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ABSTRACT: Inhibitors of the voltage-gated sodium channel NaV1.7 are being investigated as pain therapeutics due to
compelling human genetics. We previously identified NaV1.7-inhibitory peptides GpTx-1 and JzTx-V from tarantula venom
screens. Potency and selectivity were modulated through attribute-based positional scans of native residues via chemical
synthesis. Herein, we report JzTx-V lead optimization to identify a pharmacodynamically active peptide variant. Molecular
docking of peptide ensembles from NMR into a homology model-derived NaV1.7 structure supported prioritization of key
residues clustered on a hydrophobic face of the disulfide-rich folded peptide for derivatization. Replacing Trp24 with 5-Br-
Trp24 identified lead peptides with activity in electrophysiology assays in engineered and neuronal cells. 5-Br-Trp24 containing
peptide AM-6120 was characterized in X-ray crystallography and pharmacokinetic studies and blocked histamine-induced
pruritis in mice after subcutaneous administration, demonstrating systemic NaV1.7-dependent pharmacodynamics. Our data
suggests a need for high target coverage based on plasma exposure for impacting in vivo end points with selectivity-optimized
peptidic NaV1.7 inhibitors.

■ INTRODUCTION
The ongoing public health crisis stemming from opioid overuse
and addiction has led to extensive investigation of alternative
approaches for clinically managing the unmet burden of chronic
pain.1,2 An appealing nonopioid pain target is the voltage-gated
sodium channel NaV1.7.

3 Loss-of-function and gain-of-function
mutations in the human gene encoding NaV1.7, SCN9A lead to
channelopathies like congenital insensitivity to pain, erythro-
melalgia, paroxysmal extreme pain disorder, and small fiber
neuropathy.4 This genetic validation data has led to multiple
efforts to identify blockers of NaV1.7 function from which
molecules have progressed into human clinical trials, although

none are yet approved. One key challenge in developing a
NaV1.7 blocker has been in engineering selectivity against
related human sodium channels like NaV1.4 and NaV1.5, present
in skeletal and cardiac muscle, respectively, to avoid
unacceptable adverse effects.5,6

Venoms of poisonous species like spiders, cone snails, and
scorpions contain natural peptidic blockers of ion channels like
NaV1.7, with varying degrees of on-target potency and selectivity
against off-target ion channels.6 Tarantula venom-derived
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peptides like ProTx-II, HwTx-IV, and Pn3a and their variants
are potent NaV1.7 inhibitors in electrophysiology assays.
However, in vivo activity in NaV1.7-dependent pharmacody-
namic models after peptide dosing via systemic parenteral
administration like subcutaneous or intravenous injection have
not been reported despite examples of successful target
engagement via local or intrathecal delivery.7−10 We previously
screened venom collections using high throughput population
patch clamp electrophysiology to identify two disulfide-rich
NaV1.7-inhibitory peptides from tarantula venom, GpTx-1 and
JzTx-V.11−14 They fold into an inhibitory cystine knot (ICK)
motif and contain a C-terminal carboxamide but have low
overall sequence homology. NaV1.7 inhibitory peptides interact
with the second voltage sensor domain of the NaV1.7 pore
forming α-subunit and stabilize NaV1.7 in a closed conforma-
tion.12,14 As observed with many natural products, GpTx-1 and
JzTx-V were potent blockers of NaV1.7 currents in electro-
physiology assays in heterologous and neuronal cells but lacked
selectivity, especially against the skeletal muscle channel NaV1.4.
Employing solid-phase peptide synthesis (SPPS), we developed
analogues of GpTx-1 with single-digit nanomolar NaV1.7 IC50
values while increasing NaV1.4 selectivity.13 Systemic admin-
istration of native GpTx-1 caused adverse effects inmice at doses
above 0.1 mg/kg,15 and our analoguing campaign did not
identify suitable GpTx-1 peptides for in vivo evaluation. In the
JzTx-V series, a critical Ile28Glu modification identified via
synthetic engineering afforded potent and NaV1.4-selective
JzTx-V analogues that blocked capsaicin-induced dorsal root
ganglion (DRG) neuron action potential firing andmechanically
induced C-fiber spiking in a saphenous skin−nerve prepara-
tion.14

Our structure−activity relationship (SAR) studies employed
multiattribute positional scan (MAPS) analoguing,16 which
discretely interrogated single changes in amino acid side chain
functionalities across the sequence and correlated them to
potency and selectivity. We applied this empirical technique to
gain a better understanding of the putative NaV1.7 binding face
of the peptides in the absence of a high-resolution structure of
peptide inhibitor-bound NaV1.7. This approach yielded a wealth
of information regarding which specific residues on ICK-folded
peptides were key to inhibiting channel function, as well as
revealing novel substitutions that can impart NaV selectivity.

13,14

However, these efforts did not provide peptides that blocked
NaV1.7 function in preclinical in vivo studies (vide infra).

Herein, we report further optimization of the JzTx-V scaffold
to identify peptides that could engage NaV1.7 in vivo to block
pharmacodynamic end points. We used computational model-
ing to prioritize SAR studies to JzTx-V residues that potentially
contact the channel in the binding pocket. The single
substitution data from MAPS analoguing provided guidelines
for building a binding model. Conformational ensembles from
the NMR structure of JzTx-V analogue Pra-[Nle6]JzTx-V(1−
29), peptide 1,14 were docked into a homology model of the
domain II voltage sensor domain (VSD) of NaV1.7. We selected
residues Leu23 and Ile29 as well as Trp residues at positions 5, 7,
and 24 for further derivatization. Specifically, substitution of
Trp24 with 5-Br-Trp enhanced NaV1.7 potency. Further
optimization led to the potent and selective peptide 41 (AM-
6120), Glu-[Pra1;Nle6;Ala12;5-BrW24;Glu28]JzTx-V(1−29),
which was characterized by electrophysiology, X-ray crystallog-
raphy, and mouse pharmacokinetic studies. Evaluation of AM-
6120 in a NaV1.7-dependent behavioral model showed robust
reversal of histamine-induced pruritis inmice after subcutaneous
administration. These studies demonstrate noteworthy systemic
efficacy achieved with an optimized 30-residue tarantula-derived
folded peptide containing noncanonical amino acids and
identify new tools for in vivo target engagement for an ion
channel of significant therapeutic interest.

■ RESULTS
Molecular Docking. To help inform SAR efforts, we carried

out protein−protein docking calculations to generate a potential
model of JzTx-V analogue peptide 1 bound to a homology
model of the domain II VSD of human NaV1.7. As we had
reported, this JzTx-V peptide analogue contains a norleucine
(Nle) substitution to mitigate the potential metabolic liability of
the nativeMet6 and a propargylglycine (Pra) extension of theN-
terminus12 that improved potency and provided a potential
handle for future derivatization. As described previously,13 a set
of homology models of the domain II VSD in the closed
conformation were created based on a published Kv1.2 model as
a template.17 We used ZDOCK18 to rigidly dock all 10 members
of the NMR ensemble of the peptide to each homology model
conformation. Potential poses were filtered ensuring that
peptide residues critical for activity were within 5 Å of any
residue from the receptor homology model and likewise that
NaV1.7 residues 750, 753, 811, 816, and 818 had contact within
5 Å of any atom from the peptide ligand.19 Remaining poses

