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ABSTRACT
A fundamental mechanism that drives the propagation of electrical signals in the nervous system 
is the activation of voltage-gated sodium channels. The sodium channel subtype Nav1.7 is critical 
for the transmission of pain-related signaling, with gain-of-function mutations in Nav1.7 resulting 
in various painful pathologies. Loss-of-function mutations cause complete insensitivity to pain and 
anosmia in humans that otherwise have normal nervous system function, rendering Nav1.7 an 
attractive target for the treatment of pain. Despite this, no Nav1.7 selective therapeutic has been 
approved for use as an analgesic to date. Here we present a summary of research that has focused 
on engineering peptides found in spider venoms to produce Nav1.7 selective antagonists. We 
discuss the progress that has been made on various scaffolds from different venom families and 
highlight the challenges that remain in the effort to produce a Nav1.7 selective, venom-based 
analgesic.
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Voltage-gated sodium channels (VGSC) are pre-
sent in all excitable cells including cardiac and 
skeletal muscle cells and central and peripheral 
neurons. In neuronal cells, sodium channels are 
responsible for amplifying sub-threshold depolar-
izations and generating the rapid upstroke of the 
action potential. As such, sodium channels are 
essential to the initiation and propagation of elec-
trical signals in the nervous system. Aberrant 
sodium channel function is thought to underlie 
a variety of medical disorders [1] including epi-
lepsy [2], arrhythmia [3] myotonia [4], and 
pain [5].

Sodium channels are typically a complex of 
various subunits, the principal one being the pore- 
forming alpha subunit, which alone is sufficient 
for function. Nine members of the family of vol-
tage-gated sodium channel (VGSC) alpha subunits 
exist in humans, Nav1.1–Nav1.9. The Nav1.x sub-
family can be pharmacologically subdivided into 
tetrodotoxin (TTX) sensitive or TTX resistant. 
Nav1.7 (also named as PN1, SCN9A, or hNE) is 
TTX sensitive and is primarily expressed in per-
ipheral sympathetic and sensory neurons [6]. 
Nav1.7 is robustly expressed along the peripherally 
and centrally directed C-fibers and at nodes of 

Ranvier in a subpopulation of Aδ-fibers. 
Peripheral terminals of DRG neurons within skin 
(intraepidermal nerve fibers) exhibit robust Nav1.7 
immunolabeling, as do the central projections of 
DRG neurons in the superficial lamina of the 
spinal cord dorsal horn (Black et al., 2012). 
Given the widespread expression along peripheral 
nerve fibers, Nav1.7 is likely a major contributor to 
electrogenesis, axonal conduction, and presynaptic 
neurotransmitter release in peripheral nocicep-
tors [7].

Human genetic studies have strongly implicated 
Nav1.7 function in human pain sensation. In man, 
gain of function mutations of Nav1.7 have been 
linked to primary erythermalgia (PE), a disease 
characterized by burning pain and inflammation 
of the extremities [8] and paroxysmal extreme 
pain disorder (PEPD) [9]. Consistent with these 
observations, nonselective sodium channel block-
ers lidocaine, mexiletine, and carbamazepine can 
provide symptomatic relief in these painful disor-
ders [9,10]. Single nucleotide polymorphisms in 
the coding region of SCN9A have been associated 
with increased nociceptor excitability and pain 
sensitivity [11]. For example, a polymorphism 
rs6746030 resulting in R1150W substitution in 
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human Nav1.7 has been associated with osteoar-
thritis pain, lumbar discectomy pain, phantom 
pain, and pancreatitis pain [12]. Dorsal root gang-
lion (DRG) neurons expressing the R1150W 
Nav1.7 display increased firing frequency in 
response to depolarization [13]. A disabling form 
of fibromyalgia has been associated with SCN9A 
sodium-channel polymorphism rs6754031, indi-
cating that some patients with severe fibromyalgia 
may also have a DRG sodium channelopathy [14].

Loss-of-function mutations of SNC9A in 
humans cause congenital indifference to pain, 
a rare autosomal recessive disorder characterized 
by a complete insensitivity to painful stimuli [15–-
15–26]. Despite this, other sensory modalities in 
these patients are largely intact with some patients 
that show deficits in olfaction [21,25–28]. These 
patients generally have normal cognitive, motor, 
and autonomic function [15–28] with the notable 
exceptions of a patient with hypohydrosis [29], 
and 2 patients with hearing loss, bone dysplasia, 
and hypoguesia [30].

Mice with global knockout of SCN9A are insen-
sitive to peripheral injection of nonselective 
sodium channel activators or intra-dermal hista-
mine injection and did not develop complete 
Freund’s adjuvant-induced thermal hyperalgesia 
[31]. Targeted deletion of the SCN9A gene in 
nociceptive neurons causes a reduction in 
mechanical and thermal pain thresholds and 
reduction or abolition of inflammatory pain 
responses [32]. Ablating Nav1.7 gene expression 
in all sensory neurons abolishes mechanical pain, 
inflammatory pain, and reflex withdrawal 
responses to heat. Deleting SCN9A in both sensory 
and sympathetic neurons abolishes mechanical, 
thermal, and neuropathic pain, and recapitulates 
the pain-free phenotype seen in humans with 
SCN9A loss-of-function mutations [33].

The evidence presented above suggests that 
Nav1.7 inhibitors or blockers may be useful in 
the treatment of a wide range of pain associated 
with various disorders. Although some progress 
has been made in identifying small molecules 
with selectivity for Nav1.7 over other VGSC iso-
forms these efforts have yet to yield a viable ther-
apeutic, and research has expanded focus to 
include large molecules [34,35]. A rich source of 

good starting points for Nav1.7 drug discovery are 
peptides found in the venom of spiders [36].

Numerous publications have extensively 
reviewed the spider venom structure, function, 
and therapeutic potential [34,36–43]. In brief, spi-
der venoms contain complex mixtures of com-
pounds, with a high percentage of which are 
peptides of a broad range of functions [41]. 
Many of these peptides are small, disulfide-rich 
toxins that impact voltage-gated sodium channel 
function [37]. Because these molecules serve to 
incapacitate prey and dissuade predation, some of 
them have evolved to target a broad array of 
sodium channels that are essential for vital func-
tions [40,42].

