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SUPPLEMENTARY MATERIALS AND METHODS 

Surface Plasmon Resonance 

Small unilamellar vesicles (SUVs) were prepared using POPC (1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine) or a mix of POPC/POPS (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine; 
4:1 molar ratio) by combining with spectroscopic grade chloroform, drying under a stream of N2, 
and further in vacuo for at least 3 h. Lipids were then re-suspended in HEPES buffered saline 
(HBS) (10 mM HEPES, 150 mM NaCl; pH 7.4), submitted to 8 freeze-thaw cycles, then extruded 
through a 50 nm polycarbonate filter to form SUVs 1-3. Rationale for the choice of lipid bilayers 
has been discussed in detail previously 4, 5. Briefly, POPC was used because lipids containing 
zwitterionic phosphatidylcholine headgroups are the most abundant on the outer leaflet of 
mammalian cells 6, and a mix of POPC/POPS (4:1) was used because phosphatidylserine 
headgroups represent anionic moieties on the cell surface 1, 4, 7, 8.  

Peptide–lipid bilayer interactions were examined using surface plasmon resonance (SPR) on a 
BIAcore 3000 (GE Healthcare) using previously described protocols 1-3, 5. HBS was used as 
running buffer and to prepare lipids and peptides. POPC and POPC/POPS (4:1) SUVs were 
deposited onto the surface of an L1 sensor chip at 2  µL/min for 43 min 8. Peptides were then 
injected onto the lipid surface at 2  µL/min in concentrations ranging from 0–64 µM and 
association was monitored for 170 s followed by a dissociation phase. Response units (RU) were 
normalized to the molar quantity of peptides and lipids (peptide/lipid (mol/mol)) assuming 1RU = 
1 pg/mm2 of lipid and peptide, as previously described 2. Concentration–response curves were 
obtained by fitting the data using a one-site specific binding curve using GraphPad Prism v7.00. 
Binding kinetic curves were fitted using association then dissociation curves on GraphPad Prism 
v7.00 1. 
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SUPPLEMENTARY RESULTS AND DISCUSSION 

Membrane Binding Properties of Pn3a and Analogues 

Besides direct channel interactions, membrane affinity also appears to play an important role in 
the activity of some NaV blockers 4 and has been well studied for e.g. ProTx-II, HwTx-IV and 
GpTx-1 1, 8, 9. However, nothing is known about the membrane binding properties of Pn3a. We 
therefore assessed the lipid bilayer affinity for Pn3a as well as the analogues D8N, D8K, K24R 
and K24D using surface plasmon resonance (SPR) to investigate a potential correlation between 
NaV1.7 potency, surface charge changes and affinity for model lipid membranes.  

The amount of peptide bound to lipid (P/L max (mol/mol)) was consistently doubled in anionic 
model lipid bilayers compared to zwitterionic POPC lipid bilayers for each peptide (Fig. S4, Table 
S2). A preferential affinity for anionic lipid bilayers is typical for spider ICK peptides and suggests 
that electrostatic interactions drive the interactions between these peptides with lipid bilayers 1, 5, 

8, 9. Compared to Pn3a in POPC/POPS (4:1) model lipid bilayers, Pn3a[D8K] showed a 
combination of the most amount of peptide bound to lipid and strongest affinity (slowest 
dissociation), followed by Pn3a[D8N] (Fig. S4, Table S2). This demonstrates that removal of the 
anionic charge from position 8 improves attraction to the lipid bilayers and that a lysine residue is 
preferential to a polar uncharged asparagine, confirming that electrostatic interactions are most 
likely important for interactions with the lipid bilayer. Pn3a[K24D] and Pn3a[K24R] both showed 
a reduction in the amount of peptide bound to lipid compared to Pn3a, suggesting that in the 
absence of NaV channels, K24 may be on the face of the peptide that interacts with the lipid 
bilayers, and that a lysine residue in position 24 is preferred to an arginine residue for attraction to 
lipid bilayers (Fig. S4, Table S2). However, while K24D significantly lost and K24R gained 
potency at NaV1.7 (Fig. 2B, Table 2), neither peptides differ in their membrane binding properties, 
suggesting that the difference in activity at NaV1.7 is driven by direct channel interactions of the 
mutated residue at position 24 rather than by membrane binding. Generally, Pn3a and all tested 
analogues show moderate affinity for model lipid bilayers compared to previously studied ICK 
peptides i.e. Pn3a had stronger affinity compared to peptides like HwTx-IV, SGTx-I and GpTx-I, 
similar affinity to ProTx-I, but less affinity for model lipid bilayers than ProTx-II or gHwTx-IV 1, 