Figure 1. (A) Selected binding model from docking of NMR structure ensemble of peptide 1, Pra-[Nle6]JzTx-V(1−29) (PDB 6CHC), into a
homology model of human NaV1.7 domain II voltage sensor domain using ZDOCK. Peptide residues are labeled in black font, select NaV1.7 residues
are labeled in white font. (B) Overlay of NMR structures of related JzTx-V peptides 1 (green/yellow) and AM-8145 (gray/magenta), showing
alternate orientations of the Trp7 side chain indole moiety.
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were evaluated by eye to ensure that residues where substitution
was tolerated (positions 11, 14, 17) were oriented away from the
channel model and that residues critical for activity made
contacts with the VSD. A final potential model (Figure 1A) was
chosen based on consistency with the Ala and Glu scanning
data14 and further optimized using iterativeminimizations with a
molecular mechanics force-field (AMBER10:EHT with Gener-
alized Born implicit solvation as implemented in MOE).
In the selected binding model, Trp24 and Arg26 of JzTx-V

bind deeply into the domain II VSD cleft of NaV1.7. Arg26 is
oriented to make a potential interaction with Glu811. The Trp-
Arg pair reprises the hydrophobic-basic pairing frequently
observed in peptide toxin binding.20 Leu23 is similarly oriented
toward the bottom of the VSD toward the channel pore domain
near hydrophobic residues Met750, Leu820, and Ala1333. The
C-terminal residue Ile29 is oriented into the cleft of the VSD and
modeled toward the outside of the channel and lipid bilayer.
Trp5 and Nle6 are modeled to contact the S1−S2 loop, while
Lys22 is positioned to make electrostatic interactions with the
S3−S4 loop including residue Glu818. Positions on the peptide

scaffold where Ala/Glu substitution is tolerated (e.g., N-
terminus, 11, 14, 17) are oriented away from the channel, as
this was part of our model selection criteria.
Interestingly, the docked model does not suggest specific

contacts between Trp7 and the VSD in contrast to the single
substitution scanning data. Comparing the NMR ensembles for
peptide 1 and the potent and selective JzTx-V analogue AM-
8145, Pra-[Nle6;Glu28]JzTx-V(1−29),14 we observed that
Trp7 shows conformational variability with the side chain
orientation differing by approximately 90° between the two
structures (Figure 1B). This orientation would position Trp7 in
proximity of the channel pore and the S1−S2 loop, suggesting
inclusion of this residue in further SAR studies.
The docked model we generated as part of this SAR campaign

was sufficient to support analoguing efforts described below, and
it provided a post hoc visual rationalization of the existing SAR
data. After this work was completed, the high resolution
structures of eukaryotic voltage gated sodium channels were
published; cryoelectron microscopy structures of the cockroach
NaVPaS

21 and the EeNaV1.4-β1 from electric eel.22 These new

Table 1. NaV1.7 Inhibitory Activity of Single Residue Modified AM-8145 Analogues Determined by PatchXpress
Electrophysiologya

compd substitution hNaV1.7 PX IC50 (nM) 95% CIc hNaV1.4 PX IC50 (nM) 95% CIc

AM-8145b none 0.5 0.4−0.68e 145 90−200e

Leu23 Substitution
2 Ile 1.1 0.61−1.84 193 146−256
3 Nle 1.7 1.1−2.7 102 87−120
4 Nva 3.0 1.7−5.3 ndd

5 Chg 0.5 0.38−0.65 177 116−270
6 Cha 1.6 1.2−2.0 117 62−221
Ile29 Substitution
7 Phe 0.2 0.11−0.33 162 106−247
8 hPhe 0.3 0.25−0.47 23 14−38
9 Cha 0.6 0.35−1.0 37 27−51
10 Trp 0.2 0.11−0.37 92 71−120
Trp5 Substitution
11 1-Nal 71 56−90 nd
12 2-Nal 22 15−32 nd
13 5-Br-Trp 22 18−28 nd
14 Phe 1.3 0.9−1.9 52 32−87
15 hPhe 0.6 0.3−1.3 258 149−450
Trp7 Substitution
16 1-Nal 825 598−1138 nd
17 2-Nal 471 351−631 nd
18 5-Br-Trp 540 437−667 nd
19 Phe 12.6 8.8−18.1 nd
20 hPhe 6.8 4.2−11.2 nd
Trp24 Substitution
21 1-Nal 32 18.1−56.5 nd
22 2-Nal 182 110−301 nd
23 Phe 15 9.6−24.4 nd
24 hPhe >1000 nd
25 (AM-0714) 5-Br-Trp 0.26 0.09−0.43e 53 27−79e

26 5-Cl-Trp 3.1 1.6−5.9 23 18−29
27 6-Br-Trp 8.9 2.8−28 39 24−62
28 6-Me-Trp 19 14−26 nd
29 7-Br-Trp 24 17.7−32.5 nd

aAt least four different concentrations of test compound spanning up to four log units were tested. IC50 values were determined from at least 10
different cells with two to three data points per peptide concentration as previously described.11,13 bAM-8145: Pra-[Nle6;Glu28]JzTx-V(1−29);
cTo determine 95% confidence intervals, data were fit to a four parameter, variable slope Hill functions in GraphPad Prism. dnd, not determined.
Peptides with hNaV1.7 IC50 < 5 nM were, in general, advanced to the hNaV1.4 assay. en ≥ 3
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structures will inform future work with improved VSD models
and may provide additional insights into the specific
intermolecular interactions between the channel and toxins.
Peptide SAR Study. On the basis of the single residue scan

data and binding model, we selected the nonpolar residues at
positions 23 and 29, and the three Trp residues 5, 7, and 24 for
initial SAR studies to modulate NaV1.7 potency (Table 1). Like
JzTx-V, all new peptides contained C-terminal amides unless
otherwise noted. Replacement of the Leu23 residue in AM-8145
with alkyl amino acids Ile (peptide 2), norleucine (Nle, peptide
3), or norvaline (Nva, peptide 4) led to similar or modestly
lower NaV1.7 potency in a whole cell patch clamp electro-
physiology assay on an automated PatchXpress (PX) system
using NaV1.7 stably transfected HEK293 cells (Table 1).11

Cyclic side chain modifications were explored next. Cyclo-
hexylglycine (Chg)modification (peptide 5)maintainedNaV1.7
potency, while the slightly larger cyclohexylalanine (Cha,
peptide 6) resulted in 3-fold loss of activity on NaV1.7. We
synthesized AM-8145 analogues with hydrophobic amino acid
residues Phe (peptide 7), homophenylalanine (hPhe, peptide
8), Cha (peptide 9), or Trp (peptide 10) replacing the aliphatic
Ile29 residue, and interestingly all of them showed excellent
subnanomolar NaV1.7 inhibitory activity.
We explored Trp5, 7, and 24 modifications by substitution

with different hydrophobic aromatic residues. Replacing Trp5
with amino acids containing bulkier side chains such as 1-
naphthylalanine (1-Nal, peptide 11), 2-naphthylalanine (2-Nal,
peptide 12), or Trp derivative 5-bromotryptophan (5-Br-Trp,
peptide 13) led to over 100-fold reduction in potency. Smaller
aromatic side chains like Phe (peptide 14) or especially the Phe
derivative, hPhe5 analogue 15, were better tolerated (hNaV1.7
IC50 = 0.6 nM). Trp7 was much more sensitive to modifications,
with larger losses in potency observed with both bicyclic
(peptides 16−18) and Phe-based side chain (peptides 19 and
20) replacements. The hPhe7 analogue 20 displayed the best
potency among this set (NaV1.7 IC50 = 6.8 nM), although it
blocked NaV1.7 currents an order of magnitude less potently
than AM-8145 or hPhe5 peptide 15.
Trp24 modifications of AM-8145 gave rise to larger variations