In this review, we focus on engineering strate-
gies designed to maintain toxin Nav1.7 activity 
while reducing activity against Nav isoforms criti-
cal for fundamental physiological functions – the 
introduction of mutations that maintain or favor 
toxin interaction with Nav1.7 while diminishing 
toxin affinity for other Nav isoforms. Numerous 
academic and commercial laboratories have 
adopted this approach. Here we discuss the most 
salient advances in engineering key toxins from 
three NaSpTx families with well documented 
Nav1.7 activity, family I, exemplified by tarantula 
toxins such as Huwentoxin-IV (HwTx-IV) [44] 
and Phrixotoxin 3 [45], family II, containing 
Pn3a [46], and family III, represented by Protoxin- 
II [47] and Phrixotoxin-I [45].

NaSpTx family I

Family 1 is a family of peptides isolated from the 
venom of tarantulas. They consist of 33–35 amino 
acid residues with three disulfide bridges that form 
an inhibitor cystine knot (ICK) motif. The best- 
characterized Nav1.7 blocker from this family is 
Huwentoxin-IV.

Huwentoxin-IV

Huwentoxin-IV (HwTX-IV, μ-TRTX-Hh2a) is 
a 35 amino acid peptide component of Chinese 
bird spider (Haplopelma Schmidti; also known as 
Ornithoctonus huwena, and Selenocosmia huwena 
[44,48]) venom. It is an inhibitory cysteine knot 
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(ICK) peptide that blocks Nav1.7 and other TTX- 
sensitive voltage-gated sodium channels with an 
IC50 of ~30 nM [44] and functions as a gating 
modifier by trapping the voltage sensor of domain 
II (VSD2) in an inward, closed conformation [49]. 
Early mutagenesis studies on the Nav1.7 VSD 
identified key residues in the S1-S2 and S3-S4 
regions of VSD2 that are critical for HwTX-IV’s 
Nav1.7 activity. Of these positions, mutation of 
E818 had the most dramatic impact on HwTX- 
IV’s ability to inhibit Nav1.7 activation. 
Subsequently, many studies focused on HwTX-IV 
have helped map regions of the toxin that mediate 
its interaction with Nav1.7.

Revell et al. [50]. and Minassian et al. [51] 
performed alanine scanning mutagenesis on non- 
cysteine positions in HwTX-IV. Both identified 
positions E1 and E4 as sites where the potency of 
HwTX-IV could be improved, and F6, R26, W30, 
K32, and Y33 as residues that are critical for toxin 
activity on Nav1.7. Minassian et al. [51] also 
demonstrated that mutation of positions W30 
and K32, which showed the most robust impair-
ments of HwTX-IV activity in both studies, did 
not disrupt toxin structure. One discrepancy 
between these datasets is that Minassian et al. 
saw >10-fold decrease in Nav1.7 potency with 
alanine substitution at position I35, whereas 
Revell et al. saw no change. This may be related 
to the addition of an additional gly-lys to the 
c-terminus of Minassian et al.’s recombinantly 
produced peptide, whereas Revell et al. truncated 
their synthetic peptide at I35 in a carboxamide, 
suggesting a critical role for the C-terminus in 
HwTX-IV’s interface with Nav1.7. In addition, 
Minassian et al. identified positions P11, D14, 
L22, and S25 as being important for Nav1.7 activ-
ity – positions which were not interrogated by 
Revell et al. [50,51]. Minassian et al. also counter- 
screened the alanine scanning library of HwTX-IV 
variants against Nav1.2 and found a large degree 
of overlap between residues critical for Nav1.7 and 
Nav1.2 activity, with all positions flagged for 
Nav1.7 also being important for Nav1.2 activity 
except I35. Interestingly, mutation of positions 
R26 and K27 to alanine was shown to impact 
Nav1.2 potency to a greater degree than seen on 
Nav1.7, suggesting these residues may be involved 
in isoform-specific VGSC interactions.

Based upon the alanine scan data, Revell et al. 
implemented a strategy of substituting a small sub-
set of amino acids with diverse physiochemical 
properties in positions E1, E4, F6, and Y33. This 
resulted in the synthesis of [E1G, E4G, Y33W]- 
HwTX-IV which showed >40-fold improvement in 
Nav1.7 potency while maintaining selectivity 
against Nav1.5 [50]. Subsequent studies demon-
strated that these mutations in a recombinantly 
produced, unamidated peptide did not perturb its 
structure. In addition, the broader selectivity of 
this peptide was investigated and while activity 
was maintained against most TTX-sensitive Nav 
isoforms, [E1G, E4G, Y33W]-HwTX-IV was less 
potent against Nav1.4 [52].

A more extensive mutagenesis effort by Neff 
et al [53] produced a large library of recombinant, 
unamidated peptides by methodically substituting 
amino acids at all non-cysteine positions with 
a focus on improving Nav1.7 potency and selectiv-
ity against Nav1.2. For Na1.7, this study reinforced 
the importance of the F6, R26, W30, K32, and Y33 
positions in maintaining Nav1.7 activity. In addi-
tion, this study aligned well with the Minassian 
study in showing that P11, D14, S25, and I35 were 
important while also identifying I5, K27, and T28 
as important determinants of Nav1.7 potency. The 
study also confirmed the importance of all resi-
dues except P11, L22, and S25 for inhibition of 
Nav1.2 as well as identifying and R26, K27, and 
I35 as fundamental to Nav1.2 activity [53], 
Positions E1 and E4 were flagged by all three 
mutagenesis studies as positions where the 
Nav1.7 potency of HwTX-IV could be increased 
[50,51,53]. These changes did not improve selec-
tivity against Nav1.2, however, and in fact Neff 
et al. found that increased basicity at these posi-
tions preferentially increased Nav1.2 potency [53].

