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Abstract 26 

A thirteen amino acid residue voltage-gated sodium channel (NaV) inhibitor peptide, Pn, containing two 27 

disulfide bridges was designed using a chimeric approach based on a common pharmacophore deduced from 28 

sequence and secondary structural homology of two NaV inhibitors; KIIIA, a 14-residue cone snail peptide with 29 

three disulfide bonds, and PnTx1, a 78-residue spider toxin with seven disulfide bonds. Like the parent peptides, 30 

this novel NaV channel inhibitor was active on NaV1.2. Through the generation of three series of peptide 31 

mutants, we investigated the role of key residues and cyclisation and their influence on NaV inhibition and 32 

subtype selectivity. Cyclic PnCS1, a ten-residue peptide, cyclized via a disulfide bond, showed increased 33 

inhibitory activity towards therapeutically relevant NaV channel subtypes including NaV1.7 and NaV1.9 while 34 

displaying remarkable serum stability. These peptides represent the first and the smallest cyclic peptide NaV 35 

modulators to date and are promising templates for development of toxin-based therapeutics.  36 

Key Words: voltage-gated sodium channel; spider toxin; cone snail toxin; peptide cyclisation; toxin-based 37 

therapeutics  38 
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Introduction 39 

Voltage-gated sodium channels (NaV) are integral membrane glycoproteins responsible for generation and 40 

propagation of action potentials in excitable cells. Mutations in genes encoding these channels can lead to a 41 

variety of severe illnesses. NaV channels are considered as potential drug targets for diseases including pain 42 

syndromes, cardiac disorders and epilepsy (1, 2) asking for potent and selective NaV channel inhibitors. 43 

Phoneutria nigriventer, also known as the Brazilian wandering spider, produces a potent venom, which is 44 

accountable for many of South Brazil’s most severe envenomations in humans.(3, 4) Phoneutria nigriventer 45 

toxin 1 (PnTx1 or Mu-ctenitoxin-Pn1a following the nomenclature suggested by King and colleagues(5)) is a 46 

78-amino acids residue peptide, comprising 14 cysteine residues. It has been characterized as a NaV channel 47 

blocker with nM affinities for subtype NaV1.2.(6-9) Recombinantly produced PnTx1 (rPnTx1) features 48 

selectivity toward neuronal NaV channels with the following rank: NaV1.2 > NaV1.7 ~ NaV1.4 > NaV1.3 > 49 

NaV1.6 > NaV1.8.(10) No significant effect was observed for the cardiac isoform (NaV1.5) and invertebrate 50 

channels.(10) PnTx1’s inhibitory activity for NaV1.7 channels is particularly important because of this NaV 51 

channel subtype is essential for the transmission of acute and inflammatory pain signals.(10-12) Despite its 52 

interesting pharmacological profile, PnTx1 has never been explored for its therapeutically potential. Most likely 53 

this is because of large peptides are hard to administer and normally highly immunogenic. 54 

Compared with these spider toxins, µ-conotoxins from predatory cone snails appear to have better properties: 55 

they have a small molecular size (<3 kDa), are readily synthesized, and display high selectivity for various NaV 56 

channel subtypes.(13, 14) The µ-conotoxins possess an inhibitory cysteine knot structure containing three 57 

disulfide bridges. KIIIA, a 16-amino acid residue peptide isolated from the venom of Conus kinoshitai,(15, 16) 58 

targets a variety of NaV channel subtypes with high affinity (5-300 nM half-blocking concentrations) and its 59 

structure-function relationship is well characterized.(15) KIIIA competes with the prototypic NaV channel 60 

blocker tetrodotoxin (TTX), which inhibits the Na+ flow through the channel by binding to the outer vestibule 61 

of the ion-conducting pore. Interestingly, despite the fact that KIIIA competes with TTX, their binding sites are 62 

not identical, but overlapping leading to a synergistic and antagonistic interactions between tetrodotoxin and μ-63 

conotoxins in blocking NaV channels.(17, 18) Alanine scanning mutagenesis and further structure-activity 64 

studies of KIIIA have shown that residues on the C-terminal α helix, including K7, W8, R10, D11, H12 and 65 

R14, are functionally important(15, 19-21) (Fig. 1c). Moreover, alanine replacement of K7, W8 and D11 yields 66 

more selective blockers, discriminating between neuronal (NaV1.2) and skeletal (NaV1.4) NaV channels.(22, 23) 67 

Comparing the sequence of both toxins, one can observe similarities between the functionally important 68 

segment of the 16-residue conotoxin KIIIA with a central segment of the 78-residue spider toxin PnTx1 (Fig. 69 

1d). This apparent homology raises the question whether it is possible to confer pharmacological properties of 70 

the large spider toxins to the scaffold of a miniaturized cone snail toxin.  71 
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Material & Methods 72 

Peptide synthesis 73 

Pn and PnM1-PnM9 were purchased from GenicBio Limited®. PnCS1-PnCS4 were chemically synthesized 74 

using standard Fmoc solid-phase synthesis protocols on a Symphony peptide synthesizer (Protein Technologies 75 

Inc). PnCS1 and PnCS2 were assembled on rink-amide resin at 0.25 mmol scale to produce an amidated C 76 

terminus whereas PnCS3 and PnCS4 were assembled on 2-chlorotrityl (2-CTC) resin at 0.25 mmol scale. 77 