in NaV1.7 potency. While replacing Trp24 with 1-Nal (peptide
21), 2-Nal (peptide 22), Phe (peptide 23), or hPhe (peptide 24)
all led to significant reduction in NaV1.7 potency, incorporation
of 5-Br-Trp at position 24 led to analogue 25 (AM-0714), with
IC50 = 0.26 nM, a 2-fold improvement in NaV1.7 inhibition. We
next explored the effect of replacing Trp24 with other indole-
containing side chains with halogen or methyl moieties
incorporated at different positions. Substitutions with 5-Cl-
Trp (peptide 26) or at positions 6 or 7 on the indole ring
(peptides 27−29) led to 10- to 100-fold less NaV1.7 potency
than AM-0714, indicating a preference for the 5-Br-Trp residue
in inhibiting NaV1.7.
The SAR study at positions 5, 7, 23, 24, and 29 on AM-8145

identified a few favorable replacements, including hPhe5,
Cha23, and 5-Br-Trp24. Next, we examined the effect of
combination of two preferred substitutions on NaV1.7
inhibition. To that end, we synthesized a series of AM-8145
double-substitution peptides listed in Table 2. Evaluation of
peptides 30−33 in the NaV1.7 assay showed no improvement in
potency by combining 5-Br-Trp24 and Phe29, hPhe29, or
hPhe5. Interestingly, peptide 30, with neighboring Chg23, 5-Br-
Trp24 modifications was 75-fold less potent than AM-8145
(NaV1.7 IC50 = 19.6 nM). We decided to focus further

analoguing around the single 5-Br-Trp24 hydrophobic face
modification of AM-8145.
We examined the effect of the 5-Br-Trp24 modification on

selectivity against other representative sodium channels. AM-
8145 and AM-0714 were tested on both tetrodotoxin-sensitive
(TTX-S) channels like NaV1.4 (present in skeletal muscle) and
NaV1.6 (present in motor neurons) as well as tetrodotoxin-
resistant (TTX-R) sodium channels NaV1.5 (present in cardiac
myocytes) and NaV1.8 (present in peripheral nociceptors).23

We observed increases in potency against other NaV isoforms
with the 5-Br-Trp24 change, includingNaV1.4, 1.5, and 1.6 while
maintaining the overall selectivity profile of AM-8145 (Table 3).
We next examined the effect of modifications at the termini of

AM-8145. JzTx-V and the analogues prepared above contain a
carboxamide moiety at the C-terminus. Replacing the terminal
amide with a glycine-carboxylic acid moiety24 in peptide 34 led
to a 10-fold loss in potency (Table 4). Attribute-based N-
terminal modifications were explored with Glu, Ala, and Lys
(peptides 35−37). The Pra residue was shifted from the N-
terminus (in AM-8145) to position 1 in these three peptides,
replacing Tyr1. TheGlu-Pra1 peptide 35was equipotent to AM-
0714, and Ala- and Lys- additions led to 4-fold and >10-fold
losses in potency, respectively.
Ala and Glu scans of JzTx-V had showed that substitutions at

positions 11, 12, and 14 were tolerated and showed modest
improvements in NaV1.4 selectivity.

14 With the N-terminus set
as Glu-Pra1, we scanned the impact of substitutions at these
locations (Table 5). Substitution of Ser11 and Ala14 (peptides
38 and 40) led to slight lowering of NaV1.7 potency compared to
AM-8145, but substitution of Lys12 with either Glu or Ala
maintained subnanomolar NaV1.7 potency and also displayed
over 100-fold selectivity against the skeletal muscle channel
NaV1.4 (peptides 39 and 41).
Peptide 41, AM-6120, was selected for further profiling in the

human NaV selectivity panel and exhibited excellent selectivity
(>750-fold) against NaV1.5, 1.6, and 1.8 (Table 6). In addition,
it potently blocked the recombinant mouse NaV1.7 channel
expressed in HEK293 cells and evaluated on the PatchXpress
platform (mNaV1.7 IC50 = 5.4 nM).
AM-6120 was evaluated in cultured dorsal root ganglia

(DRG) neurons to evaluate the specificity of block of NaV1.7-
dependent currents using manual whole cell patch clamp
electrophysiology in a native setting. In mouse DRG neurons,
the peptide was a potent inhibitor of TTX-sensitive (TTX-S)
currents mediated in part by native NaV1.7 with an IC50 of 5.1
nM (Figure 2A), while there was no effect observed on TTX-
resistant (TTX-R) currents, mainly carried by NaV1.8, (Figure
2B) at 0.5 μM.

Table 2. NaV1.7 Inhibitory Activity of AM-8145 Analogues
with Two Substitutionsa

compd AM-8145 substitutions hNaV1.7 PX IC50 (nM) 95% CIb

30 Chg23, 5-Br-Trp24 19.6 11.1−34.7
31 5-Br-Trp24, Phe29 1.1 0.8−1.5
32 5-Br-Trp24, hPhe29 1.1 0.7−1.9
33 hPhe5, 5-Br-Trp24 1.0 0.6−1.5

aAt least four different concentrations of test compound spanning up
to four log units were tested. IC50 values were determined from at
least 10 different cells with two to three data points per peptide
concentration as previously described.;11,13 bTo determine 95%
confidence intervals, data were fit to a four parameter, variable slope
Hill functions in GraphPad Prism.
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Racemic X-ray Crystallography. At the time of this work,
there were no published reports of an X-ray crystal structure of a
NaV1.7-inhibitory venom-derived peptide. Utilization of race-
mic and quasiracemic peptide mixtures has been widely used to
overcome the challenges in crystallization of small peptides.25

Using a similar approach, we synthesized and folded the
selenomethionine analogue of AM-6120, peptide 42, Glu-
[Pra1;SeMet6;Ala12;5-BrW24;Glu28]JzTx-V(1−29), and the
enantiomeric “all-D” version of AM-6120, peptide 43, and
solved the high resolution structure by the direct method. The
quasiracemic mix of 42 and 43 crystallized in space group P312.
One pair of each peptide was observed in the asymmetric unit
(Figure 3A). Only the L-peptide is used for description of the
structure.
Peptide 42 adopts a typical inhibitory cystine knot (ICK)

motif. Three antiparallel β-strands form the core of the motif
with three pairs of disulfide bonds stabilizing the loops (Figure
3B). Residues important for NaV1.7 binding cluster on one face
of the peptide (Figure 3B).While the overall fold is similar to the
NMR solution structure obtained for peptide 1, there are
conformational differences at both N- and C- termini, as well as
all three loops. Of note, the N-terminus and the C-terminus of
the NMR structure and crystal structures show the greatest
differences, probably due to variance from crystal packing
effects. The conformational differences within all three loops
reflect the flexible nature of these segments. Nevertheless, from a
medicinal chemistry design perspective, it was pleasing to
observe similar localization of the key binding residues of the

two peptides, despite multiple changes to the primary sequence
as part of the optimization process and different structure
determination techniques (Figure 3C).14

Mouse Pharmacokinetics.We examined pharmacokinetic
profiles of 5-Br-Trp24 analogues AM-0714 and AM-6120 in
C57Bl/6 mice (Figure 4). The peptides were administered
subcutaneously, and systemic plasma levels were monitored by
LC-MS/MS.26 The overall profiles were similar, with maximal
plasma concentrations observed at 30 min postdosing and half-
lives of 2.4 h for AM-0714 and 5 h for AM-6120.