Neff et al. also tried to combine mutations that 
improved potency against Nav1.7 and/or reduced 
activity against Nav1.2. [E1N, E4R, R26K, Q34S]- 
HwTX-IV was 10-fold more potent than 
recombinant huwentoxin against Nav1.7 but did 
not confer any significant selectivity when tested 
against Nav1.1 – Nav1.6. In contrast, [E1N, R26K, 
Q34S, G36I]-HwTX-IV only marginally improved 
Nav1.7 potency but decreased activity against 
Nav1.2 and Nav1.3 by 10-fold. Potency of the 
[E1N, E4R, R26K, Q34S]-HwTX-IV was improved 
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an additional 6-fold by grafting R26T into this 
scaffold, while maintaining the selectivity window 
against Nav1.2 [53].

Deng et al. [54] produced targeted mutations in 
Huwentoxin by disrupting basic residues as well as 
adjacent positions in the C-terminus of the peptide. 
They found a minimal effect on activity against 
TTX-sensitive sodium currents in DRGs with 
K27A, and a reduction of activity by 12, 24, and 260- 
fold for T28D, R29A, and Q34D, respectively [54]. 
Neff et al. also found that R29A and Q34D dimin-
ished Nav1.7 activity but did not test T28D. They 
did, however, test T28E, which showed a robust 
reduction in activity [53]. While these data are not 
all directly comparable, they suggest a role for all 
these positions in maintaining HwTX-IV’s activity.

A notable feature of HwTX-IV (and other gat-
ing modifier toxins) is the cluster of hydrophobic 
residues or “hydrophobic patch” on one face of the 
molecule which is surrounded by a ring of charged 
amino acids. This face of the molecule is hypothe-
sized to play a role in toxin membrane partitioning 
and interaction with charged phospholipid head 
groups in addition to making specific interactions 
with the channel [55]. To test whether increased 
hydrophobicity improved HwTX-IV potency, 
Agwa et al. produced a modified version of the 
Revell peptide, [E1G, E4G, F6W, Y33W]-HwTX- 
IV, termed gHwTX-IV, with increased membrane 
binding affinity. This peptide was, however, 
approximately 15-fold less potent than [E1G, 
E4G, Y33W]-HwTX-IV [55] suggesting that F6 
mediates a critical, more specific contact beyond 
facilitating membrane partitioning.

Neff et al. showed that increased hydrophobicity 
at positions E4, A8, Y33, Q34, and G36 improved 
Nav1.7 potency [53]. These residues flank posi-
tions that have been hypothesized to act as 
a membrane anchor [53,55,56], thus strengthening 
the correlation between hydrophobicity and toxin 
potency. The mean impact of substituting hydro-
phobic residues into broad segments of HwTX-IV, 
however, was not significant suggesting that 
increased lipid affinity only consistently confers 
benefit in or around the hydrophobic patch [53].

A subsequent effort by Agwa et al. [57] altered 
positively charged residues (R26, K27, R29) in loop 
4 of gHwTX-IV. While the lipid affinity of these 
peptides was reduced, the Nav1.7 potency of 

[R26A]-gHwTX-IV was increased ~4-fold. In addi-
tion, this peptide showed a markedly improved 
selectivity against Nav1.1 (9-fold), Nav1.2 (41-fold) 
, and Nav1.6 (56-fold) while maintaining selectivity 
against Nav1.3, Nav1.4, and Nav1.5. Despite a lack 
of improvement in Nav1.7 potency [K27A] and 
[R29A]-gHwTX-IV also had better selectivity pro-
files, with [R29A]-gHwTX-IV showing a prominent 
increase in selectivity against Nav1.1 and Nav1.6 
(>50-fold). In addition, Agwa et al. showed that 
intraplantar injection of [R26A]-gHwTX-IV 
reduced OD-1-induced nocifensive behaviors in 
mice [57]. While these data demonstrate proof of 
principle in terms of target engagement and phar-
macodynamic effect, additional studies will be 
needed to assess g-HwTX-IV variant tolerability 
and ability to access sensory fibers when adminis-
tered systemically.

The data from these mutagenesis studies have led 
to the proposal of multiple models of how HwTX-IV 
interacts with Nav1.7. Minassian et al. proposed 
a model based upon their alanine scan data, which 
Neff et al. updated based upon their larger dataset and 
recently crystal structure and Cryo EM data showing 
Protoxin-II’s interaction with Nav1.7’s VSD2, and the 
location of huwentoxin’s binding to VSD2, respec-
tively [51,53,56,58]. A photocrosslinking study by 
Tzakoniati et al. identified interactions of K27 with 
E811 and R29 with E759 (and T758) [59]. These 
results diverge from the Neff et al. model, but the 
two proposed models agree on the general orientation 
of HwTX-IV and the interaction of K32 with E811.

Recently, Guo et al [60] attempted to produce 
a cryo-EM structure of HwTX-IV bound to 
a nanodisc-embedded bacterial Nav channel con-
taining the extracellular halves of the human S3-S4 
sequence. Although the resolution was insufficient 
to map side chain orientation, it allowed the dock-
ing of HwTX-IV’s NMR structure onto the chan-
nel via backbone alignment. This confirmed the 
general orientation of HwTx-IV in the Neff and 
Tzakoniati models, and identified I5, F6, and W30 
as residues that are immersed in the membrane 
[60] (Figure 1).

GpTX-1

Scientists at Amgen identified GpTX-1 in the frac-
tionated venom of the Chilean Rose Hair 
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Tarantula (Grammostola portei) by screening frac-
tions of its venom for Nav1.7 activity [61]. This 
34-residue peptide contains three disulfide lin-
kages, an amidated C-terminus and mediates its 
Nav1.7 block through an interaction with VSD2 
with an IC50 of 10 nM [61,62]. In patch-clamp 
experiments synthetically produced GpTX-1 
showed a ~ 3-fold improvement in Nav1.7 potency 
compared to HwTX-IV and a larger selectivity 
window between Nav1.7 and Nav1.5 activity 
(>1000-fold vs. 750-fold) but diminished selectiv-
ity against Nav1.4 from 120-fold compared to 20- 
fold [62].

Alanine scanning of GpTX-1 showed that the 
C-terminus played an integral role in Nav1.7 
potency, with H27, W29, K31, K32, and F34 all 
diminishing potency when mutated. Moderate 
effects were also observed with alanine substitu-
tion at F5 and R7. All of these residues cluster on 
a single region of the molecule, creating 
a hydrophobic face that likely mediates critical 
interactions with sodium channels [62].

