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SUMMARY

Voltage-gated sodium (Nav) channels are targets of
disease mutations, toxins, and therapeutic drugs.
Despite recent advances, the structural basis of
voltage sensing, electromechanical coupling, and
toxin modulation remains ill-defined. Protoxin-II
(ProTx2) from the Peruvian green velvet tarantula is
an inhibitor cystine-knot peptide and selective
antagonist of the human Nav1.7 channel. Here, we
visualize ProTx2 in complex with voltage-sensor
domain II (VSD2) from Nav1.7 using X-ray crystallog-
raphy and cryoelectron microscopy. Membrane par-
titioning orients ProTx2 for unfettered access to
VSD2, where ProTx2 interrogates distinct features
of the Nav1.7 receptor site. ProTx2 positions two
basic residues into the extracellular vestibule to
antagonize S4 gating-charge movement through an
electrostatic mechanism. ProTx2 has trapped acti-
vated and deactivated states of VSD2, revealing a
remarkable �10 Å translation of the S4 helix,
providing a structural framework for activation gating
in voltage-gated ion channels. Finally, our results
deliver key templates to design selective Nav chan-
nel antagonists.

INTRODUCTION

Voltage-gated sodium (Nav) channels initiate action potentials in

excitable cells. Mutations in the nine Nav channel subtypes

(Nav1.1–Nav1.9) are associated with migraine, epilepsy, pain,

and cardiac and muscle paralysis syndromes (Catterall et al.,

2005; Huang et al., 2017). Nav channel blockers treat a range

of neurological and cardiovascular disorders but lack subtype

selectivity due to conservation of the central-pore drug binding

site (Payandeh and Hackos, 2018). Genetic studies have identi-

fied loss-of-function and gain-of-function mutations in Nav1.7
702 Cell 176, 702–715, February 7, 2019 ª 2018 Elsevier Inc.
that result in congenital insensitivity to pain and chronic pain syn-

dromes, respectively (Dib-Hajj et al., 2007). These findings have

motivated efforts to develop Nav1.7-selective inhibitors that

could overcome the liabilities of non-selective Nav channel

blockers and opioid analgesics. However, the discovery of

subtype-selective Nav channel drugs remains challenging

(McKerrall and Sutherlin, 2018).

Eukaryotic Nav channels contain four voltage-sensor domains

(VSD1–4) that surround a central pore module (PM) in a domain-

swapped arrangement (Pan et al., 2018). VSDs are helical bun-

dles (S1–S4) that respond to changes in membrane potential

by virtue of positively charged arginine residues conserved along

the S4 helix in an RxxR motif (Bezanilla, 2018). Arginine gating

charges can move across a narrow hydrophobic constriction

within the VSDs into water-accessible vestibules facilitated by

interactions with acidic and polar residues from neighboring

S1–S3 segments (Groome and Winston, 2013; Pless et al.,

2014). Upon membrane depolarization, outward movement of

the S4 gating charges appears to couple through intracellular

S4–S5 linkers to dilate the S6 helical-bundle crossing to initiate

ionic conductance (Muroi et al., 2010). Rapid VSD1–3 activation

is required to open the S6 gate (Chanda and Bezanilla, 2002),

whereas VSD4 activation initiates the fast inactivation process

(Capes et al., 2013). Because capturing VSDs in a deactivated

(i.e., S4-down) state is technically challenging, the structural

basis of voltage sensing and electromechanical coupling is still

poorly defined. Only coarse models of voltage sensing have

been reported (Guo et al., 2016; Kintzer et al., 2018; Li et al.,

2014; Takeshita et al., 2014), and structures detailing the electro-

mechanical coupling mechanism between the VSDs and PM

have remained elusive.

Peptide toxins that target VSDs have been used to probe the

complex gating properties of Nav channels (Gilchrist et al.,

2014). These gating modifier toxins include a-scorpion toxins

that impede fast inactivation by impairing VSD4 activation (Cam-

pos et al., 2008) and b-scorpion toxins that promote channel

opening by stabilizing an activated conformation of VSD2 (Ces-

tèle et al., 1998). Toxins that demonstrate Nav channel subtype

selectivity have been suggested as potential early drug leads
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(Flinspach et al., 2017; Richards et al., 2018), but the ability to

optimize toxin potency and selectivity has been hindered due

to challenges of producing channels like human Nav1.7 for co-

structure determination (Pan et al., 2018).