In Vivo Pharmacology. Our initial SAR efforts had not
identified pharmacodynamically active GpTx-1 analogues at
well-tolerated systemic doses (data not shown). Optimization of
JzTx-V peptides using a NaV1.4 selectivity-enhancing Ile28Glu
modification afforded a series of potent (subnanomolar NaV1.7
IC50) and selective peptides, exemplified by AM-8145, Pra-
[Nle6;Glu28]JzTx-V.14 Unfortunately, AM-8145 had no effect
on a NaV1.7-dependent histamine-induced pruritis model in
mice27 at 1 mg/kg after subcutaneous administration (data not
shown), the highest dose with no locomotor effects in an open
field assay. The plasma concentration at the time of assay was
6.5-fold over the in vitro mNaV1.7 IC50 of 9 nM, below target
coverage multiples shown to be desirable in this assay with small
molecule NaV1.7 inhibitors.28 To assess if further optimized
versions of tarantula-derived toxins could engage the target ion
channel in vivo after systemic administration, peptide AM-6120
was evaluated in the histamine-induced pruritis model. AM-
6120, administered subcutaneously to C57Bl/6 mice 2 h before
an intradermal histamine challenge, produced a robust
reduction in scratching at a 2 mg/kg dose, similar to that
observed with the antihistamine diphenhydramine dosed orally
at 30 mg/kg (Figure 5). The dose response was steep, and
analysis of peptide plasma concentration at the efficacious dose
indicated the need for target coverage over 100-fold the in vitro
mouse NaV1.7 IC50. This dose did not lead to any significant
reduction in activity in a separate open field activity study in
naive mice (Supporting Information).

■ DISCUSSION

We and others have reported the discovery of naturally
occurring peptides from tarantula venom that inhibit the
voltage-gated ion channel NaV1.7. These natural products

Table 3. NaV Isoform Selectivity of AM-8145 and 5-Br-Trp24 Analogue AM-0714a,b

TTX-S sodium channels TTX-R sodium channels

compd NaV1.7 PX IC50 (nM) NaV1.4 PX IC50 (nM) NaV1.6 PX IC50 (nM) NaV1.5 PX IC50 (nM) NaV1.8 IC50 (nM)

AM-8145 0.5 ± 0.07 145 ± 28 183 ± 32 3072 ± 72 >1000
AM-0714 0.26 ± 0.08 53.4 ± 13 66 ± 17 260c 509 ± 21

aAt least four different concentrations of test compound spanning up to four log units were tested. IC50 values were determined from at least 10
different cells with two to three data points per peptide concentration as previously described.11,13 bMEAN ± SEM, n ≥ 2. cn = 1.

Table 4. NaV1.7 Inhibitory Activity of Terminal Extension
Analogues of AM-8145a

compd substitutions hNaV1.7 PX IC50 (nM) 95% CIb

34 −Gly-COOH 8.3 6.2−11.3
35 Glu-Pra1, 5-BrW24 0.3 0.25−0.46
36 Ala-Pra1, 5-BrW24 1.0 0.5−2.1
37 Lys-Pra1, 5-BrW24 5.7 2.8−11.7

aAt least four different concentrations of test compound spanning up
to four log units were tested. IC50 values were determined from at
least 10 different cells with two to three data points per peptide
concentration as previously described.11,13 bTo determine 95%
confidence intervals, data were fit to a four parameter, variable
slope Hill functions in GraphPad Prism.

Table 5. Ala/Glu SAR at Positions 11/12/14 on Peptide Glu-[Pra1;Nle6;5-Br-Trp24;Glu28]JzTx-V(1-29)a

compd substitution NaV1.7 PX IC50 (nM) 95% CIb NaV1.4 PX IC50 (nM) 95% CIb

38 Glu11 2.5 1.9−3.5 89 60−131
39 Glu12 0.5 0.35−0.68 72 38−135
40 Glu14 1.3 0.6−2.4 182 141−233
41 (AM-6120) Ala12 0.8 0.64−1.1c 104 44−164c

aAt least four different concentrations of test compound spanning up to four log units were tested. IC50 values were determined from at least 10
different cells with two to three data points per peptide concentration as previously described.11,13 bTo determine 95% confidence intervals, data
were fit to a four parameters, variable slope Hill functions in GraphPad Prism. cn ≥ 3.

Journal of Medicinal Chemistry Article

DOI: 10.1021/acs.jmedchem.8b00736
J. Med. Chem. XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.8b00736/suppl_file/jm8b00736_si_005.pdf
http://dx.doi.org/10.1021/acs.jmedchem.8b00736


Table 6. NaV Potency and Selectivity of AM-6120 Determined by PatchXpress Electrophysiologya,b

compd hNaV1.7 PX IC50 (nM) mNaV1.7 PX IC50 (nM) hNaV1.4 PX IC50 (nM) hNaV1.5 PX IC50 (nM) hNaV1.6 PX IC50 (nM) hNaV1.8 IC50 (nM)

AM-6120 0.8 ± 0.12 5.4 ± 3.4 104 ± 30 6640c 604c >1000
aAt least four different concentrations of test compound spanning up to four log units were tested. IC50 values were determined from at least 10
different cells with two to three data points per peptide concentration as previously described.11,13 bMean ± SEM, n ≥ 2. cn = 1.

Figure 2. Potent inhibition of TTX-S NaV channel currents by AM-6120 but not TTX-R NaV currents in mouse DRG neurons. (A) Representative
whole cell patch clamp recordings for AM-6120 showing block of TTX-S NaV channels. TTX was used as a positive control. (B) Representative whole
cell patch clamp recordings for AM-6120 showing no block of TTX-R currents at 0.5 μM. Recordings were performed in the presence of 500 nMTTX
to block endogenous TTX-S currents. The positive control NaV1.8 blocker 5-(4-chlorophenyl)-N-((2-(2,2,2-trifluoroethoxy)pyridin-3-
yl)methyl)nicotinamide (Supporting Information, Figure S1) fully blocked TTX-R currents at 0.5 μM. (C) IC50 values from above experiments.

Figure 3. X-ray crystal structure of JzTx-V-derived NaV1.7-inhibitory peptide AM-6120 solved at 1.05 Å resolution using racemic crystallography. (A)
Asymmetric unit showing onemolecule of L-peptide (blue) and onemolecule of the D-peptide (green). Disulfide bonds are in yellow; PDB 6CNU. (B)
Only the L-peptide is shown. Disulfide connectivity is labeled, and residues important for NaV1.7 potency are shown in salmon in stick representation.
(C) NaV1.7 binding surface comparison of the SeMet6 analogue of AM-6120, peptide 42 (left) and NMR structure of peptide 1 (right). Key residues
are shown as sticks and cluster on one side of the peptide structure.
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offer the promise of pharmaceutical intervention in a setting of
high unmet medical need, viz. non-opioid pain medications.
However, it has been challenging to investigate these natural
inhibitors in preclinical pharmacodynamic studies. First,
challenges with peptide biodistribution and the ability of the
peptide to access target tissue sites were revealed in an impactful
ex vivo study by Priest and co-workers with the NaV1.7-
inhibitory tarantula toxin peptide ProTx-II which did not block
action potential firing unless the saphenous nerve was first
desheathed to enable peptide access.7 Second, a key liability of
these molecules is target specificity and in vivo tolerability.7,15

Such NaV1.7 inhibitory peptides have been evolved to block
insect sodium channels quickly and are not inherently specific
for higher mammalian isoforms like human NaV1.7. It has been
challenging to separate biodistribution challenges from systemic
tolerability using natural product scaffolds, limiting progress
toward drug development. Interestingly, it has been recently
shown that local and intrathecal administration of toxin peptides
and variants do impact pharmacodynamic end points preclini-
cally, suggesting successful target engagement when peptides
can access nerve tissue.7,8,10