Notably, the F5A mutation improved Nav1.4 
selectivity to 300-fold. Other small aliphatic sub-
stitutions at this position also improved Nav1.4 
selectivity while maintaining Nav1.7 potency, 
whereas the introduction of larger residues 
reduced Nav1.7 activity. Combinatorial mutation 
at positions F5 and other locations on the periph-
ery of the hypothesized binding face led to the 

production of [F5A, M6F, T26L, K28R]-GpTX-1, 
which had improved Nav1.7 potency, >1000x 
selectivity against Nav1.4 and Nav1.5, and 
a mitigated oxidation liability [62].

In addition, a GpTX-1 variant library created 
through substitution of a subset of amino acids 
with distinct physical properties at each position 
in GpTX-1 was also generated [63]. This revealed 
SAR not predicted by the alanine scan. In addition 
to confirming the importance of H27, W29, K31, 
and F34 and the C-terminus in maintaining 
potency, it also identified positions F5, M6, S24, 
and Y32 as critical determinants of GpTX-1 activ-
ity. Furthermore, this screen identified I10E, P11E, 
and R18K as substitutions that maintained Nav1.7 
potency and selectivity against Nav1.5, and drama-
tically improved selectivity against Nav1.4 [63].

To extend the half-life of this peptide, various 
sites away from the putative binding face were 
PEGylated in [M6F]-GpTX-1. PEG addition at 
positions D12, N13, K15, and V22 did not disrupt 
Nav1.7 activity. Identification of these positions 
facilitated the production of dimeric peptides, 
which did not produce an avidity effect, but rather 
maintained potency while rendering the Nav1.7 
block essentially irreversible [61]. [F5A, M6F, 
Pra13, T26L, K28R]-GpTX-1 was also conjugated 
to a nontargeting anti-2,4-dinitrophenol human 
IG1 antibody at different conjugation sites on the 
antibody via a PEG linker of varying lengths [64]. 

Figure 1. Left: Cryo-EM structure of huwentoxin-IV (PDB:1MB6, yellow) bound to the chimeric NaChBac (PDB:6 W6O, gray) contain-
ing the sequence of the extracellular half of the human VSD2 S3-S4 segments (blue). Right: Side view of huwentoxin docked on the 
chimeric NaChBac channel.
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Nav1.7 activity was maintained in conjugates but 
caused 7- to 230-fold right-shifts in potency rela-
tive to GpTX-1, with multivalent molecules being 
more potent than monovalent ones. Selectivity 
against Nav1.4 and Nav1.5 also persisted, but was 
reduced largely due to the Nav1.7 potency 
decrease [64].

Subcutaneous dosing of the symmetric divalent 
molecule, E384C-PEG11-[F5A, M6F, Pra13, T26L, 
K28R]-GpTX-1 resulted in detectable plasma con-
centrations for 7 days postdosing with minimal 
proteolytic degradation. Interestingly, the toxin 
conjugated antibody distributed more effectively 
to Nav1.7 expressing dorsal root ganglion and 
sciatic nerve fibers than unconjugated antibodies 
and accumulated at nerve fibers to a greater extent 
in wild type compared to Nav1.7 knockout mice. 
This suggests a role for both Nav.7 and the toxin 
in this molecule’s distribution [64] – potentially by 
the toxin–target interaction increasing dwell time 
at the sensory nerves.

Although the antibody conjugated toxin was 
able to access nerve fibers, no level of target 
engagement or efficacy was reported [64]. GpTX- 
1, however, has been shown to be efficacious in 
reducing pain behaviors evoked by intraplantar 
injection of OD-1 [65]. In addition, spinal admin-
istration of GpTX-1 and [F5A, M6F, T26L, K28R]- 
GpTX-1 provided dose-dependent analgesia in 
mechanical, thermal, visceral, and neuropathic 
pain models which was undiminished with 
8 days of repeated administration [66]. GpTX-1, 
however, had no effect on OD-1-induced pain 
behaviors when delivered intraperitoneally at the 
maximum tolerated dose [65], and no evidence to 
date has been presented demonstrating efficacy of 
an engineered peptide in a relevant pain model 
with systemic GpTX-1 administration.

CcoTx1

Scientists at Pfizer chose ceratotoxin-1 (CcoTX-1), 
a component of the venom of Ceratogyrus cornua-
tus, as a starting scaffold for engineering a Nav1.7 
selective peptide [67]. CcoTX1 is a potent Nav1.7 
and Nav1.2 blocker (IC50 ~ 75 nM) that blocks 
VGSCs through an interaction with the S3-S4 lin-
ker of VSD2, is marginally selective against Nav.16 
and is only weakly active against Nav1.4 and 

Nav1.5 [45,67]. After three rounds of directed 
evolution variant 2760 ([W5M, K12E, N19R, 
Y20L, T21V, R25S, D26H, Y31W, D32K]- 
CcoTX1) was identified. 2760 showed a 3-fold 
improvement in Nav1.7 potency and a 2-fold 
decrease in Nav1.2 potency compared to CcoTX- 
1. 2760 was only 3-fold less potent against Nav1.6 
compared to Nav1.7, however [67].

To further improve 2760, the authors per-
formed an amino acid scan of every non-cysteine 
position and measured activity against VGSCs. 
This led to the discovery of [D1I]-2760, which 
improved Nav1.7 potency 2.5-fold, and increased 
the Nav1.6 and Nav1.2 selectivity to 6- and 16- 
fold, respectively. Selectivity against Nav1.4 and 
Nav1.5 was maintained in this peptide [67].

Posttranslational modifications of [D1I]-2760 
also led to improvements in this molecule’s activ-
ity profile. C-terminal amidation of 2760 and 
[D1I]-2760 increased Nav1.7 and Nav1.6 potency 
for both peptides ~5-fold but only increased 
Nav1.2 potency ~2-fold. In addition, amidated 
[D1I]-2760 showed broad selectivity against 
a wide range of ion channels. Introduction of an 
N terminal pyroglutamate to the amidated [D1I]- 
2760 produced [D1Za]-2760, which was able to 
maintain a greater block of Nav1.7 during sus-
tained depolarizations than [D1Ia]-2760 without 
altering its potency against any of the Nav chan-
nels [67].