Amino-acid protecting groups used were Cys(Trt), Asp(tBu), Lys(Boc), Asn(Trt), Arg(Pbf), Trp(Boc), 78 

Lys(Alloc) and Asp(Allyl). For PnCS1, the peptide was released from the resin and amino acid side chain 79 

simultaneously deprotected by incubation with triisopropylsilane (TIPS):H2O:trifluoroacetic acid (TFA) 80 

(2:2:96, v/v/v) for 2.5 h at room temperature. TFA was evaporated under vacuum, and the peptide precipitated 81 

with ice-cold diethyl ether. PnCS1 was dissolved in 50% acetonitrile (ACN) (0.05% TFA) and lyophilized. The 82 

crude linear peptide was purified using reversed phase high-performance liquid chromatography (RP-HPLC) 83 

(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 84 

Shimadzu instrument) and its molecular mass determined using electrospray mass spectrometry (ESI-MS). 85 

Purified PnCS1 was oxidized at room temperature in 0.1 M ammonium bicarbonate buffer at pH 8.3 over 24 h. 86 

Peptides were >95% pure, as determined using analytical-HPLC, and 1D and 2D NMR 1H spectroscopy was 87 

used to confirm the presence of one isomer. The PnCS2’s lactam bridge was formed by cleaving the Allyl and 88 

Alloc groups off with 3 eq. of Pd(Ph3P)4 in chloroform/acetic acid/N-methylmorpholine (37:2:1) for 2 h under 89 

argon. The resin was then consecutively washed with 0.5% N,N-diisopropylethylamine (DIPEA) in N,N-90 

dimethylformamide (DMF) and sodium diethyldithiocarbamate (0.5% w/w) in DMF to remove the catalyst. The 91 

bond was then formed by coupling the two free side chains with 2 eq. of (benzotriazol-1-92 

yloxy)tris(dimethylamino)phosphonium hexafluorophosphate (BOP) and 4 eq. of DIPEA in DMF overnight. 93 

The resin was washed with DMF and then dichloromethane (DCM) before being dried under N2. The peptide 94 

was then worked up as previously described for PnCS1. For PnCS3 and PnCS4, the peptides were released from 95 

the resin by treatment of 1% TFA in DCM for 10 x 5 min leaving the protecting groups attached. PnCS3 and 96 

PnCS4 were cyclized protected in solution by addition of (1-97 

[bis(dimethylamino)methylene]1H1,2,3triazolo[4,5b]pyridinium3oxidhexafluorophosphate) (HATU) and 98 

DIPEA to peptide (ratio 5:10:1) in DMF for 3 h. The protecting groups were subsequently removed using the 99 

conditions described for cleavage of PnCS1 and PnCS2. PnCS4 was oxidized as previously described and both 100 

PnCS3 and PnCS4 were purified and characterized as described above.  101 

NMR spectroscopy 102 
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1D and 2D NMR spectra of Pn were recorded on a 600 MHz or 500 MHz Bruker Avance II NMR spectrometer 103 

equipped with a cryoprobe. Peptide samples were prepared in 90% H2O/10% D2O or 100% D2O (Sigma-104 

Aldrich) at ~5 mM and pH ~4. Water suppression was achieved using excitation sculpting gradients.(42) 105 

Spectra recorded were 1D 1H and 2D TOCSY (mixing time 80 ms), NOESY (mixing time 200 and 300 ms) and 106 

DQF-COSY. In the processing of two-dimensional spectra, data were apodized with a shifted sine-bell square 107 

function in both dimensions. All spectra were processed by using Topspin 2.1 (Bruker Biospin) and analyzed 108 

using CARA program (version 1.8.4). Proton chemical shifts were calibrated by using residual water (HOD) 109 

signal as a reference (4.97 ppm at 293 K). Natural abundance 1H-13C HSQC spectra in D2O were recorded with 110 

sensitivity enhancement and gradient coherence selection, optimized for selection of aliphatic CH groups (JCH 111 

= 135 Hz) using 64 scans, 1024/2048 complex data points, and 12072/7210 Hz spectral widths in t1 and t2 112 

respectively.  113 

Structural constraints 114 

Distance restraints were derived from cross-peak volumes of the NOESY spectrum recorded with 200 ms 115 

mixing time. Average cross-peak volume of the geminal methylene proton pairs was used as reference volume, 116 

which corresponds to the fixed reference distance of 1.8 Ǻ. The 3JHN-Hα coupling constants were measured from 117 

the one-dimensional proton spectrum recorded in H2O and then should be converted to dihedral restraints as 118 

follows: 3JHN-Hα > 8 Hz, φ = –120 ± 30º; 3JHN-Hα < 5.5 Hz = –60 ± 30º. However, all 3JHN-Hα were between 5.5 119 

and 8 Hz, therefore no dihedral restraints were applied in the structure calculation. 120 