We strived to distinguish target access from tolerability by
engineering selectivity enhancements on natural scaffolds by
using peptide medicinal chemistry SAR to identify analogues
suitable for validating pharmacodynamic studies via systemic
administration. Selectivity was sought against related sodium
channels including NaV1.4, NaV1.5, andNaV1.6 that play roles in
skeletal muscle, heart, and peripheral nerve function, respec-
tively. To identify a peptide that could be dosed in vivo to larger
exposure multiples, we initiated SAR studies to modify AM-
8145 while maintaining the sub-nM NaV1.7 IC50. We used

molecular docking to visualize key peptide residues that
potentially contact the target binding site on the NaV1.7 domain
II voltage sensor. Docking studies using a NMR structural
ensemble of a JzTx-V peptide and a NaV1.7 homology model,
with attribute-based scan data of single substitution peptide
analogues14 as a guide, suggested that further investigation into
nonpolar JzTx-V residues Leu23, Ile29, and Trp5, 7, and 24 in
optimizing target binding was warranted.
Electrophysiology testing of folded peptide analogues with

nonpolar modifications at the indicated positions suggested
more complex and subtle roles for each amino acid side chain in
the interaction with NaV1.7. Leu and Ile have very similar
hydrophobic accessible surface areas,29 but different effects were
observed in SAR at Leu23 and Ile29. Position 23 preferred an
alicyclic modification like Chg. However, position 29, the last
amino acid in the JzTx-V sequence, was widely tolerant of
alicyclic and aromatic replacements. This data is consistent with
our binding model (Figure 1A) where Leu23 is pointed deep
into the NaV1.7 VSD pocket while Ile29 is oriented toward the
lipid bilayer and could conceivably accommodate larger
variations in side chain shape and size. SAR studies at the
three Trp residues (5, 7 and 24) also suggested varying room for
replacing the side chain indole moiety with Trp5 and more
especially Trp7 being sensitive to modifications. Interestingly,
Trp24 substitution with a bromine resulted in potency variations
specific to the exact position of the substituent on the indole
moiety, suggesting preferable interactions with the NaV1.7 VSD
for the 5-Br-Trp24 analogue. Intriguingly, the optimal
modifications did not have additive or synergistic effects on
NaV1.7 inhibition, leading us to focus our attention on only 5-Br-
Trp24 peptides. Encouragingly, the modest gain in NaV1.7

Figure 4. (A) Mouse pharmacokinetic profiles of 5-Br-Trp24 containing JzTx-V peptides AM-0714 and AM-6120 in male C57Bl/6 mice (n = 3/time
point). The peptides were dosed subcutaneously at 2 mg/kg and monitored by LC-MS/MS. Data are mean ± SEM for each time point. (B) Mouse
pharmacokinetic parameters.

Figure 5. (A) Reduction of scratch bouts in a mouse histamine-induced pruritis model with vehicle, AM-6120, andDPH (diphenhydramine, 30mg/kg
po dosing) (male C57Bl/6 mice, n = 7−10/group). ****, p < 0.0001 versus vehicle group (One-Way ANOVA followed by Dunnett’s tests). (B)
Plasma exposure levels (±SEM) of AM-6120 and calculated exposure multiples over the mouse NaV1.7 PX IC50 (5.1 nM).
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potency with this modification did not impact overall sodium
channel selectivity, although there was a gain in absolute potency
at both TTX-S and TTX-R sodium channels compared to AM-
8145. Further analoguing was undertaken to examine the effect
on NaV selectivity, at the termini and positions suggested by
single mutant data, 11, 12, and 14. Introduction of a carboxylate
functionality to the peptide termini had differing effects on
NaV1.7 inhibition. Like toxin peptides GpTx-113 and HwTx-
IV,22 converting the C-terminus from carboxamide to carboxylic
acid led to a 10-fold loss in AM-8145 potency. Conversely, the
carboxylate side chain containing Glu residue was tolerated at
the N-terminus. Our binding model suggests that the C-
terminus is near the S3−S4 loop of domain II VSD of NaV1.7
and the surrounding lipid bilayer and therefore introducing a
carboxylic acid functionality might be disfavored in that
environment. The peptide N-terminus points away from the
ion channel and may allow better compatibility with a
carboxylate side chain. We tested Ala and Glu modifications in
the residue 11−14 sector leaving Arg13 unchanged because it
was important for activity and observed potent NaV1.7
inhibition especially with substitutions of Lys12. This process
culminated in the identification of JzTx-V analogue AM-6120
with >100-fold NaV subtype selectivity, especially against
NaV1.5, NaV1.6, and NaV1.8. In manual whole cell patch
clamp electrophysiology studies with native mouse DRG
neuronal cells, AM-6120 demonstrated similar potency and
selectivity for blocking TTX-S over TTX-R currents that was
observed in transfected HEK cells.
AM-6120 has six modifications from the 29-residue native

JzTx-V sequence including three non-natural amino acids, each
selection emerging from different aspects of peptide engineering
(Figure 6). The two glutamic acid and alanine substitutions
improved selectivity, propargylglycine afforded a chemical
handle for potential derivatizations,12,26 the 5-Br-Trp residue
improved potency and norleucine imparted chemical stability.
To evaluate the impact of these extensive changes on peptide
conformation, we solved the X-ray crystal structure of AM-6120
by the technique of racemic crystallization. The overall ICK
folded structure and putative binding interface was comparable
to the native toxin as suggested by the similar NaV1.7 potency.
Our structural insights from the docking of peptide 1 to the
NaV1.7 VSD homology model rationalized positions within the
peptide that were amenable to empirical SAR for optimization of
the interaction without disruption of the backbone conforma-
tion. Interestingly, the crystal structure of the peptide confirmed

the relative orientation of the 5-Br-Trp24 side chain with the
bromine potentially pointing in the direction of the bottom of
the pocket in our putative binding model. In light of the recent
high resolution NaVPaS

21 and EeNaV1.4-β1
22 data, future

refinement of these models is warranted and may provide
additional insight into the mechanism of interaction between
peptide and channel. Other than the recently published
structure of ProTx-II by Wright et al.,30 this report is the only
known crystal structure of a NaV1.7-inhibitory peptide derived
from a natural toxin scaffold.
The 5-Br-Trp24 modified peptides AM-0714 and AM-6120

were evaluated in mouse pharmacokinetic studies. Following a
subcutaneous 2 mg/kg dose, both peptides showed high initial
exposures followed by clearance with half-lives in the 2−5 h
range, a reasonable pharmacokinetic profile for peptides not
subjected to rapid proteolysis.11 These data enabled the design
of a study to evaluate effects of the more selective peptide AM-
6120 in behavioral end-points impacted by NaV1.7 inhibition in
vivo.
NaV1.7 mediates pruriceptive sensory information trans-

duction, as shown by human genetic evidence that SCN9A gain-
of-function mutations led to paroxysmal itch, as well as the lack
of scratching observed in NaV1.7 knockout mice in response to
histamine.31 Inhibition of scratching following an intradermal
challenge with histamine has been utilized to test pharmaco-
logical effects of NaV1.7 inhibitors in mice27 and represents a
translational model for clinical studies. AM-6120 robustly
blocked histamine induced scratching in mice at a 2 mg/kg
dose that was free of any locomotor effects in a separate open
field assay. Interestingly, plasma exposures from this study
indicated that a 100-fold coverage over the in vitro mouse
NaV1.7 IC50 was needed to elicit this response. The improved
off-target selectivity of this peptide enabled in vivo testing at
higher exposure multiples compared to 6−7-fold achieved with
AM-8145 at its highest tolerated dose of 1 mg/kg or lower
expected multiples from testing GpTx-115 and ProTx-II8 at their
highest tolerated systemic dose of 0.1 mg/kg, all of which lacked
in vivo pharmacodynamic efficacy. This data suggests that for
successful NaV1.7 target engagement using systemic admin-
istration, peptidic inhibitors may need high plasma target
coverage, e.g., ≥100-fold in vitro IC50 values. This could be due
to multiple reasons. Similar to small molecule NaV1.7
inhibitors,28 peptides probably need to robustly block NaV1.7
currents and action potential firing at peripheral nerve fibers to
significantly impact behavior. Additionally, the possibly reduced