Solving a crystal structure of CcoTX-1 allowed 
for the identification of a proposed interaction face 
comprised of a group of hydrophobic residues 
(M5, F6, Y28, Y31, L33) and a group of polar or 
charged residues (R19, H26, K30, K32). 
Scherbatko et al. then introduced multiple muta-
tions that conferred benefit in their amino acid 
scanning effort, distant from each other, and that 
were not a part of the interaction face. These 
mutants, [D1Z,M5I,K18Y,R24K,a]-2760 and 
[D1Z,M5I,R27N,a]-2760 both maintained potency 
for Nav1.7 and improved selectivity for Nav1.2 
and Nav1.6 by ~2-fold [67].

As detailed above, a large amount of effort has 
been directed at engineering Family I scaffolds. 
Although significant progress has been made in 
understanding the molecular basis of Nav1.7 inhi-
bition by these peptides, overall, these efforts have 
not yielded Family 1 related peptides with 
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dramatically improved Nav1.7 selectivity and in- 
vivo tolerability. Improving the properties of 
Family 1 peptides is clearly a challenging endea-
vor. Whether new insights into the structural basis 
for Nav1.7 inhibition by family I peptides will 
facilitate the design of new analogs with improved 
properties remains to be seen, but it seems likely 
that other families of spider venom peptides might 
ultimately represent better scaffolds for 
engineering.

NaSpTx family II

Family 2 is a large family of toxins isolated from 
tarantula venoms that range in size from 33 to 41 
residues and, like family I, they each contain three 
disulfide bonds that form an ICK motif. Several 
members of this family have confirmed activity on 
voltage-gated calcium (CaV) channels and/or vol-
tage-gated potassium (Kv) channels. Only two 
members of this family, β/ω-TRTX-Tp1a (proto-
xin I) and μ-TRTX-Pn3a, have potent NaV1.7 
blocking activity. To date, engineering efforts on 
these family II scaffolds have been limited.

Pn3a

Pn3a (μ-TRTX-Pn3a) was isolated from the venom 
of the South American tarantula Pamphobeteus 
nigricolor. Characterization using whole-cell electro-
physiology in HEK293 cells revealed that Pn3a was 
a potent inhibitor of NaV1.7 (IC50 0.8 nM), with 
substantial selectivity other Navs (40-fold over 
NaV1.1, 100-fold over Nav1.2, Nav1.3 Nav1.4 and 
Nav1.6 and greater than 900-fold over Nav1.5, 
Nav1.8 and Nav1.9). Although family II peptides 
are often regarded as somewhat promiscuous, Pn3a 
also exhibited substantial selectivity over rat KV2.1, 
Cav1.2, hCav2.2, α7 nAChR and α3 nAChR, making 
this peptide one of the most selective Nav1.7 inhibi-
tors reported to date [46]. The analgesic potential of 
Pn3a was evaluated in multiple rodent models of 
pain. To assess on-target activity at Nav1.7 in vivo, 
the ability of Pn3a to inhibit spontaneous pain beha-
viors induced by intraplantar injection of the Nav1.7 
modifying scorpion toxin, OD1 [68] was assessed. 
Encouragingly, Pn3a (0.3–3 mg/kg IP) inhibited 
OD-1-induced pain behaviors, confirming on- 
target Nav1.7 activity in vivo. Despite this apparent 

on-target activity however, Pn3a displayed no 
analgesic activity in formalin-, carrageenan- or FCA- 
induced pain in rodents over the same dose range. 
The discrepancy between OD-1-induced pain beha-
viors and other measures of pain is interesting and 
suggests that maybe lower levels of target engage-
ment are sufficient for activity in the OD-1 model 
compared to other models. The finding that Pn3a 
efficacy could be strongly potentiated by subthera-
peutic doses of opioids or the enkephalinase inhibi-
tor thiorphan further supports the possibility that 
Pn3a may exhibit, sub-threshold target occupancy 
at the doses tested.

In contrast to the findings in the formalin-, carra-
geenan- and FCA-induced pain models, Pn3a was 
recently shown to be effective in a mouse model of 
acute postsurgical pain. In this model, Pn3a comple-
tely reversed mechanical hypersensitivity in the 
absence of adverse motor effects. These findings sug-
gest that different levels of target engagement may be 
required for efficacy in different pain models [69]. 
Interestingly, the analgesic effects of Pn3a were com-
pletely reversed by co-administration of the opioid 
receptor antagonist naloxone in this model, suggesting 
that different levels of endogenous “opiate tone” may 
contribute to differences in sensitivity to Nav1.7 
blockers with sub-threshold levels of target 
engagement.

The high potency and encouraging selectivity of 
Pn3a together with evidence of in-vivo target engage-
ment suggests that this family II peptide may represent 
a good starting point for engineering of Nav1.7 block-
ing peptides with improved Nav1.7 selectivity and in- 
vivo tolerability. To date engineering efforts have been 
limited. Notably, replacement of negatively charged 
D1 and D8 residues led to improvements in potency, 
with D8N providing a 20-fold improvement in Pn3a 
potency at NaV1.7 while maintaining selectivity over 
other Nav isoforms [70]. Pn3a[D8N] exhibited signif-
icantly reduced OD-1-induced pain behaviors and in 
a model of acute postsurgical mechanical allodynia at 
doses 3-fold lower than with wild-type Pn3a.

NaSpTx family III

ProTX-II

Family 3 peptides are typically 29–32 residues 
long, with three disulfide bonds forming an ICK 

CHANNELS 185



motif. The best characterized member of this 
family is ProTX-II (β/ω-TRTX-Tp2a). ProTx-II 
was first isolated from the venom of the Peruvian 
Green Velvet tarantula, Thrixopelma pruriens, by 
scientists at Merck based on its ability to inhibit 
Nav1.8 [47]. Interestingly, the initial characteriza-
tion also revealed that ProTX-II could potently 
inhibit Nav1.7 with a significant degree of selectiv-
ity over Nav1.5. ProTX-II was subsequently shown 
to be one of the most potent and selective Nav1.7 
blockers known, with an IC50 of 0.3 nM for Nav1.7 
and at least 100x fold selectivity over all other 
voltage-gated sodium-channel isoforms [71]. 
Although more recent reports suggest that selec-
tivity over key neuronal sodium channels may be 
lower than first thought (Flinspach et al., 2017; Xu 
et al., 2019). Like other tarantula toxins, ProTX-II 
binds to poorly conserved residues in the domain 
II voltage sensor to inhibit channel activation 
[56,71,72], a mechanism that has presumably 
been highly optimized through venom evolution 
to powerfully inhibit nervous system ion channels 
under in-vivo conditions.