Structure calculations 121 

All structure calculations were performed by using Xplor-NIH program, version 2.25. A set of 100 structures 122 

was generated by torsion angle molecular dynamics, starting from an extended strand and by using NMR-123 

derived NOE restraints and two disulfide (C1-C11, C3-C13) bond restraints. Following torsion angle molecular 124 

dynamics, the majority of the structures had no NOE or dihedral violations. Twenty lowest energy structures 125 

were used for further refinement during a “gentle molecular dynamics” round in explicit water.(43) A box of 126 

water was constructed and optimized around selected structures obtained from the previous torsion angle 127 

dynamics step. The final stage of refinement commenced with a 20-ps constant temperature molecular 128 

dynamics simulation at 300 K (20,000 steps of 0.001 ps) and was followed by a 200-step conjugate gradient 129 

energy minimization of the average structure of the last 10 ps of the 20 ps simulation. Structures were analyzed 130 

by using PROCHECK. Visual representations of the molecule were created by using UCSF Chimera program 131 

(version 1.8rc).  132 

Expression of voltage-gated ion channels in Xenopus laevis oocytes 133 
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For the expression of NaV channels (hNaV1.1, rNaV1.2, rNaV1.3, rNaV1.4, hNaV1.5, mNaV1.6, rNaV1.7, 134 

rNaV1.8, hNaV1.9_C4, the invertebrate channels DmNaV1, BgNaV1.1, VdNaV1 and the auxiliary subunits rβ1, 135 

hβ1 and TipE) in Xenopus oocytes, the linearized plasmids were transcribed using the T7 or SP6 mMESSAGE-136 

mMACHINE transcription kit (Ambion®, Carlsbad, California, USA). The construction of NaV1.9_C4 was 137 

described previously.(33) The harvesting of stage V-VI oocytes from anaesthetized female X. laevis frog was 138 

previously described(44) with a protocol adjustment in which the frogs are anesthetized by placement in 0.1% 139 

Tricaine (amino benzoic acid ethyl ester, Sigma®) solution. Oocytes were injected with 50 nL of cRNA at a 140 

concentration of 1 ng/nL using a micro-injector (Drummond Scientific®, Broomall, Pennsylvania, USA). The 141 

oocytes were incubated in a solution containing (in mM): NaCl, 96; KCl, 2; CaCl2, 1.8; MgCl2, 2 and HEPES, 5 142 

(pH 7.4), supplemented with 50 mg/L gentamycin sulfate. 143 

Electrophysiological recordings 144 

Two-electrode voltage-clamp recordings were performed at room temperature (18–22 °C) using a Geneclamp 145 

500 amplifier (Molecular Devices®, Downingtown, Pennsylvania, USA) controlled by a pClamp data 146 

acquisition system (Axon Instruments®, Union City, California, USA). Whole-cell currents from oocytes were 147 

recorded 1–4 days after mRNA injection. Bath solution composition was (in mM): NaCl, 96; KCl, 2; CaCl2, 148 

1.8; MgCl2, 2 and HEPES, 5 (pH 7.4). Voltage and current electrodes were filled with 3 M KCl. Resistances of 149 

both electrodes were kept between 0.8 and 1.5 MΩ. The elicited currents were filtered at 1 kHz and sampled at 150 

20 kHz using a four-pole low-pass Bessel filter. Leak subtraction was performed using a -P/4 protocol. In order 151 

to avoid overestimation of a potential toxin-induced shift in the current–voltage relationships of inadequate 152 

voltage control when measuring large Na+ currents in oocytes, only data obtained from cells exhibiting currents 153 

with peak amplitude below 2 μA were considered for analysis. For the electrophysiological analysis of toxins, a 154 

number of protocols were applied from a holding potential of −90 mV with a start-to-start interval of 0.2 Hz. 155 

Na+ current traces were evoked by 100-ms depolarizations to Vmax (the voltage corresponding to maximal Na+ 156 

current in control conditions). The current–voltage relationships were determined by 50-ms step depolarizations 157 

between −90 and 70 mV, using 5-mV increments. The Na+ conductance (gNa) was calculated from the currents 158 

according to Ohm's law: gNa = INa/(V − Vrev), where INa represents the Na+ current peak amplitude at a given 159 

test potential V, and Vrev is the reversal potential. The values of gNa were plotted as a function of voltage and 160 

fitted using the Boltzmann function: gNa/gmax = [1+(exp(Vg−V)/k)]−1, where gmax represents maximal gNa, 161 

Vg is the voltage corresponding to half-maximal conductance and k is the slope factor. Toxin-induced effects 162 

on the steady-state inactivation were investigated using a standard two-step protocol. In this protocol, 100-ms 163 

conditioning 5-mV step prepulses ranging from −90 to 70 mV were followed by a 50-ms test pulse to −30 or 164 

−10 mV. Data were normalized to the maximal Na+ current amplitude, plotted against prepulse potential and 165 

fitted using the Boltzmann function: INa/Imax = [(1−C)/(1+exp((V−Vh)/k))]+C, where Imax is the maximal 166 
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INa, Vh is the voltage corresponding to half-maximal inactivation, V is the test voltage, k is the slope factor, 167 

and C is a constant representing a non-inactivating persistent fraction (close to zero in control). The time 168 

constants (τ) of the NaV channel fast inactivation were measured directly from the decay phase of the recorded 169 

Na+ current using a single-exponential fit. To assess the concentration–response relationships, data were fitted 170 

with the Hill equation: y = 100/[1+(EC50/[toxin])h], where y is the amplitude of the toxin-induced effect, EC50 is 171 

the toxin concentration at half maximal efficacy [toxin], is the toxin concentration and h is the Hill coefficient. 172 