Figure 6. (A) Linear amino acid sequences of peptides, highlighting variations from native JzTx-V in red font. The six cysteines are linked C1−C4, C2−
C5, and C3−C6 in an inhibitory cystine knot motif. (B) Chemical structure of lead peptide AM-6120 with the six residues different from native JzTx-V
highlighted in red.
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ability of large molecules like peptides to distribute freely among
in vivo compartments may also dictate the need for high
exposures in plasma to access the target in peripheral nerve.
High plasma coverage multiples have been reported for
therapeutic doses of diverse peptidic modulators.32,33 The
target coverage requirements can be reconciled with the ex vivo
observations with ProTx-II in desheathed and intact nerves in
that a high systemic exposure may partially overcome
permeability challenges.
Medicinal chemistry optimization of a disulfide-rich 29-

residue peptide, including employing non-natural amino acids,
allowed us to probe NaV1.7 function in vivo with the tarantula-
derived toxin class of NaV1.7 inhibitors. Parenthetically, we note
that AM-6120 had no effect in a capsaicin-induced nociception
model of pain at the 2 mg/kg sc dose (data not shown),
suggesting a probable need for even higher target coverage for
peptides in that setting. These results support further research
into identifying NaV1.7 inhibitory peptides with improved
potency and selectivity that can impact behavioral end points.

■ CONCLUSION
Toxin peptides from tarantula venom are a rich source of leads
for inhibiting the voltage-gated sodium channel NaV1.7, but
preclinical pharmacodynamic activity after systemic admin-
istration has not been reported. Potential challenges include
suboptimal biodistribution and tolerability properties of these
natural products. To identify leads that could be dosed inNaV1.7
target engagement studies at high plasma concentrations to
access target tissues, an optimization campaign was initiated on
the potent JzTx-V toxin-derived peptide AM-8145. Using
positional scanning and molecular docking to focus SAR studies
on peptide residues that contact the target binding site, we
discovered a 5-Br-Trp24 modification which was optimized to
deliver potent (sub-nM NaV1.7 IC50) and selective (>100×NaV
subtype selectivity) lead peptide AM-6120 that was charac-
terized further in neuronal cells, X-ray crystallography, and
pharmacokinetic studies. In a NaV1.7-dependent behavioral
model of target engagement, AM-6120 robustly blocked
histamine-induced scratching in mice after subcutaneous
administration. Lead optimization of JzTx-V to AM-6120
resulted in a 20% change in the native toxin sequence, including
noncanonical amino acids. A plasma drug concentration of 100-
fold over the in vitro IC50 was required to block NaV1.7
dependent behavior following systemic subcutaneous dosing,
suggesting high exposure thresholds may be needed to impact
this ion channel in vivo using peptides and offering guidance for
future inhibitor design.

■ EXPERIMENTAL SECTION
Materials. Nα-Fmoc protected amino acids were purchased from

Novabiochem (San Diego, CA), Bachem (Torrance, CA), ChemPep
(Wellington, FL), or GL Biochem (Shanghai, China). Rink Amide
MBHA resin was purchased from Peptides International (Louisville,
KY). SP Sepharose high performance resin was purchased from GE
Healthcare Life Sciences. The following compounds were purchased:
N,N-diisopropylethylamine (DIEA), trifluoroacetic acid (TFA), acetic
acid, piperidine, 4-methylpiperidine, 3,6-dioxa-1,8-octanedithiol
(DODT), triisopropylsilane, oxidized glutathione, and reduced
glutathione (Sigma-Aldrich, Milwaukee, WI); dichloromethane
(DCM, Mallinckrodt Baker, Inc.); N,N-dimethylforamide (DMF,
Fisher Scientific); 6-chloro-1-hydroxy benzotriazole (6-Cl HOBt,
Matrix Innovation); HPLC quality water and acetonitrile (Burdick
and Jackson); 1.0 M Tris-HCl pH 7.5 (Teknova). Stable cell lines
expressing human voltage-gated sodium (NaV) channels (HEK293-

hNaV1.4, HEK293-hNaV1.5, HEK293-hNaV1.7, and CHO-hNaV1.8)
and mouse voltage-gated sodium (NaV) channel (HEK293-
mNaV1.7)

27 were used for experiments. The purity of synthesized
compounds was determined by LC-MS analysis: Elution from a
Phenomenex Max-RP column (2.5 μm, 2.0 mm × 50 mm) using a
gradient of 5−50% acetonitrile in H2O (0.1%TFA) over 10 min at a
flow rate of 750 μL/min on an Agilent 1290 LC-MS system. All
compounds for biological testing were ≥95% pure.

Parallel Peptide Synthesis. Peptides were assembled using Nα-
Fmoc solid-phase peptide synthesis methodologies with appropriate
orthogonal protection and resin linker strategies as described
previously.11,13 The peptides were synthesized on a 96 × 0.0125
mmol scale using Rink Amide MBHA resin (100−200 mesh, 1% DVB,
0.52mol equiv/g initial loading, Peptides International, Louisville, KY).
Dry resin (25mg per well resin loader, 28mg per well actual) was added
to two Phenomenex deep-well protein precipitation plates (CEO-7565,
38710-1) using a resin loader (Radley). Amino acids were added to the
growing peptide chain by stepwise addition using standard solid-phase
methods on an automated peptide synthesizer (Intavis Multipep).
Amino acids (5 mol equiv, 120 μL) were preactivated (1 min) with 6-
chloro-1-hydroxybenzotriazole (6-Cl-HOBt, Matrix Innovation, 5 mol
equiv, 0.4 M, 150 μL) in DMF and 1,3-diisopropylcarbodiimide (DIC,
5 mol equiv, 1M, 60 μL). Preactivated amino acids (5 min) were
transferred to the appropriate well. Resins were incubated for 60 min,
drained, and the cycle repeated. Following the second amino acid
incubation, the plates were drained and washed with DMF eight times
(3mL per column of eight wells). The Fmoc groups were then removed
by two sequential incubations in 500 μL of a 20% piperidine in DMF
solution. The first incubation was 5 min, the resin was drained, and the
second incubation was for 15 min. The resin was again drained and
washed with DMF 10 times (3 mL per column). The Fmoc protecting
group was removed from the N-terminus as described above and the
resin was washed with DCM 5 times (3 mL per column) and allowed to
air-dry.

Parallel Peptide Cleavage.A drain port sealing mat (ArcticWhite,
AWSM-1003DP) was affixed to the bottom of the filter plate. To the
resin in each well were added triisopropylsilane (100 μL), 3,6-dioxa-
1,8-octane-dithiol (DODT, 100 μL), and water (100 μL). To the resin
in each well was added TFA (1.2 mL). The top of the plate was covered
with another drain port sealing mat. The mixture was agitated on a plate
shaker for 2 h. The sealing mat was removed, and the cleavage solution
was eluted into a solid bottom 24-well deep well plate. The bottom of
the filter plate was affixed with a drain port sealing mat, and the resin in
each well was washed with an additional 1 mL of TFA. The mixture was
agitated on a plate shaker for 10 s, then the drain port sealing mat was
removed and the TFA was drained into the solid bottom 24-well deep
well plate. The solutions were transferred to 50mL centrifuge tubes and
concentrated using rotary evaporation (Genevac) for 2 h. To each tube
was added 30 mL of cold diethyl ether, following which a white
precipitate was observed. The mixture was centrifuged, and the ether
was decanted. An additional 30 mL of cold ether was added to wash,
and the mixture was vortexed. The mixture was centrifuged, and the
ether was decanted. The tubes were allowed to air-dry overnight.