Protoxin-II (ProTx2) is a 30-residue disulfide-rich peptide iso-

lated from the Thrixopelma pruriens tarantula that has unusually

high affinity and selectivity toward the human Nav1.7 channel

(Flinspach et al., 2017; Middleton et al., 2002; Schmalhofer

et al., 2008). ProTx2 is thought to trap VSD2 in a deactivated

state, bind only to the S3–S4 loop region, and stabilize the closed

channel (Bosmans et al., 2008; Flinspach et al., 2017;

Schmalhofer et al., 2008; Smith et al., 2007; Sokolov et al.,

2008; Xiao et al., 2010). In contrast to a- and b-scorpion toxins,

ProTx2 is a member of the inhibitor cystine knot (ICK) toxin

superfamily (Park et al., 2014). ICK toxins are typified by hana-

toxin (HaTx1), which can occupy four equivalent VSD binding

sites on homotetrameric voltage-gated potassium (Kv) channels

(Swartz and MacKinnon, 1997). Intriguingly, HaTx1 potency can

be modulated by lipid composition (Milescu et al., 2009), and

ProTx2 has been proposed to interact with membrane lipids

(Henriques et al., 2016). To better understand how ICK toxins

may achieve high potency and selectivity, we set out to define

the structural basis for ProTx2 modulation of the human

Nav1.7 channel. Because ProTx2 can pharmacologically trap

VSD2 in a deactivated state, our results reveal unprecedented

insights into voltage sensing and electromechanical coupling

and establish new blueprints to design subtype-selective Nav

channel antagonists.

RESULTS

ProTx2 Selectively Targets Nav1.7
Using a pulse protocol that favors closed channel states, we veri-

fied that ProTx2 shifts the activation of human Nav1.7 to more

depolarized potentials (�10 mV; IC50 = 0.26 nM), reduces peak

current by�85%, and displays 30- to 100-fold selectivity toward

Nav1.7 over other human Nav channel subtypes (Figures 1A and

1B). We next investigated related ICK toxins and found that

ProTx2 was among the most potent Nav1.7 antagonists avail-

able (Figures S1A–S1C). Notably, GrTx1 diverges only modestly

in sequence from ProTx2 but antagonizes Nav1.7 with signifi-

cantly reduced potency (Figures S1A and S1C).

Production of a ProTx2-VSD2 Complex
To overcome purification challenges for human Nav1.7, we pur-

sued a protein-engineering approach, because VSDs can be

transferred onto related channels while retaining their pharma-

cological properties (Bosmans et al., 2008). In fact, we previously

used this approach to visualize VSD4 from Nav1.7 in complex

with the small-molecule antagonist GX-936 (Ahuja et al., 2015).

We reasoned that the homotetrameric bacterial NavAb channel

might facilitate the production of a suitable ProTx2-VSD2 com-

plex (Payandeh et al., 2011).

Replacement of the NavAb VSD with VSD2 from human

Nav1.7 enabled purification of a ProTx2-VSD2-NavAb channel

complex (Figures S1D–S1F). A small intracellular portion of the

NavAb VSD was subsequently reintroduced to facilitate crystal-

lization, as reported for the GX-936-VSD4 structure (Ahuja et al.,
2015) (Figures S1D, S1E, and S1G). We obtained crystals of this

optimized ProTx2-VSD2-NavAb complex that diffracted X-rays

beyond 3.5 Å resolution (Table S1) when the channel was purified

using a facial amphiphile detergent (Lee et al., 2013) and supple-

mented with phospholipids.

ProTx2-VSD2 Crystallized in a Membrane-like
Environment
The ProTx2-VSD2-NavAb channel complex crystallized with a

membrane organization, where ProTx2 and the VSD2 receptor

site appear unaffected by lattice contacts (Figures 1C, S2A,

and S2B). Importantly, no residue from the NavAb channel

chassis required for protein expression or crystallization makes

contact with ProTx2 (Figures 1C–1E, S2A, and S2B). 16 extra

densities were assigned as phospholipids (Figures S2C–S2E),

since lipids improved diffraction and acyl-chain detergents

were never used during protein or crystal preparation. Overall,

the ProTx2-VSD2 complex appears in a membrane-like

environment.

We exploited the ICK toxin fold to unequivocally position

ProTx2 against the VSD2 receptor site. Pairs of cysteine residues

were substituted with selenocysteine (SeCys) and crystals of a

derivative complex were subjected to data collection at the sele-

nium absorption edge (Table S1). A strong anomalous difference

peak landmarks the C2–C16 disulfide bond of ProTx2 within the

crystal lattice (Figure 1D). We similarly collected and analyzed

data from a selenomethionine (SeMet) ProTx2-derivative com-

plex (Figure 1D and Table S1). Simple geometric considerations

using an available atomic structure of ProTx2 (Wright et al., 2017)

lead to unambiguous placement of the toxin against VSD2,

consistent with unbiased density observed in our 3.5 Å resolution

native dataset (Figure S3A and Table S1).

The global topology of the ProTx2-VSD2-NavAb channel com-

plex is in agreement with the ability tomodify the amino-terminus

of ProTx2 (Figures S1F–S1H). To further corroborate residue as-

signments, we analyzed anomalous difference peaks from a

SeMet-VSD2-NavAb channel derivative complex (Figures S2F

and S2G and Table S1). Finally, we performed cryoelectron

microscopy (cryo-EM) analysis (Figures S4A–S4D) and obtained

nominal resolutions of �5 Å around the VSD2 receptor site (Fig-

ures S5A–S5E), which independently validated the structural

model derived from crystallographic analysis. Below, we first

focus on the higher-resolution crystal structure of the ProTx2-

VSD2-NavAb channel complex.