All data are presented as mean ± standard error (S.E.M.) of at least 5 independent experiments (n ≥ 5). All data 173 

were tested for normality using a D'Agustino Pearson omnibus normality test. All data were tested for variance 174 

using Bonferroni test or Dunn's test. Data following a Gaussian distribution were analyzed for significance 175 

using one-way ANOVA. Non-parametric data were analyzed for significance using the Kruskal–Wallis test. 176 

Differences were considered significant if the probability that their difference stemmed from chance was 55% 177 

(p < 0.05). All data was analyzed using pClamp Clampfit 10.0 (Molecular Devices®, Downingtown, 178 

Pennsylvania, USA) and Origin 7.5 software (Originlab®, Northampton, Massachusetts, USA). 179 

Serum-stability tests 180 

The stability of peptides in human serum was examined using a protocol reported previously.(45) Briefly, stock 181 

solutions of peptides (300 μM) were diluted 10 times with pre-warmed 100% human serum isolated from male 182 

AB plasma (Sigma-Aldrich) and incubated at 37 °C for 0, 1, 2, 3, 5, 8, 12 and 24 h. Controls with peptides in 183 

ND96 were included. The reaction was stopped by denaturing the serum proteins with urea at a final 184 

concentration of 3 M at 4 °C for 10 min, followed by precipitation of serum proteins with trichloroacetic acid at 185 

a final concentration of 7% (v/v) (4 °C, 10 min) and centrifugation (17,000 g, 10 min). The supernatant of each 186 

sample was recovered and run on an analytical column using a linear gradient of 0–40% solvent B (acetonitrile 187 

100% (v/v) with 0.085% (v/v) TFA in H2O) in solvent A (0.1% (v/v) TFA in H2O) over 40 min at a flow rate of 188 

0.5 mL/min with monitoring at 214 nm. The elution profile of each peptide was identified by the ND96 sample 189 

from 0 time point. The percentage of peptide remaining in serum-treated samples was determined by comparing 190 

the height of the peptide peak obtained at each time point with that of the peptide peak obtained at 0 time point. 191 

Each experiment was done in triplicate. 192 

Results 193 

We subsequently designed a 13-amino acids residue peptide with two disulfide bridges incorporating residues 194 

from the central segment of PnTx1 and known pharmacophore resides from KIIIA (Fig. 1b). This hybrid 195 

peptide, Pn, showed an interesting selectivity pattern when screened against a panel of NaV channel subtypes. A 196 

first series of Pn mutants (PnM1-PnM4) and a subsequent second series (PnM5-PnM9) allowed us to pinpoint 197 
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the key residues important for activity. The remarkable ribbon-shaped and cysteine-stabilized conformation 198 

inspired the design of a third series of cyclic peptides incorporating various cyclisation strategies, including 199 

backbone, lactam bridge and disulfide bond cyclisation, with retained potent activity. These cyclized NaV 200 

channel inhibitor peptides are the smallest cyclic peptides reported to inhibit NaV channel to date and represent 201 

promising templates for further development of toxin-based therapeutics with improved physiochemical 202 

properties. 203 

Design strategy 204 

In this study, we aimed to design minimized hybrid peptides inhibiting NaV channels, benefiting from features 205 

known to be important for NaV inhibition of two toxins, KIIIA and PnTx1. Alignment of PnTx1 and KIIIA 206 

shows that the spacing of key residues of KIIIA (W8, R10 and R14) is conserved in PnTx1 (W33, R35 and 207 

K39) (Fig. 1d). Previous work has illustrated that the first disulfide bridge between Cys1 and Cys9 in KIIIA is 208 

removable, almost without affecting the peptides inhibitory potency on NaV1.2 and NaV1.4.(19, 24) Hence, in 209 

order to simplify peptide synthesis, the first disulfide bridge was excluded in our hybrid peptide. This resulted 210 

in the design of a thirteen amino acids residue peptide with two disulfide bridges possessing the central segment 211 

of PnTx1 while simultaneously incorporating key residues from KIIIA grafted onto the scaffold of a minimized 212 

KIIIA peptide. 213 

Solution structure of Pn 214 

Analysis of one-dimensional (1D) and two-dimensional (2D) TOCSY, NOESY, DQF-COSY and 1H-13C HSQC 215 

NMR spectra shows the formation of a predominant single set of sharp resonances for the Pn peptide, indicating 216 

that it adopts a single conformation in solution. However, additional NOEs were observed for the HE1 protons 217 

of the W6 and W9 side chains in the NOESY and TOCSY spectra, albeit with lower intensity, suggesting 218 

tryptophan side chain flexibility and the presence of a minor side chain conformation.  219 

Resonance assignment was performed using homonuclear 2D TOCSY, NOESY and DQF-COSY spectra by 220 

following standard assignment protocols as outlined by Wüthrich.(25) Assignment of 1H-13C HSQC spectra 221 

further reconfirmed the homonuclear proton assignments. The geminal methylene protons were not assigned 222 

stereospecifically, and the NOE distance restraints involving these protons were used ambiguously during 223 

structure calculation in the Xplor-NIH program. The solution structure of Pn was calculated using 124 distance 224 

(78 intra-residue and 46 inter-residue) restraints derived from NOESY spectra including two disulfide (C1–C11, 225 