Recently, scientists at Genentech were able to 
solve the X-ray and cryo-EM structures of ProTX- 
II in complex with a NavAb construct containing 
the VSD2 from human Nav1.7 [56]. Their data 
suggest that the molecular basis of ProTX-II activ-
ity is complex, with different structural features 
involved in lipid binding and orientation, channel 

interactions, and inhibitory efficacy (Figure 2). 
The structure shows that an aromatic-rich surface 
including W5, W7, W24, and W30 anchors 
ProTx-II in the membrane, from where it attacks 
VSD2, perching directly on top of the S3 helix, the 
most peripherally exposed structural element in 
Nav channels. A polybasic C-terminal tail (K26- 
K27-K28) capped by a hydrophobic dyad (L29- 
W30) further anchors the toxin into the mem-
brane while positioning it over the S3 helix. W24 
wedges into a cleft between the lipid facing S2 and 
S3 helices, while W5 and M6 flank F813, an estab-
lished determinant for ProTx-II selectivity [71,72]. 
Two basic ProTX-II side chains, R22 and K26, 
extend into the extracellular vestibule of VSD2. 
R22 engages D816 and D818 on the S4 helix, 
while K26 directly engages E811 on the S3 helix 
through a sal –bridge interaction, suggesting 
ProTX-II inhibits Nav1.7 by a simple mechanism 
involving antagonism of outward gating-charge 
movement through direct electrostatic repulsion. 
F813, E811, D816, and E818 are all unique to 
Nav1.7, suggesting interactions with these residues 
underlie the selectivity of ProTX-II.

Binding of ProTX-II to the outer edge of VSD2 
was confirmed in a 3.2-Å resolution cryo-EM 
structure of a ProTX-II bound E406K variant of 
human Nav1.7 [58]. Unfortunately, the density 
attributed to ProTX-II was present at peripheral 
regions and was only resolved to a moderate 

Figure 2. Left: ProTX-II-VSD2-NavAb channel crystal structure (PDB:64NI), top view, with human Nav1.7 VSD2 segments shown in 
blue (S1–S2) and green (S3–S4). Right: Side view highlighting W7 and W30 on ProTX-II.
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resolution of ~5 Å, precluding accurate docking of 
the toxin structures.

Despite impressive potency, coupled with clear 
evidence of Nav1.7 selectivity and an optimized 
mechanism of action, the in-vivo analgesic activity 
of ProTX-II is disappointing. In an initial study, 
ProTx-II was not efficacious in rodent models of 
acute and inflammatory pain when delivered by 
the intravenous route [71]. Lack of analgesic effi-
cacy following systemic administration may reflect 
an inability of the peptide to cross the blood/nerve 
barrier (BNB) to reach target sites on sensory 
nerves [73]. ProTX-II was also initially shown to 
lack efficacy when delivered by the intrathecal 
route, which was surprising since access to target 
sites in the dorsal horn should not be limited when 
administered by this route [74]. However, it is now 
clear that ProTX-II can indeed exert strong effi-
cacy following intrathecal administration, but only 
within a very narrow dose range. Profound motor 
effects and lethality are observed at doses just 
above the efficacious dose range making detailed 
exploration of the dose–response relationship for 
analgesic activity impossible [75]. Although the 
exact basis for the narrow therapeutic window 
for ProTX-II is not fully understood, it seems 
likely that ProTX-II selectivity is inadequate and 
inhibition of sodium channel isoforms present on 
motor neurons, such as Nav1.1 and Nav1.6, 
underlies the narrow therapeutic window. Thus, 
although the narrow therapeutic window pre-
cludes the use of ProTX-II itself as an analgesic 
agent, ProTX-II does represent an interesting 
starting point for the engineering of Nav1.7 block-
ing peptides with improved Nav1.7 selectivity and 
in-vivo tolerability.

The first study to explore ProTX-II structure– 
activity relationships was published by scientists 
from Purdue Pharma [76]. The aqueous solution 
structure of ProTx II was solved and indicated that 
the toxin comprises a well-defined inhibitor 
cystine knot (ICK) backbone region and 
a flexible C-terminal tail region. A series of chi-
meric toxins, amino acid substitutions, and tail 
region modifications were synthesized and tested 
for activity against Nav1.7 and Nav1.2. The results 
of these studies indicated that the flexible tail 
region plays an important role in the Nav channel 
potency and to some degree the isoform selectivity 

of ProTX-II. Strikingly, changing the C-terminal 
functional group from a carboxylic acid to 
a methylamide increased the Nav1.7 potency of 
the resulting compound (compound 17) by 24- 
fold without changing its selectivity over Nav1.2. 
These early findings were important for two rea-
sons. Firstly, they showed that the properties of 
ProTX-II could be modified through sequence 
modification. Secondly, they identified the flexible 
C-tail as a potentially fruitful region for further 
exploration.

To date, the most comprehensive ProTX-II 
engineering effort was performed by scientists at 
Janssen R&D. A limited amino acid scan was con-
ducted at all non-cysteine positions using A, D, Q, 
R, K, and S for diversification [77,78]. From this 
scan, substitutions Y1Q, W7Q, S11A, were identi-
fied that improved potency, selectivity and/or yield 
of the resulting variants. Combinatorial libraries 
were designed to test for additive effects of select 
single position hits to generate Nav1.7 antagonists 
with further improved potency and selectivity pro-
file compared to the native peptide. This effort led 
to the identification of several peptides with mod-
estly improved selectivity compared to ProTX-II. 
NV1D2775-COOH ([Y1Q,W7Q,S11A,M19F]- 
ProTX-II) was active in the CFA and carrageenan 
models of inflammatory pain and in the hot plate 
test, when administered by subcutaneous osmotic 
mini-pump. NV1D2775-OH also demonstrated 
significant efficacy in the tail flick, hot plate and 
formalin tests when administered intrathecally. 
These results were encouraging, showing for the 
first time that engineered ProTX-II analogs could 
exhibit efficacy following systemic dosing. These 
results also suggested that improvements in in- 
vitro selectivity might translate directly into 
improvements in in-vivo tolerability.

