks 

steady-state current traces after application of 1 μM peptide. (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this 

article.)
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Fig. 3. 
Antinocicpetive effects of PnCs1, PnCS1[W4K], PnCS1[R6E] and PnCS1 [W7Y] in a 

mouse model of NaV1.7 mediated nociception. Local intraplantar injection of 10 μM PnCs1 

and PnCs1[R6E] partially reduced OD1 induced pain behaviours (n = 5 per group) while 

intraplantar injection of 100 μM of all four peptides reduced pain behaviours (n = 5 per 

group). Vehicle administration did not cause significant pain (1.3 ± 0.5% of OD1 control). 

Data are expressed as mean ± SD. Statistical significance was determined using one-way 

ANOVA with Dunnett’s post-test; *, p < 0.05; **, p < 0.01, ***, p < 0.001 compared to OD1 

control.

Peigneur et al. Page 19

Biochem Pharmacol. Author manuscript; available in PMC 2022 May 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Antinociceptive effect of (A) PnCS1, (B) PnCS1[W4K], (C) PnCS1[R6E] and (D) 

PnCS1[W7Y] upon intraplantar injection in mice.
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Fig. 5. 
Exclusion of a possible systemic effect of (A) PnCS1, (B) PnCS1[W4K], (C) PnCS1[R6E] 

and (D) PnCS1[W7Y].

Peigneur et al. Page 21

Biochem Pharmacol. Author manuscript; available in PMC 2022 May 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. 
Electrophysiology analysis of PnCS1 MAPS library on NaV1.2, 1.4, 1.5 and 1.6. IC50 were 

calculated for each peptide and compared to the activity of parent peptide PnCS1 (NaV1.2: 

1.0 ± 0.1 μM; NaV1.4: 0.6 ± 0.2 μM; NaV1.5: 2.8 ± 0.6 μM; NaV1.6: 0.7 ± 0.2 μM). 

Working concentrically from the centre, segments correspond to native peptide sequence 

(navy), effects of Ala substitution, effects of Lys substitution, effects of Glu substitution and 

effects of Tyr substitution. Colours and shading represent effect of substitute on IC50, equal 

to PnCS1 (orange plain), equal to PnCS1 and > 95% inhibition (orange chequered) and > 

95% inhibition (grey chequered) and no change (grey). (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1

Fourth generation MAPS mutants based on PnCS1.

Peptide Sequence Peptide Sequence

PnCS1 CRRWARWNRC* Glu mutants

Ala mutants PnCS1[R2E] CERWARWNRC*

PnCS1[R2A] CARWARWNRC* PnCS1[R3E] CREWARWNRC*

PnCS1[R3A] CRAWARWNRC* PnCS1[W4E] CRREARWNRC*

PnCS1[W4A] CRRAARWNRC* PnCS1[A5E] CRRWERWNRC*

PnCS1[R6A] CRRWAAWNRC* PnCS1[R6E] CRRWAEWNRC*

PnCS1[W7A] CRRWARANRC* PnCS1[W7E] CRRWARENRC*

PnCS1[N8A] CRRWARWARC* PnCS1[N8E] CRRWARWERC*

PnCS1[R9A] CRRWARWNAC* PnCS1[R9K] CRRWARWNEC*

Lys mutants Tyr mutants

PnCS1[R2K] CKRWARWNRC* PnCS1[W4Y] CRRYARWNRC*

PnCS1[R3K] CRKWARWNRC* PnCS1[W7Y] CRRWARYNRC*

PnCS1[W4K] CRRKARWNRC* Acid C-terminal

PnCS1[A5K] CRRWKRWNRC* PnCS1DeAm CRRWARWNRC

PnCS1[R6K] CRRWAKWNRC* Acetylation of N-terminal

PnCS1[W7K] CRRWARKNRC* PnCS1AcAm Ac-CRRWARWNRC*

PnCS1[N8K] CRRWARWKRC* Acetylation of N-terminal and acid C-terminal

PnCS1[R9K] CRRWARWNKC* PnCS1AcDeAM Ac-CRRWARWNRC

All peptides were N- to C-terminal cyclised via a disulfide bond. Mutations are underlined in bold; Ala-mutants in red, Lys-mutants in blue, 
Glu-mutants in green, Tyr-mutations in brown and acetylation in black.

*
- amidated C-terminal, Ac - acetylated N-terminal.
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Table 2

Potency
a
, subtype selectivity and maximum inhibition

b
 for the fourth generation of PnCS1 MAPS peptide 

analogues across NaV subtypes assessed using two-electrode voltage-clamp electrophysiology.