C3–C13) bond restraints. All 3JHN-Hα coupling constant values were in between 5.5 and 8 Hz, indicating angular 226 

averaging across the Φ dihedrals reflecting flexibility in the peptide backbone. Therefore, no dihedral restrains 227 

were included during structure calculation. Moreover, temperature coefficients (∆δ/∆T) derived from the 228 
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chemical shifts of backbone amide protons were –3 to –8 ppb/K, with only one exception being residue C11 229 

with a value of –1 ppb/K. Typically, residues with temperature coefficients <–4.6 ppb/K are considered shielded 230 

and potentially involved in a hydrogen bond. No hydrogen bond acceptors were identified during structure 231 

calculations and, therefore, no hydrogen bond restrains were included in the structure calculations. Statistical 232 

analysis was carried out on the final ensemble of 20 lowest energy structures (Fig. 1a, Table 1) of synthetic 233 

peptide Pn. The final 20 structures are very flexible with backbone and heavy atom RMSD of 2.89 ± 1.16 and 234 

4.35 ± 1.15, respectively, calculated using Molmol. Evaluation of the structure with PROCHECK showed no 235 

bad non-bonded contacts and the majority of the backbone dihedral angles were within the allowed regions of 236 

the Ramachandran plot (3.1% in the disallowed region). A closer look into the structures of Pn reveals that the 237 

peptide backbone adopts a flexible, cyclic ribbon-shaped conformation (Fig. 1a), having a main disordered loop 238 

that is closed by two disulfide bonds (C1–C11 and C3–C13). The structure is devoid of any α-helical or β-turn 239 

secondary structural elements. Side-chain orientations for all residues vary considerably within different defined 240 

domains.  241 

PnCS1-PnCS4 peptides were analyzed using 1D 1H and 2D TOCSY and NOESY spectra. All peptides 242 

displayed one single conformation evident from one set of resonances present for each peptide.  243 

Electrophysiological characterization of Pn and mutants 244 

When screened against a panel of ten different NaV channel isoforms (NaV1.1–1.8, and NaV insect channels 245 

BgNaV1.1, VNaV1), we found that 50 µM of Pn selectively inhibited 44.6 ± 2.4% (n≥9) of the NaV1.2 channel 246 

(Fig. 2) and a concentration-response curve produced an IC50 value of 53.7 ± 3.2 µM (Fig. 3b). No shift in the 247 

voltage dependence of activation or steady-state inactivation was observed after addition of 50 µM Pn (Fig. 3a). 248 

To verify that Pn does bind to neurotoxin site 1, competitive binding experiments were performed using both 249 

mother molecules, KIIIA or PnTx1, as competitors. Application of PnTx1 at its IC50 value of 35 nM (10) 250 

resulted in 48.7 ± 4.3% (n≥8) inhibition of the Na+ peak current. Subsequent addition of IC50 concentrations of 251 

Pn did not result in further inhibition (Fig. 3b). Similar experiments, in which first IC50 concentration of KIIIA 252 

(60 nM(26)) was applied, followed by subsequently addition of IC50 of Pn, also did not result in additional 253 

current reduction (data not shown), indicating that Pn binds to site 1, like its parent peptides PnTx1 and KIIIA.  254 

In order to improve potency of Pn, we designed a first series of mutants (Series 1) using data available from 255 

structure-function studies on KIIIA and other µ-conotoxins (Fig. 1d).(19, 20, 27-31) From this first series of 256 

mutants, PnM2 showed the most promising increase in activity when tested on NaV1.2-NaV1.6 (Table 2). 257 

Compared to Pn, PnM2 has the G4 and G5 replaced by arginines, and the lysine between the two last cysteines 258 

has been removed, shortening the peptide by one residue. The second series of mutants (Series 2, Fig. 1d) was 259 
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designed based on the PnM2 sequence. Of these mutants, PnM9 was the most potent displaying an IC50 value 260 

for NaV1.2 channels of 312.4 ± 12.8 nM (Fig. 4b, Table 2). In PnM9, Gly7 was replaced by an alanine since it 261 

has been reported that a glycine at this position is unfavorable for NaV channel activity (NaV1.1-NaV1.7).(32) 262 

Furthermore, an extra positive charge in form of Arg11, was introduced prior to the C-terminal cysteine. 263 

Although PnM9 increased in potency at NaV1.2 compared to Pn and PnM2, it was less selective and also 264 

inhibited the current through NaV1.4 channels, while being inactive against NaV1.5 and NaV1.6 channels (Fig 265 

4a, Table 2).   266 

Considering the close proximity of the N and the C terminus in the NMR structure of Pn (Fig. 1a), and the 267 

improved potency of PnM9 compared to Pn, a third series of peptides, PnCS1-PnCS4 was designed (Series 3, 268 

Fig. 1d). In PnCS1, the second disulfide bond was removed and the peptide was cyclized via its N- and C-269 

terminal Cys residues, resulting in a ten-amino acid residue peptide. In PnCS2, the peptide was also shortened 270 

with respect to PnM9 and the N- and C-terminal Cys residues were replaced with an Asp and a Lys residue, 271 

respectively, and cyclized via a lactam bridge, resulting in a ten-amino acid residue peptide. Both PnCS1 and 272 

PnCS2 included a C-terminal amidation. PnCS3 was backbone cyclized following the replacement of the N- 273 

and C-terminal Cys residues with Ala and Gly, respectively, again leading to a ten-residue peptide, whereas in 274 