In a second round of engineering, each of the 24 
non-cysteine positions in ProTX-II was systemati-
cally substituted with every coded amino acid 
except for methionine and cysteine and single 
position substitutions that showed improved selec-
tivity or improved recombinant peptide yield were 
evaluated combinatorially [78]. In total, over 1500 
recombinant and synthetic ProTX-II-related pep-
tides were generated. From the initial SAR 
exploration, hydrophobic substitutions at position 
30 were tolerated, with W30L in particular 
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identified as a substitution that significantly 
improved the sodium channel selectivity in favor 
of Nav1.7 (IC50 values for ProTX-II W30L were 5 
nM, 501 nM, and 4 μM for Nav1.7, Nav1.6, and 
Nav1.4, respectively). The importance of W30 as 
a mediator of ProTX-II selectivity is interesting 
given the key role of this residue for positioning 
the toxin on top of the S3 helix (Figure 2). Further 
improvements in selectivity were observed when 
W30L was combined with a second substitution, 
W7Q that additionally improved refolding effi-
ciency (as evidenced by the overall yield from 
crude in solid-phase peptide synthesis). The result-
ing peptide, [GP-W7Q, W30L]-ProTX-II or 
JNJ63955918 exhibited 100- to >1000-fold selectiv-
ity over Nav1.1, Nav1.2, Nav1.4, Nav1.5, and 
Nav1.6. Importantly selectivity over Nav1.1 and 
Nav1.6 was significantly improved relative to 
ProTX-II [75]. NMR studies indicated that 
JNJ63955918 adopts condensed inhibitor cystine 
knot (ICK) fold stabilized by three conserved dis-
ulfide bonds with a flexible C-terminus in solu-
tion. The solution structure of JNJ63955918 was 
very similar to the parent ProTX-II and other 
related spider venom peptides [75,76,79] (Figure 
3), offering few clues as to the basis of the differ-
ential sodium channel activity amongst these 
family 3 peptides. The impact of the W30L muta-
tion further implicates the flexible C-terminus as 
a key determinant of sodium channel selectivity. 
[78]. Other substitutions on the JNJ63955918 

scaffold, such as S11V, E17L, and E17N, were 
well tolerated, with preliminary data suggesting 
that further gains in potency and/or selectivity 
might be possible with additional rounds of engi-
neering [78]. A detailed description of these and 
other mutants has not been published, however.

Consistent with the improved selectivity, 
intrathecal JNJ63953918 dose-dependently 
reduced flinching in phase 1 and phase 2 of the 
rat formalin model and increased withdrawal 
latencies in the tail flick and hot plate assays at 
doses that had no effect on motor function [75]. In 
side-by-side comparisons, JNJ63955918 was equi- 
effective to ziconotide in the rat formalin model. 
However, whereas JNJ63955918 was well tolerated 
at efficacious doses, ziconotide produced whole 
body shakes, increased muscle tone and “serpen-
tine” tail movement at all effective doses. 
Interestingly, peri-sciatic (PS) administration of 
JNJ63955918 increased the thermal withdrawal 
latency of the ipsilateral paw in a rat Hargreaves 
test with no evidence of discoordination or motor 
effects, indicating that the peptide was also effec-
tive by local peripheral administration.

JzTX-V

Scientists at Amgen evaluated venom fractions 
from the Chinese earth tiger tarantula 
Chilobrachys jingzhao and identified a 29-residue 
Family 3 inhibitory cystine knot (ICK) peptide 

Figure 3. Side by side comparison of the two structure ensembles of protoxin-II (2N9T) and JNJ63955918 (5TCZ). The global ICK fold 
is evident in the two highly homologous peptides. 20 lowest energy conformers for each ensemble are shown.
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JzTx-V (β/κ-theraphotoxin-Cg2a also known as β- 
theraphotoxin-Cj2a) with sub-nM NaV1.7 inhibi-
tory activity [80]. In keeping with previous studies 
(Zeng et al., 2007; Luo et al., 2014), JzTX-V exhib-
ited minimal selectivity over Nav1.4 (3- to 4-fold 
selectivity). JzTX-V did however, exhibit 
substantial selectivity over Nav1.5 (~4,000-fold 
selectivity). Amgen scientists then employed an 
attribute-based positional scanning strategy 
[63,81] to improve Nav1.7 selectivity. This effort 
led to the discovery of a key Ile28Glu mutation 
that had minimal impact on Nav1.7 potency but 
imparted >100-fold selectivity for Nav1.7 over 
Nav1.4, while maintaining substantial selectivity 
over Nav1.5. These findings represented 
a significant advance in generating selective 
Nav1.7 inhibitors from the JzTx-V scaffold. 
These findings also provided yet another example 
of a change to the C-terminus of a Family 3 spider 
toxin having a significant impact on Nav1.7 selec-
tivity. Alanine and glutamic acid scanning muta-
genesis of all non-cysteine residues of JzTX-V also 
identified additional key residues for Nav1.7 block, 
including Y5, M6, T8, D10, R13, L19, L23, W24, 
and R26, suggesting that further engineering on 
the JzTX-V scaffold might be fruitful.