5, 8. 
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SUPPLEMENTARY FIGURES 

 

Figure S1. 1D NMR spectra of Pn3a analogues compared to Pn3a (WT). (A) Analogues with exchanges in 
acidic residues show similar resonance positions in the NH region, indicating a similar overall fold 
compared to native Pn3a. (B) Analogues with exchanges in basic and hydrophobic residues also adopt a 
Pn3a-like fold. The W30A mutation results in an expected stronger shift of resonance peaks in the NH 
region. (C) Analogues D12T, D14K and Y27A appear misfolded. 

 

 

 
Figure S2. K24D does not inhibit inactivation of NaV1.7 or NaV1.1 channels in whole-cell patch-clamp 
experiments. (A) Current over time traces elicited by a 20 ms pulse from -90 mV to -20 mV before (black) 
and after (grey) addition of Pn3a[K24D] (100 nM) at hNaV1.7 channels. (B) Current over time traces 
elicited by a 20 ms pulse from -90 mV to -20 mV before (black) and after (grey) addition of Pn3a[K24D] 
(3 µM) at hNaV1.1 channels.  
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Figure S3. Intramolecular interactions of Pn3a (A) NMR structure of Pn3a (PDB 5T4R, green) indicates 
close interaction and a possible salt bridge between D12 and R23. (B) NMR structure of Pn3a indicates 
close interactions of D14 with backbone amides and K11. Residues of interest are labelled and shown in 
stick-representation. Visualization of data was generated with PyMol. 

 

 

 

Figure S4. Pharmacological characterization of Pn3a analogues by whole-cell patch-clamp experiments. 
(A) Concentration response curve of wild-type Pn3a and Pn3a[K24R] at hNaV1.7. (B) Current-voltage (IV) 
relationship before and after addition of Pn3a[K24R] (100 nM) at hNaV1.7. (C) Conductance-voltage (GV) 
relationship before and after addition of Pn3a[K24R] (100 nM) at hNaV1.7. Pn3a[K24R] shifted the voltage-
dependence of activation by +11.0 mV (from –22.62 mV to –11.67 mV). (D) Pn3a[D8N] is 16-fold more 
potent at wild-type mNaV1.7 (IC50 5.6 nM) compared to mNaV1.7[F823G] mutant channels (IC50 87.4 nM). 
Data are presented as mean ± SEM, with n = 5–9 cells per data point.  
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Figure S5. Peptide interactions with model lipid bilayers assessed by surface plasmon resonance (SPR). 
(A) Concentration–response curves of the peptides to POPC and POPC/POPS lipid bilayers, obtained by 
plotting the amount of peptide bound to lipid at each concentration after completion of peptide injection 
onto lipid (t = 170 s). (B) Sensorgrams showing association and dissociation of peptides (at 64 µM) over 
time. Lines of best-fit (R2 >0.95) are shown in black and were determined using an association and 
dissociation fit, and dissociation is monitored starting at the end of peptide injection (t = 170 s). All data 
were corrected for contribution from buffer, normalized to molar quantities of peptides and lipids used and 
analyzed using GraphPad Prism v7.00.  
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Figure S6. Analytical HPLC chromatogram of Pn3a. The chromatogram shows the typical elution profile 
of correctly folded Pn3a with two clean, well-separated symmetrical peaks. Collection and reanalysis of 
each individual peak via analytical HPLC results in reappearance of the same two peaks. All synthesized, 
purified Pn3a analogues produced the two clean, symmetrical peaks, with the exception of the misfolded 
peptides D12T, D14K and Y27A, which only showed single peaks in all the isolated fractions of the 
predominant isomers. Absorbance was measured at 214nm. Analytical HPLC was performed as detailed 
in 10. 