Peptide NaV1.2 NaV1.4 NaV1.5 NaV1.6 NaV1.8

PnCS1 1.0 ± 0.3 (97) 0.6 ± 0.3 (94) 2.8 ± 0.5 (94) 0.7 ± 0.3 (96) >100 (0)

PnCS1[R2A]
2.9 ± 0.5

a
 (84)

b 1.4 ± 0.4 (96) 1.7 ± 0.7 (68) 1.6 ± 0.5 (71) >100 (0)

PnCS1[R3A] 1.8 ± 0.3 (86) 1.6 ± 0.5 (89) >100 (51) 1.9 ± 0.4 (87) >100 (0)

PnCS1 [W4A] 0.8 ± 0.3 (89) 0.7 ± 0.3 (95) 3.4 ± 0.2 (82) 1.2 ± 0.3 (76) >100 (0)

PnCS1[R6A] 9.2 ± 1.1 (73) 0.5 ± 0.2 (90) 7.6 ± 2.2 (78) 0.9 ± 0.2 (96) >100 (0)

PnCS1 [W7A] 0.8 ± 0.3 (92) 1.1 ± 0.4 (96) 6.8 ± 1.3 (78) 11.4 ± 3.6 (57) >100 (0)

PnCS1[N8A] 0.9 ± 0.3 (96) 0.9 ± 0.4 (94) 2.2 ± 0.7 (92) 0.8 ± 0.3 (89) >100 (0)

PnCS1[R9A] 6.7 ± 1.2 (80) 1.1 ± 0.3 (86) 9.2 ± 4.6 (72) 0.9 ± 0.4 (79) >100 (0)

PnCS1[R2K] 1.1 ± 0.5 (92) 0.8 ± 0.3 (93) 2.5 ± 0.5 (82) 0.6 ± 0.2 (85) >100 (0)

PnCS1[R3K] 0.8 ± 0.3 (96) 0.6 ± 0.3 (92) 2.7 ± 0.6 (94) 0.8 ± 0.3 (86) >100 (0)

PnCS1 [W4K] 0.5 ± 0.4 (75) 0.7 ± 0.4 (94) 2.7 ± 0.5 (89) 0.7 ± 0.4 (92) >100 (0)

PnCS1[A5K] 1.2 ± 0.4 (84) 1.9 ± 0.8 (91) 2.1 ± 0.2 (92) 0.7 ± 0.3 (93) >100 (0)

PnCS1[R6K] 8.7 ± 2.4 (67) 0.6 ± 0.4 (94) 3.3 ± 1.5 (89) 0.9 ± 0.3 (88) >100 (0)

PnCS1 [W7K] 2.8 ± 0.5 (71) 1.7 ± 0.5 (87) 3.0 ± 0.7 (90) 8.2 ± 0.6 (82) >100 (0)

PnCS1[N8K] 4.4 ± 0.8 (81) 0.9 ± 0.3 (96) 2.8 ± 0.5 (86) 0.5 ± 0.2 (92) >100 (0)

PnCS1[R9K] 10.2 ± 4.3 (62) 6.1 ± 2.1 (66) 9.2 ± 0.6 (67) 6.7 ± 0.8 (72) >100 (0)

PnCS1[R2E] >100 (41) >100 (11) >100 (27) >100 (5) >100 (0)

PnCS1[R3E] >100 (52) >100 (36) >100 (21) >100 (24) >100 (0)

PnCS1 [W4E] 13.2 ± 5.2 (72) 12.8 ± 4.1 (59) >100 (34) 14.8 ± 3.9 (67) >100 (0)

PnCS1[A5E] 1.4 ± 0.2 (81) >100 (35) 8.8 ± 3.7 (73) 1.8 ± 0.5 (82) >100 (0)

PnCS1[R6E] >100 (49) >100 (0) >100 (19) >100 (41) >100 (0)

PnCS1 [W7E] >100 (21) >100 (42) >100 (33) >100 (27) >100 (0)

PnCS1[N8E] >100 (47) >100 (53) >100 (44) >100 (27) >100 (0)

PnCS1[R9E] >100 (49) >100 (0) >100 (40) >100 (11) >100 (0)

PnCS1 [W4Y] >100 (39) >100 (33) >100 (43) >100 (42) >100 (0)

PnCS1 [W7Y] 7.4 ± 4.2 (76) 7.8 ± 3.3 (73) 11.7 ± 4.1 (75) 0.7 ± 0.3 (93) >100 (0)

PnCS1AcAm >100 (0) >100 (0) >100 (0) >100 (0) >100 (0)

PnCS1DeAm >100 (34) >100 (43) >100 (10) >100 (24) >100 (0)

PnCS1Ac >100 (0) >100 (0) >100 (0) >100 (0) >100 (0)

a
IC50 values in μM for n > 6, ± SD

b
Maximum % inhibition of peptides at 100 μM indicated in brackets with % inhibition ≥ 95 indicated in bold.
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Table 3

Hill coefficients for the concentration-response curves constructed to obtain the IC50 values in table 2.