Individual Peptide Synthesis. Rink Amide Chem Matrix resin
(0.2 mmol, 0.45 mmol/g loading, 0.444 g, Matrix Innovation) was
weighed into a CS BIO reaction vessel. The reaction vessel was
connected to a channel of the CS BIO 336X automated peptide
synthesizer, and the resin was washed 2× DMF and allowed to swell in
DMF for 15 min. Fmoc-amino acids (1.0 mmol, Midwest Biotech or
Novabiochem) were dissolved with 6-chloro-1-hydroxybenzotriazole
(6-Cl-HOBt) in DMF (0.4 M, 2.5 mL). To the solution was added 1,3-
diisopropylcarbodiimide (DIC, Sigma-Aldrich) in DMF (1.0 M, 1.0
mL). The solution was agitated with nitrogen bubbling for 15 min to
accomplish preactivation and then added to the resin. The mixture was
shaken for 2 h. The resin was filtered and washed with DMF (3×),
DCM (2×), and DMF (3×). Fmoc-removal was accomplished by
treatment with 20% piperdine in DMF (5 mL, 2 × 15 min, Fluka). The
resin was filtered and washed with DMF (3×). All residues were single
coupled through repetition of the Fmoc-amino acid coupling and Fmoc
removal steps described above.
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Individual Peptide Cleavage. After final Fmoc-removal from the
N-terminal residue, resin-bound linear peptide (0.2 mmol scale) was
transferred to a 25 mL solid-phase extraction (SPE) filter tube, washed
with DMF (3 times) and DCM (3 times), and dried under vacuum. To
the resin was added triisopropylsilane (1.0 mL), 3,6-dioxa-1,8-octane-
dithiol (DODT, 1.0 mL), water (1.0 mL), trifluoroacetic acid (TFA, 15
mL), and a stir bar, and the mixture was stirred for 3 h. The mixture was
filtered into a 50mL centrifuge tube. The resin was washed with TFA (5
mL), and the combined filtrate was concentrated by rotary evaporation
in Genevac for 2 h. To the residue (5 mL) was added 40 mL of cold
diethyl ether, and a white precipitate formed. The mixture was
centrifuged, and the ether was decanted. Another 40 mL of cold ether
was added, and the precipitate was stirred. Themixture was centrifuged,
and the ether was decanted. The solid was dried under vacuum.
Linear Peptide Purification and Folding. The crude linear

peptide was purified by preparative LC-MS. The filtered sample (300
mg in 5 mL of DMSO) was purified with preparative HPLC column
(Phenomenex Synergi 4 μmMAX-RP 80 Å AXIA, 250 mm × 30 mm).
The fractions were analyzed by LC-MS, pooled, and lyophilized to
afford pure linear peptide precursor. In a 1 L polypropylene bottle was
prepared a folding buffer with water (800 mL), acetonitrile (100 mL),
cysteine solution in water (1 M, 1 mL), and cystine dihydrochloride in
water (0.15 M, 6.667 mL). To the pure linear peptide (100 mg) was
added 5mL of acetonitrile and 5mL of water. Themixture was vortexed
to complete dissolution of the peptide. The peptide solution was added
to the buffer followed by Tris-HCl pH 8.0 (1M, 100mL). The pH value
was measured to be 8.0. The folding mixture was allowed to stand at 4
°C for 18−72 h. A small aliquot was removed, and the sample was
analyzed by LC-MS to ensure that the folding was complete. The
solution was quenched by the addition of TFA to pH 2.5, and the
aqueous solution was filtered. The filtered solution (1 L, 100 mg
peptide) was loaded onto a preparative HPLC column (Phenomenex
Synergi 4 μmMAX-RP 80 Å AXIA, 250 mm× 30mm) using an Agilent
preparative loading pump. The column was attached to a prep HPLC,
Agilent/LEAP prep LC-MS, and the peptide was eluted to afford pure
folded peptide.
Crude Peptide Folding and Purification. In a 1 L polypropylene

bottle was prepared a folding buffer with water (800 mL), acetonitrile
(100 mL), cysteine solution in water (1 M, 1 mL), and cystine
dihydrochloride in water (0.15 M, 6.667 mL). To the crude linear
peptide (100 mg) was added 5 mL of acetonitrile and 5 mL of water.
The mixture was vortexed to complete dissolution of the peptide. The
peptide solution was added to the buffer followed by Tris-HCl pH 8.0
(1M, 100 mL). The pH value was measured to be 8.0. The folding
mixture was allowed to stand at 4 °C for 18−72 h. A small aliquot was
removed, and the sample was analyzed by LC-MS to ensure that the
folding was complete. The solution was quenched by the addition of
TFA to pH 2.5, and the aqueous solution was filtered. The filtered
solution (1000 mL, 100 mg peptide) was loaded onto a preparative
HPLC column (Phenomenex Synergi 4 μm MAX-RP 80 Å AXIA, 250
mm× 30 mm) using an Agilent preparative loading pump. The column
was attached to a prep HPLC, Agilent/LEAP prep LC-MS, and the
peptide was eluted to afford pure folded peptide. The final yields varied
with different sequences and generally range from 5 to 10%.
Electrophysiology. All automated and manual patch clamp

electrophysiology experiments were conducted as previously described,
and IC50 values were determined from at least 10 different cells with two
to three data points per peptide concentration.11,27 All cell lines were
validated by RT-PCR to express the indicated NaV isoform and
mycoplasma free. NaV current inhibition was determined after 5 min of
peptide addition, at which point inhibition reached near steady-state
levels for concentrations at or above IC50 values. For all PatchXpress
experiments, cells were not reused for subsequent testing if currents did
not return to >80% starting levels following peptide washout. In
addition, steady-state inactivation curves were determined following
washout of each concentration of peptide and preceding subsequent
concentrations tested to ensure the same level of NaV channel
inactivation prior to peptide addition.
PatchXpress 7000A Electrophysiology. Adherent cells were

isolated from tissue culture flasks using 1:10 diluted 0.25% trypsin−

EDTA treatment for 2−3 min and then were incubated in complete
culture medium containing 10% fetal bovine serum for at least 15 min
prior to resuspension in external solution consisting of 70 mM NaCl,
140 mM D-mannitol, 10 mM HEPES, 2 mM CaCl2, and 1 mMMgCl2,
pH 7.4, with NaOH. Internal solution consisted of 62.5 mM CsCl, 75
mM CsF, 10 mMHEPES, 5 mM EGTA, and 2.5 mMMgCl2, pH 7.25,
with CsOH. Cells were voltage clamped using the whole-cell patch
clamp configuration at room temperature (∼22 °C) at a holding
potential of −125 mV with test potentials to −10 mV (hNaV 1.4,
hNaV1.6, and hNaV1.7), −20 mV (hNaV1.5). To record from partially
inactivated channels, currents were recorded with a holding voltage that
yielded ∼20% channel inactivation, calculated automatically for each
individual cell. Test compounds were added, and NaV currents were
monitored at 0.1 Hz at the appropriate test potential. All compound
dilutions contained 0.1% bovine serum albumin to minimize non-
specific binding. Cells were used for additional compound testing if
currents recovered to >80% of starting values following compound
washout. At least four different concentrations of test compound at half
log units were applied individually, with washout, recovery of current,
and resetting of holding voltage between each individual concentration.
Percent inhibition as a function of compound concentration was pooled
from at least n = 10 different cells, with two to three data points per
concentration, and fitting the resulting data set with a Hill (four-
parameter logistic) fit in DataXpress 2.0 software to produce a single
IC50 curve.