  



S-8 
 

Table S1. Potency of Pn3a analogues at NaV1.1-1.8 assessed using fluorescence-based assaysa 
 

NaV1.1 NaV 1.2 NaV 1.3 NaV 1.4 NaV 1.5 NaV 1.6 NaV 1.7 NaV 1.8 

Pn3a 5.74 ± 
0.21 

6.30 ± 
0.09 

4.86 ± 
0.09 

5.48 ± 
0.08 < 4.52 < 4.52 7.03 ± 

0.04 
4.58 ± 
0.03 

Pn3a[D1K] 6.11 ± 
0.17 

6.58 ± 
0.06 

5.38 ± 
0.22 

5.57 ± 
0.18 < 4.52 < 4.52 7.36 ± 

0.06 
4.72 ± 
0.20 

Pn3a[D8N] 6.46 ± 
0.19 

6.83 ± 
0.13 

5.54 ± 
0.18 

5.88 ± 
0.26 < 4.52 < 4.52 7.82 ± 

0.17 < 4.52 

Pn3a[D8K] 6.62 ± 
0.19 

7.40 ± 
0.10 

5.69 ± 
0.28 

6.08 ± 
0.23 < 4.52 < 4.52 7.85 ± 

0.11 
4.62 ± 
0.10 

Pn3a[E10K] 6.42 ± 
0.17 

6.76 ± 
0.13 

5.29 ± 
0.21 

5.67 ± 
0.10 

4.79 ± 
0.11 

6.11 ± 
0.05 

7.33 ± 
0.15 < 4.52 

Pn3a[E13K] 6.08 ± 
0.17 

6.43 ± 
0.06 

5.19 ± 
0.25 

5.58 ± 
0.07 < 4.52 5.88 ± 

0.17 
7.21 ± 
0.21 < 4.52 

Pn3a[K24R] 6.06 ± 
0.24 

6.38 ± 
0.06 

5.09 ± 
0.21 

5.49 ± 
0.17 < 4.52 < 4.52 7.46 ± 

0.22 < 4.52 
aData is presented as the mean pIC50 ± SEM, averaged from 3–6 independent replicates (with three 
identically treated wells each) assessed by fluorescence-based assays. 

 

 

Table S2. SPR valuesa 

 POPC POPC/POPS (4:1) 
Peptide P/L maxb 

(mol/mol) 
KD

c 
(µM) 

P/L maxb 
(mol/mol) 

KD
c 

(µM) 
Pn3a 0.02 0.43 ± 0.16 0.04 0.08 ± 0.01 
Pn3a[D8N] 0.03 0.13 ± 0.01 0.06 0.06 ± 0.005 
Pn3a[D8K] 0.04 0.07 ± 0.01 0.08 0.04 ± 0.003 
Pn3a[K24D] 0.01 0.02 ± 0.001 0.02 0.07 ± 0.01 
Pn3a[K24R] 0.01 0.03 ± 0.002 0.02 0.06 ± 0.01 
aData is presented as mean ± SEM 
bP/L max is the  ratio of  the amount of peptide bound to lipid (mol/mol) at the 
end of the association phase (t = 170 s) for 64 µM of peptide 
cKD = Koff/Kon and was calculated for 64 µM peptide by following association 
(Kon (min-1 • µM-1) then dissociation Koff (min-1) on GraphPad Prism v7.00 
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Table S3: Calculated and measured molecular weight of Pn3a analoguesa 

Pn3a analogue Calculated mass [Da] Observed mass [Da] 
WT 4271.9 4271.7 
D1K 4285.0 4285.2 
Y4A 4179.8 4179.6 
D8K 4285.0 4284.6 
D8N 4271.0 4270.8 
D8G 4213.9 4213.5 
E10K 4271.0 4271.4 
D12Tb 4257.9 4258.2 
E13K 4271.0 4271.1 
E13A 4213.9 4213.2 
D14Kb 4285.0 4284.9 
K22A 4214.8 4214.7 
K22R 4299.9 4299.9 
K24A 4214.8 4215.0 
K24D 4258.8 4259.1 
K24R 4299.9 4299.3 
Y27Ab 4179.8 4179.9 
W30A 4156.8 4156.5 

a Peptides were analyzed via electrospray ionization mass spectrometry as 
previously described 10. Data is presented as average mass. The observed 
mass of all peptides corresponded with their calculated mass. 
bNon-native fold assessed by 1D NMR; all other analogues showed a 
similar fold to WT peptide. 
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