PnCS4 an additional Gly was introduced in both the N- and the C-terminal and the peptide was backbone 275 

cyclized via an amide bond, resulting in a 15-residue peptide. Peptides, PnCS1-PnCS4, were tested for their 276 

activity against nine vertebrate NaV channels (NaV1.1-NaV1.9_C4) and three invertebrate NaV channel subtypes 277 

(BgNaV1.1, VdNaV1 and DmNaV1) (Fig. 5). The concentration-dependence inhibitory effect of the PnCS 278 

peptides on NaV channels and IC50 values for the four cyclic variants are shown in Table 3. Both PnCS2 and 279 

PnCS3 showed a strong reduction in potency, while PnCS1 and PnCS4 were active with IC50 values in an 280 

approximately 3-fold higher range (Table 3). PnCS1 was used to further investigate the mechanism in which 281 

these cyclic peptides interact with their target. PnCS1, at a concentration of 1 µM, significantly inhibited the 282 

current through TTX-sensitive channels (NaV1.1-NaV1.4, NaV1.6 and NaV1.7), while the TTX-resistant 283 

isoforms were less (NaV1.5 and NaV1.9_C4) or not sensitive (NaV1.8) (Fig. 5). NaV1.9_C4 is a chimera of 284 

NaV1.9 harboring the C-terminus of NaV1.4. Previous work has shown that the C-terminal structure of NaV1.9 is 285 

limiting the heterologous expression in host cells, thus replacing the C-terminus with the corresponding 286 

segment of the NaV1.4 channel allows for functional expression in oocytes.(33) Interestingly, this chimera 287 

retains the same sensitivity for site-1 blockers as NaV1.9.(33) NaV1.4 channels were used to further characterize 288 

the interaction of 1 µM PnCS1 with the channel. Steady-state activation and inactivation curves show that no 289 

modulation of NaV channels occurs upon peptide binding (Fig. 6a, b). The midpoint of activation for NaV1.4 did 290 

not shift significantly since the V1/2 values of activation yielded –27.4 ± 0.1 mV in control and –28.6 ± 0.3 mV 291 

in the presence of PnCs1. For the inactivation curves, the V1/2 shifted from –59.4 ± 0.6 mV to –57.9 ± 1.4 mV in 292 
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control and toxin situation, respectively. PnCS1 did not significantly enhance the recovery from inactivation 293 

(Fig. 6c). PnCs1 inhibition was found to be voltage independent since no difference in the degree of inhibition 294 

was observed over a range of test potentials (Fig. 6d). To investigate the state-dependence of inhibition, the 295 

following protocol was used. As control, a series of depolarizing pulses was applied to an oocyte expressing 296 

NaV1.4 channels. Thereafter, 0.5 µM PnCS1 was added and no pulsing performed for 2 min. This was followed 297 

by a similar series of pulses. A strong degree of delay of inactivation was observed after the 2 min incubation, 298 

indicating that the open state is not required for toxin interaction with the channel (Fig. 6e).  299 

Serum stability test 300 

To evaluate whether the designed cyclic peptides acquire increased stability compared to the non-cyclized 301 

peptides, linear and folded non-cyclic peptides (Pn, PnM9) and cyclic peptides (PnCS1-4) were incubated in 302 

human serum and the remaining peptide was quantified by analytical-HPLC (Fig. 7). Linear Pn and PnM9 were 303 

fully degraded by proteases in serum within 1 h. The oxidized peptides showed higher stability than linear 304 

peptides. Nevertheless, after 24 h folded Pn was completely degraded whereas only 16% of PnM9 remained. In 305 

contrast, the cyclic peptides PnCS1-CS4 were stable in human serum with 100% of peptide remaining after 24h.   306 

Discussion 307 

The initial goal of this study was to identify small cyclic inhibitors for NaV subtypes. Therefore, we grafted the 308 

proposed pharmacophore of PnTx1, a potent NaV channel inhibitor peptide toxin from the Brazilian wandering 309 

spider, into the scaffold of KIIIA, a potent NaV channel inhibiting peptide isolated from the venom of a cone 310 

snail. The resulting peptide, Pn, was investigated for NaV channel inhibition. Competitive binding experiments 311 

suggest that Pn competes with its parent peptides, PnTx1 and KIIIA, for the same binding site on the NaV 312 

channel. It can thus be assumed that Pn and analogs obstruct the ion flow by binding at the extracellular channel 313 

vestibule rather than acting as voltage-sensor modifiers. These results corroborate well with previous studies 314 

indicating that PnTx1 and µ-conotoxins compete for the same site as well.(6) The solution structure of the Pn 315 

peptide was determined using NMR displaying a highly flexible backbone and a minor set of peaks were 316 

observed for the HE1 protons of both Trp residues in the 1D proton NMR spectra suggesting the presence of a 317 

minor conformation.  318 

Next, two series of peptide mutants were designed in order to increase the potency of Pn, resulting first in PnM2 319 

and subsequently in PnM9, the latter displaying nM inhibition at NaV channel subtypes NaV1.2 and NaV1.4. A 320 

third series of peptides was designed with the aim to further minimize the peptide scaffold as well as introduce 321 

improved stability of the peptides through various methods of cyclisation including disulfide and lactam bond 322 

as well as backbone cyclisation. Within the third series of peptides, PnCS1 retained inhibition at submicromolar 323 
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potency while losing selectivity for NaV1.2. Cyclization of PnCS1-PnCS4 rendered these peptides highly stable 324 

towards degradation when incubated in human serum, compared to linear or oxidized, but not cyclized peptides 325 

in this study, indicating a great improvement in their biopharmaceutical properties. However, due to the lack of 326 

selectivity for this series of peptides, future structure-function studies are required to obtain peptides with a NaV 327 

channel subtype selective activity. . Interestingly, PnCS1, PnCS3 and PnCS4 showed inhibition of NaV1.9_C4, 328 

albeit in low μM range, an understudied NaV channel due to difficulties relating to heterologous expression as 329 

well as the lack of potent and selective inhibitors. Nav1.9 is of particular interest due to its links to 330 

inflammatory mediated gut pain present in Chron’s disease and irritable bowls syndrome (IBD).(34)  331 