Whole-Cell Patch Clamp Electrophysiology. Cells were voltage
clamped using the whole-cell patch clamp configuration at room
temperature (∼22 °C). Pipette resistances were between 1.5 and 2.0
MΩ. Whole-cell capacitance and series resistance were uncompensated.
Currents were digitized at 50 kHz and filtered (4-pole Bessel) at 10 kHz
using pClamp10.2. Cells were lifted off the culture dish and positioned
directly in front of a micropipette connected to a solution exchange
manifold for compound perfusion. To record from partially inactivated
channels, cells were held at −140 mV until currents stabilized and then
switched to a voltage that yielded ∼20% channel inactivation. Then 10
ms pulses were delivered every 10 s and peak inward currents were
recorded before and after compound addition. Compound dilutions
contained 0.1% bovine serum albumin tominimize nonspecific binding.
For hNaV1.8 channel recordings, tetrodotoxin (TTX, 0.5 uM) was
added to inhibit endogenous TTX-sensitive voltage-gated sodium
channels and record only NaV1.8-mediated TTX-resistant currents.
External solution consisted of: 140 mM NaCl, 5.0 mM KCl, 2.0 mM
CaCl2, 1.0 mMMgCl2, 10 mMHEPES, and 11 mM glucose, pH 7.4, by
NaOH. Internal solution consisted of: 62.5 mM CsCl, 75 mM CsF, 2.5
mM MgCl2, 5 mM EGTA, and 10 mM HEPES, pH 7.25, by CsOH.
Escalating compound concentrations were analyzed on the same cell,
and IC50 values were calculated with Clampfit 10.2 software and by
fitting the resulting data set with a Hill (four-parameter logistic) fit in
Origin Pro 8 software.

DRG Neuron Isolation and Manual Patch Clamp Electro-
physiology. DRG from cervical, thoracic, and lumbar regions of adult
male and female C57BL/6 mice were removed, placed in Ca2+ and
Mg2+-free Hanks’ Balanced Salt Solution (Invitrogen, Carlsbad, CA),
and trimmed of attached fibers under a dissecting microscope. DRG
were sequentially digested at 37 °C with papain (20 U/mL,
Worthington Biochemical Corporation, Lakewood, NJ), L-cysteine
(25 μM) in Ca2+ and Mg2+-free Hanks’ (pH 7.4) for 20−30 min, and
then with collagenase type 2 (0.9% w/v, Worthington Biochemical
Corporation) for 20−30 min. Digestions were quenched with a 1:1
mixture of DMEM and Ham’s F-12 nutrient mixture (Invitrogen)
supplemented with 10% calf serum (Invitrogen), and cells were
triturated with a fire-polished Pasteur pipet prior to plating on poly-D-
lysine-coated glass coverslips (Cole-Parmer, Vernon Hills, IL). Cells
weremaintained in a humidified incubator at 28 °Cwith 5%CO2 for 3−
7 days in the presence of 1% NSF-1 (Lonza, Basel, Switzerland) to
increase the expression of tetrodotoxin-sensitive sodium channel
currents. DRG neurons were voltage clamped using the whole-cell
patch clamp configuration at room temperature (21−24 °C) using an
Axopatch 200 B or MultiClamp 700 B amplifier and DIGIDATA1322A
with pCLAMP software (Molecular Devices, Sunnyvale, CA). Pipettes,
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pulled from borosilicate glass capillaries (World Precision Instruments,
Sarasota, FL), had resistances between 1.0 and 3.0 MΩ. Voltage errors
were minimized using >80% series resistance compensation. A P/4
protocol was used for leak subtraction. Currents were digitized at 50
kHz and filtered (four-pole Bessel) at 10 kHz. Cells were lifted off the
culture dish and positioned directly in front of a micropipette
connected to a solution exchange manifold for compound perfusion.
Cells were held at a voltage yielding approximately 20% inactivation and
depolarized to −10 mV for 40 ms every 10 s. Tetrodotoxin (TTX,
Sigma) was used following peptide addition to block any residual TTX-
sensitive sodium currents. Pipette solution contained 62.5 mM CsCl,
75 mM CsF, 2.5 mM MgCl2, 5 mM EGTA, and 10 mM HEPES, pH
7.25, by CsOH. Bath solution contained 70mMNaCl, 5.0 mMKCl, 2.0
mM CaCl2, 1.0 mM MgCl2, 10 mM HEPES, 11 mM glucose, and 140
mM D-mannitol, pH 7.4, by NaOH. Data were analyzed with Clampfit
and Origin Pro 8 (OriginLab Corp, Northampton, MA).
X-ray Crystallography. Equimolar ratios of racemic peptides (42

and 43) dissolved in water was mixed and centrifuged to remove any
particulate matter before crystallizations. Crystallization screening was
conducted at 20 °C by sitting drop vapor diffusion method using
commercial crystallization screens. Large single crystals were grown
under 0.1 mM sodium acetate, pH 3.6−5.6, and 1.5−2.0 M ammonium
sulfate. For data collection, crystals were briefly transferred to the
cryoprotectant (reservoir solution plus 20% (v/v) glycerol) and flash-
frozen in liquid nitrogen. Data were collected at beamline 22ID at the
Argonne National Laboratory (Chicago, IL).
The diffraction data were integrated using programXDS34 and scaled

using the program Aimless35 in CCP4 package.36 The structure was
solved by direct method using the ACORN program37 in the CCP4
package. Model building was carried out in COOT,38 and refinement
was done in REFMAC539 in the CCP4 program suite. All structural
figures were prepared using Pymol (Schrodinger Inc. San Diego, CA).
The data collection and refinement statistics are presented in Table S2
(Supporting Information).
Animals and Ethics. All studies involving the use of animals were

approved by Amgen’s Institutional Animal Care and Use Committee in
accordance with the National Institutes of Health’s Guide for the Care
and Use of Laboratory Animals and conducted at an AALAC-
accredited facility.
Histamine-Induced Scratching inMice.27 Subjects were C57Bl/

6male mice (Charles River Laboratories, Franklin, NY) aged between 8
and 10 weeks at the beginning of the study. One day prior to behavioral
testing, C57Bl/6 male mice were anesthetized under 3% isoflurane and
the area at the nape of the neck was shaved. Immediately afterward,
mice were transported to the testing room and acclimated to individual
sound-attenuated chambers (12" l × 9.5" w × 8.25" h, Med Associates
VFC-008, NIR-022MD, St. Albans, VT) for 15 min. Testing was
performed the following day between the hours of 8 a.m. and 3 p.m.
Two hours prior to histamine treatment, mice were subcutaneously
administered either AM-6120 (0.5 (n = 8), 1.0 (n = 8), or 2.0 (n = 10)
mg/kg body weight), or a vehicle control formulation (PBS with 1%
MSA, n = 10). A separate group of animals was orally administered the
antihistamine diphenhydramine (30 mg/kg in phosphate-buffered
saline; Sigma D3630, n = 7) 90 min prior to testing to serve as a positive
control. Histamine dichloride (8.15 mM in a volume of 100 μL; Sigma,
H7250, all subjects) was injected intradermally to the shaved area, mice
were placed into the sound-attenuated testing chambers, and behavior
was recorded on digital video files for a period of 15 min. Video
recordings were later reviewed and individual scratching bouts were
scored by trained experimenters. A scratching bout was defined as a
rapid head tilt accompanied by a hind paw directed at the site of
intradermal injection. Termination of a scratching bout was deemed to
have occurred when the hind paw was placed back on the chamber floor
or into the animal’s mouth. All dosing and scoring activities were
conducted by experimenters who were fully blinded to treatment
conditions.
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