As part of an effort to attach handles for poten-
tial derivatization of JzTX-V related peptides, 
alkyne side-chain containing residues, e.g. 
propargylglycine (Pra) were incorporated at posi-
tions that were expected to have minimal impact 
on Nav1.7 potency. In addition, Met6 was replaced 
with the isosteric norleucine, to avoid side-chain 
oxidation during synthesis and folding. These 
efforts led to the discovery of AM-8145 (Pra- 
[Nle6;E28]JzTx-V(1–29)), and AM-0422 (CyA- 
[Nle6;Pra17;E28]JzTx-V(1–29)) [80]. Both pep-
tides were equipotent with WT JzTx-V, demon-
strated excellent selectivity over Nav1.4 and 
Nav1.5, and exhibited marked selectivity for native 
Nav1.7 dependent TTX-S currents over native 
Nav1.7 independent TTX-R currents in mouse 
DRG neurons. AM-0422 but not a closely related 
but substantially less active peptide AM-8395 (Pra- 
[Nle6;E19,28]JzTx-V(1–29)) blocked capsaicin- 
induced dorsal root ganglion (DRG) neuron action 
potential firing and mechanically induced C-fiber 
spiking in a saphenous skin–nerve preparation 
[80]. Unfortunately, despite a promising in-vitro 

profile, AM-8145 did not appear to be well 
tolerated in-vivo (maximally tolerated dose was 
1 mg/kg; Cmax ~ 6.5 fold mouse Nav1.7 IC50) 
and had no effect on Nav1.7-dependent histamine- 
induced pruritis [82]. These findings suggest that 
the overall selectivity of AM-8145 was not optimal 
with inadequate selectivity over Nav1.6 (33 fold) 
and/or Nav1.1 (47 fold) providing a likely expla-
nation for the poor in-vivo tolerability.

Guided by the single residue scan data described 
above, extensive further engineering led to the 
discovery of the potent and selective JzTX-V ana-
log, AM-6120 (E-[Pra1;Nle6;A12;5-BrW24;E28] 
JzTx-V(1–29)) (IC50 of 0.8 nM); >750-fold selec-
tive against Nav1.5, 1.6, and 1.8 [82]. As for other 
peptides in this series, AM-6120 potently blocked 
recombinant mouse Nav1.7 and TTX-S currents in 
mouse DRG, with no effect on TTX-R currents. 
Importantly, and consistent with improved selec-
tivity, AM-6120 appeared to be better tolerated in- 
vivo compared to AM-8145, reaching plasma con-
centrations over 100-fold the in-vitro mouse 
Nav1.7 IC50 (Cmax was 1.48μM) at a dose that 
had no effect in a separate open field activity 
study (2 mg/kg subcutaneous). AM-6120 was effi-
cacious in a Nav1.7-dependent behavioral model 
of histamine-induced pruritis in mice after subcu-
taneous administration. The activity was charac-
terized by a steep dose–response relationship 
reminiscent of the dose–effect relationship for the 
other Family 3 peptides, ProTX-II and JNJ- 
63955918 [75].

When considering their potential as systemi-
cally acting therapeutics, a major limitation of 
small peptides is their very short in-vivo half- 
lives. The fusion of peptides to antibodies, anti-
body domains (i.e. Fc), or other half-life extending 
moieties such as PEG or albumin is a potential 
strategy to maintain the positive attributes of the 
peptide in a molecule with a long in-vivo half-life. 
Recently this approach has been successfully 
applied to create FC and BSA fusion of venom- 
based peptides targeting Kv1.3 [81,83]. Scientists at 
Amgen have adopted such an approach to 
improve the in-vivo half-life of the JzTx-V-based 
peptides [84]. Architectural variations in the lin-
ker, peptide loading, and antibody attachment site 
were explored to create peptide–antibody conju-
gates of AM-0422. Although initial attempts were 
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successful at identifying potent conjugates, phar-
macokinetic and bioimaging analyses revealed 
a shorter than expected plasma half-life in vivo 
with accumulation in the liver. Identifying conju-
gates with an optimal balance of Nav1.7 potency 
and half-life required further extensive engineer-
ing. Reducing the peptide net charge from +6 to 
+2 resulted in a conjugate AM-2752, pGlu-[Pra1; 
Nle6;E12,28;5-BrW24;hF29]JzTx-V(1–29) with 
maintained Nav1.7 potency along with improved 
plasma exposure. However, this conjugate exhib-
ited only moderate activity in a Nav1.7-dependent 
histamine-induced pruritis pharmacodynamic 
model in mice, suggesting further multiparameter 
optimization of the peptide, linker, and/or fusion 
partner is still needed to identify a conjugate that 
can fully engage NaV1.7 in vivo.

Other family 3 toxins

Numerous other family III toxins including β- 
TRTX-Gr1a (GrTx1), β-TRTX-Gr1b (GsAF I), β/ 
κ-TRTX-Pm2a (Pterinotoxin-2), κ-TRTX-Gr2a 
(GsMTx-2), κ-TRTX-Ps1a (Phrixotoxin-1), are 
known to possess potent Nav1.7 activity [56], but 
selectivity and suitability of these peptides as scaf-
folds for engineering have not been investigated in 
detail.

Outlook

Tremendous progress in peptide engineering has 
been made over the last decade, particularly with 
Family 3 scaffolds, culminating in the identifica-
tion of JNJ-63955918 and AM-6120 as potent, 
highly selective closed-state Nav1.7 blockers that 
exert convincing efficacy at well-tolerated doses 
in-vivo. These discoveries represent a significant 
step forward in the search for Nav1.7-based 
analgesics and local delivery of JNJ63955918, 
AM-6120, or related peptides, which could provide 
a viable strategy for the treatment of certain forms 
of severe pain. The recent elucidation of the struc-
tural basis for Nav1.7 inhibition by ProTX-II 
should facilitate the design of ProTX-II analogs 
with even greater selectivity and in-vivo tolerabil-
ity. Furthermore, additional peptides from families 
I and III, or from other families of spider venoms 
have not been explored and may provide 

significant new opportunities for engineering 
selective Nav1.7 blockers.

Identification of peptide-based Nav1.7 blockers 
suitable for long-term systemic use, however, con-
tinues to be challenging. A much deeper under-
standing of the factors that determine efficacy and 
safety, such as pharmacokinetics, site of action 
(axonal, DRG, or central nerve terminals) and 
tissue distribution, levels of target engagement, 
immunogenicity and other factors such as plasma 
protein binding, efflux, and metabolism will be 
required before peptides can be suitably optimized 
for long-term use. Clearly, much remains to be 
done but the encouraging progress highlighted in 
this article suggests that engineered spider venoms 
represent a valid approach for targeting Nav1.7 
that might finally allow the translation of the 
promise of Nav1.7 into clinical success for 
patients in desperate need of new analgesic 
options.
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