Considerable effort has been made in elucidating the molecular determinants for the subtype specificity of 332 

peptide toxins towards specific NaV channel subtypes. More specific, many studies have focused on the key 333 

residues responsible for subtype selectivity among µ-conotoxins.(15, 35-39) These studies paved the way for 334 

the rational design of selective NaV channel antagonists and will assist in further peptide engineering of the 335 

PnCS scaffold with the aim to design small, cyclic, selective and potent NaV channel inhibitors for 336 

therapeutically relevant NaV subtypes. 337 

Drugs currently used in humans can roughly be divided in either small molecules or large biologics, including 338 

antibodies. Whereas small organic molecules tend to display the desirable physicochemical property of oral 339 

bioavailability, due to their size, small molecule drugs may suffer from reduced target selectivity that often 340 

ultimately manifests in unwanted side effects. Large biologics on the other hand, tend to be exquisitely specific 341 

for their targets due to their larger surface area. However, this usually comes at the cost of low bioavailability, 342 

poor membrane permeability, and metabolic instability.(40, 41) Peptides have emerged with the promise to 343 

bridge the gap between small molecules and large biologics, and the field of drug development is now 344 

refocusing its efforts to pursue peptides as lead molecules that fit between these two molecular weight extremes 345 

and at the same time, exhibit the advantageous characteristics of both.(40) Indeed, molecules combining 346 

advantages of small molecules (cost, conformational restriction, membrane permeability, metabolic stability, 347 

oral bioavailability) with those of large biologics (natural components, target specificity, high potency) might 348 

represent the novel tools to overcome the hurdles experienced today in drug discovery.(40) It is within this 349 

philosophy of combining the better of two worlds that we decided to combine the sophisticated evolutionary 350 

peptide chemistry of cone snails and spiders in order to design small, cyclic and bioactive peptides. The 351 

resulting peptides represent the first and the smallest (ten residues) cyclic NaV modulators and are promising 352 

starting scaffolds for further development of peptide-based therapeutics.  353 

In summary, this study has shown that it is possible to define peptide toxins targeting NaV channels to a 354 

minimal pharmacophore and that cyclization of these minimized peptides can greatly enhance their 355 
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biopharmaceutical properties without influencing activity. The PnCS peptides represent a promising template 356 

for further design of lead compounds in the development of novel therapeutic agents for treatment of NaV 357 

channel related diseases. 358 
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 513 

Figure Legends 514 

Figure 1: Structure and sequence comparison of Pn. a) Superimposition of ten of the lowest energy 515 

structures. Superimposed across heavy backbone atoms for residues 4–12. Disulfide bonds (C1-C11 and C3-516 

C13) are shown. b) Ribbon structure of a Pn representative structure showing all the side chains. c) Ribbon 517 

structure of KIIIA (PDB ID: 2LXG) highlighting pharmacophore residues. Positively charged residues are 518 

shown in blue, negatively charged residues are shown in red, hydrophobic residues are in green and disulfide 519 

bonds in orange. d) Sequence alignment and design strategy. Key residues for NaV channel inhibition (green), 520 
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PnTx1 and KIIIA cysteines included in the design are shown in blue, and PnTx1 cysteines not included in the 521 

design strategy are highlighted in bold. PnM1-PnM9 (Series 1 and 2) include sequence variations compared to 522 

Pn, with mutations shown in red. PnCS1-PnCS4 (Series 3) peptides are cyclic variations of PnM9; mutations 523 

introduced for cyclisation purposes are shown in red. Disulfide bonds are shown in orange, dashed disulfide 524 

bond highlights the additional disulfide bond present in KIIIA compared to Pn. Backbone cyclisation is depicted 525 

with black lines, lactam-bond is shown in green and amidated C terminus is shown by *. 526 

Figure 2: Electrophysiological profile of Pn on NaVs. Superimposed current traces for the indicated NaV 527 

isoforms before (black) and after application of 50 μM Pn. Currents were elicted by depolarizing pulses to 0 528 

mV. The arrow indicates the peak current level in the presence of toxin; the dotted line indicates zero current 529 

level.  530 

Figure 3: Electrophysiological characterization of Pn on NaV1.2 channels. a) Steady-state activation and 531 

inactivation curves in control (closed symbols) and toxin conditions (50 µM Pn, open symbols). b) Competitive 532 

experiments to indicate that Pn does bind at site 1. Representative traces are shown in control (1); after 533 

application of 35 nM PnTx1 and after subsequently addition of 50 µM Pn. 534 

Figure 4: Electrophysiological characterization of PnM9. a) Activity profile of PnM9 on NaV channel 535 

isoforms. Representative whole-cell current traces in control and toxin conditions are shown. The dotted line 536 

indicates the zero-current level. The arrow marks steady-state current traces after application of 400 nM 537 

peptide. b) Concentration-response curves for NaV1.2 channels indicating the concentration dependence of the 538 