Peptide NaV1.2 NaV1.4 NaV1.5 NaV1.6 NaV1.8

PnCS1 0.9 ± 0.2 1.2 ± 0.1 0.9 ± 0.4 0.9 ± 0.3 /

PnCS1[R2A] 0.9 ± 0.2 1.1 ± 0.2 0.7 ± 0.2 0.9 ± 0.4 /

PnCS1[R3A] 1.0 ± 0.2 0.8 ± 0.2 / 1.1 ± 0.3 /

PnCS1[W4A] 0.8 ± 0.2 0.9 ± 0.3 0.6 ± 0.2 0.8 ± 0.2 /

PnCS1[R6A] 0.5 ± 0.3 0.9 ± 0.2 0.9 ± 0.4 1.0 ± 0.2 /

PnCS1[W7A] 0.6 ± 0.2 0.7 ± 0.1 0.7 ± 0.2 0.9 ± 0.2 /

PnCS1[N8A] 1.0 ± 0.1 0.9 ± 0.4 1.0 ± 0.1 1.1 ± 0.2 /

PnCS1[R9A] 0.8 ± 0.4 1.0 ± 0.2 0.7 ± 0.2 1.2 ± 0.3 /

PnCS1[R2K] 1.3 ± 0.4 1.2 ± 0.1 0.6 ± 0.3 0.8 ± 0.3 /

PnCS1[R3K] 0.9 ± 0.2 0.9 ± 0.2 0.9 ± 0.3 1.2 ± 0.3 /

PnCS1[W4K] 0.6 ± 0.3 0.9 ± 0.2 1.0 ± 0.1 1.0 ± 0.2 /

PnCS1[A5K] 1.1 ± 0.1 0.8 ± 0.3 0.7 ± 0.3 0.6 ± 0.2 /

PnCS1[R6K] 0.7 ± 0.2 0.7 ± 0.2 1.1 ± 0.3 1.1 ± 0.1 /

PnCS1[W7K] 0.8 ± 0.1 0.9 ± 0.3 1.1 ± 0.2 0.7 ± 0.2 /

PnCS1[N8K] 0.7 ± 0.2 0.8 ± 0.2 0.7 ± 0.4 0.8 ± 0.4 /

PnCS1[R9K] 0.6 ± 0.2 0.7 ± 0.1 0.8 ± 0.3 0.9 ± 0.3 /

PnCS1[R2E] / / / / /

PnCS1[R3E] / / / / /

PnCS1[W4E] 0.9 ± 0.3 1.3 ± 0.4 / 1.4 ± 0.3 /

PnCS1[A5E] 1.2 ± 0.2 / 0.7 ± 0.2 1.8 ± 0.5 /

PnCS1[R6E] / / / / /

PnCS1[W7E] / / / / /

PnCS1[N8E] / / / / /

PnCS1[R9E] / / / / /

PnCS1[W4Y] / / / / /

PnCS1[W7Y] 0.6 ± 0.2 0.7 ± 0.2 0.7 ± 0.3 0.6 ± 0.2 /

PnCS1AcAm / / / / /

PnCS1DeAm / / / / /

PnCS1Ac / / / / /
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Table 4

IC50 values of PnCS1, PnCS1[W4K], PnCS1[R6E] and PnCS1[W7Y] on NaV subtypes involved in pain.

IC50 (μM) PnCS1 PnCS1[W4K] PnCS1[R6E] PnCS1[W7Y]

NaV1.1
0.8 ± 0.3 

a 0.4 ± 0.2 >100 2.2 ± 0.4

NaV1.3 1.1 ± 0.4 1.3 ± 0.4 >100 4.1 ± 0.8

NaV1.6 0.7 ± 0.3 0.7 ± 0.4 >100 0.7 ± 0.3

NaV1.7 0.9 ± 0.2 7.4 ± 0.5 > 100 8.2 ± 0.3

a
IC50 values for n > 5, ±SD.
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