Pn, PnM2 and PnM9-induced decrease of the Na+ peak current.   539 

Figure 5: Electrophysiological characterization of PnCS peptides.  Activity profile of PnCS1 on NaV 540 

channels. Representative whole-cell current traces in control and toxin conditions are shown. The dotted line 541 

indicates the zero-current level. The arrow marks steady-state current traces after application of 1 µM peptide. 542 

Black; current trace in control conditions, red, current trace in toxin situation. 543 

Figure 6: Electrophysiological characterization of PnCS1 on NaV1.4 channels. a) Steady-state activation 544 

and inactivation curves in control (black symbols) and toxin conditions (0.5 µM PnCS1, red symbols). No 545 

significant alteration of activation was noted. b) Normalized voltage-current relationship. c) Recovery from 546 

inactivation in control (closed symbols) and in the presence of 0.5 µM PnCS1 (open symbols). d) Voltage 547 

dependence of PnCS1 inhibition. No difference in the degree of inhibition was observed over a range of test 548 

potentials. e) Investigation of the state-dependence of inhibition was carried out and an expected degree of 549 

inhibition was observed after the 2 min incubation, indicating that the open state is not required for toxin 550 

interaction with the channel. 551 



 21 

Figure 7: Serum-stability assay results. Percentage of peptide remaining in human serum in function of 552 

incubation time is shown. 553 

554 
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Table 1: Structural statistics for the 20 Pn structures with best MolProbity scores.  555 

Distance restraints  

Intra residue  78 

Inter residue 46 

   Total 124 

Dihedral angle restraints 0 (Not restrained) 

Atomic RMSD (Ǻ) a  

Mean global backbone (1–13) 2.89 ± 1.16 

Mean global heavy (1–13) 4.35 ± 1.15 

Mean global backbone (4–9) 1.41 ± 0.41 

Mean global heavy (4–9) 3.31 ± 0.89 

MolProbity Statisticsb   

Clash score (>0.4 Å / 1000 atoms) 1.61 ± 2.53 

Poor Rotamers 0.3 ± 0.47 

Ramachandran Outliers (%) 11.82 ± 7.86 

Ramachandran Favoured (%) 54.09 ± 11.61 

MolProbity Score 1.91 ± 0.53 

MolProbity Percentilec 75.60 ± 24.16 

aRMSD. (46)  bMolProbity.(47) c100th  percentile is the best among structures of comparable resolution; 0th is the worst. 556 

557 
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Table 2: Table with IC50 values in µM obtained for PnM1-4 on NaV channel isoforms included in this 558 

study.  559 

IC50 in µM Nav1.2 Nav1.4 Nav1.5 Nav1.6 

Pn 53.7 ± 3.2 n.a. n.a. n.a. 

PnM1 6,4 ± 0,2 > 100 5,3 ± 0,6 2,2 ± 1,1 

PnM2 1,8 ± 0,5 n.a. 10,4 ± 2,1 12,3 ± 1,8 

PnM3 n.a. n.a. n.a. n.a. 

PnM4 n.a. n.a. n.a. n.a. 

     PnM5 4,2 ± 0,4 8,3 ± 0,8 9,8 ± 1,1 27,4 ± 0,6 

PnM6 31,7 ± 2,1 32,4 ± 2,1 > 100 > 100 

PnM7 7,2 ± 0,1 3,1 ± 0,2 8,3 ± 2,1 n.d. 

PnM8 3,7 ± 0,2 2,4 ± 0,1 > 100 n.d. 

PnM9 0,3 ± 0,01 0,27 ± 0,1 > 100 56,3 ± 4,6 

     IC50 values of serie 1 mutants on several Nav channel isoforms. n.d. = not determinded, n.a. = no activity (at 560 

100 µM), > 100 = IC50 value estimated above 100 µM.  561 

Table 3: Table with IC50 values in µM obtained for PnCS1-4 on NaV channel isoforms included in this 562 

study.  563 

 PnCS1 PnCS2 PnCS3 PnCS4 

NaV1.1 0.8  0.1 > 100 4.9  0.4 1.1  0.2 

NaV1.2 1.0  0.1 > 100 5.3  0.3 0.8  0.1 

NaV1.3 1.1  0.2 23  1.6 5.4  0.1 2.1  0.6 

NaV1.4 0.6  0.2 14.3  1.4 10.7  0.7 0.9  0.2 

NaV1.5 2.8  0.6 > 100 30.4  4.5 4.5  0.4 

NaV1.6 0.7  0.2 > 100 4.5  0.7 4.1  0.6 

NaV1.7 0.9  0.1 > 100 5.7  0.2 3.1  0.2 

NaV1.8 > 100 > 100 > 100 > 100 

NaV1.9_C4 4.5  0.4 > 100 23.8  3.5 6.3  0.4 

BgNaV1.1 n.a. n.a. n.a. n.a. 

VNaV1 n.a. n.a. n.a. n.a. 

DmNaV1 n.a. n.a. n.a. n.a. 

n.a.; not active 564 
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Figure 7.  

 

 