Overall Structure of the ProTx2-VSD2 Complex
The ProTx2-VSD2-NavAb channel complex is reminiscent of a

four-point ninja throwing star, where the tips of the star are occu-

pied by toxin (Figure 1C). ProTx2 attacks VSD2 from the extra-

cellular membrane leaflet (Figures 1C–1E), where the toxin parti-

tions using an amphipathic surface patch that buries �350 Å2

within the membrane. ProTx2 is constrained only by the mem-

brane-aqueous interface and a few residues contributed from

VSD2 (Figures 1C–1E and S3A). The structure provides the

impression that membrane partitioning positions ProTx2 for un-

obstructed access to the peripheral VSD2 receptor site.

Immersion of ProTx2 at the membrane-aqueous interface is

compatible with biophysical studies on ICK toxins and partial
Cell 176, 702–715, February 7, 2019 703
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Figure 1. Crystal Structure of the ProTx2-VSD2-NavAb Channel Complex

(A) Human Nav1.7 peak currents ± 100 nM ProTx2. Error bars represent mean ± SEM.

(B) Potency of ProTx2 on human Nav channels. Error bars represent mean ± SEM.

(C) ProTx2-VSD2-NavAb channel crystal structure, top view, with human Nav1.7 VSD2 portion shown in blue (S1–S2) and green (S3–S4).

(D) Membrane view highlighting anomalous difference peaks from SeCys2-SeCys16 (yellow mesh, 4 s) and SeMet-ProTx2 derivatives (orange mesh, 3.25 and

2.75 s, M6 and M19, respectively).

(E) Membrane view highlighting Y1, W5, W7, W24, and W30 on ProTx2.

See also Figures S1, S2, S3, and S6 and Table S1.
lipids modeled alongside ProTx2 (Figures S2C–S2E) (Henriques

et al., 2016; Lee and MacKinnon, 2004; Mihailescu et al., 2014;

Milescu et al., 2009). An aromatic-rich surface including W5,

W7, W24, and W30 anchors ProTx2 �5 Å toward the mem-

brane core relative to lipid headgroups bound along the PM

(Figures 1D, 1E, and S2D). ProTx2 contains a polybasic C-ter-
704 Cell 176, 702–715, February 7, 2019
minal tail (K26-K27-K28) capped by a hydrophobic dyad (L29-

W30) that further anchors the toxin into the membrane

while positioning it over the S3 helix (Figures 1E and S3A).

Membrane interdigitation and juxtaposition of the C-terminal

tail against VSD2 rationalizes why toxin modifications in this re-

gion can appreciably impact potency and selectivity toward



Nav channels (Flinspach et al., 2017; Park et al., 2014; Smith

et al., 2007).

Features observed for ProTx2 define the VSD2-bound form

as a peripheral membrane protein. Membrane partitioning

of the amphipathic toxin should concentrate ProTx2 toward

Nav1.7, decrease its rotational freedom, and enforce a two-

dimensional receptor-site search (Henriques et al., 2016; Lee

and MacKinnon, 2004; Mihailescu et al., 2014). These pharma-

cological features undoubtedly combine to impart high affinity

and selective binding of ProTx2 to Nav1.7.

ProTx2 in Complex with an Activated VSD2
The ProTx2-VSD2 crystal structure illuminates molecular details

of toxin binding, selectivity, and antagonism of Nav channels.

With unobstructed access from the bulk membrane, ProTx2 is

perched directly on top of the S3 helix of VSD2, the most periph-

erally exposed structural element in Nav channels (Figures 1C

and 1D). VSD2 adopts an activated conformation (Figures 2A–

2C), consistent with the biochemical conditions of our samples.

Accordingly, the R4 gating charge forms characteristic ion-pair-

ing interactions with the intracellular negative-charge cluster

(INC), thereby positioning the R1–R3 gating charges above the

hydrophobic constriction site (HCS; Figures 2A and 2B). The

R2 and R3 gating charges form interactions with conserved

acidic and polar residues of the extracellular negative-charge

cluster (ENC; Figures 2A and 2B). The S4 transitions from

an a helix into a 310-helix across the HCS and then evolves

through an a-helical conformation into the S3–S4 loop (Figures

2D and 2E). The S3–S4 loop is not fully resolved in electron den-

sity, highlighting its potential mobility (Figures S3B and S3C).

ProTx2 shifts the activation of Nav1.7 to more positive poten-

tials (Figure 1A), so it may seem surprising to find VSD2 in an acti-

vated state (Figures 2A and 2B). However, HaTx1 has been

shown to bind to both activated and deactivated states of the

VSDs in Kv channels and can remain bound even when VSDs

transition between states (Phillips et al., 2005; Swartz and

MacKinnon, 1997). Capturing ProTx2 in complex with an

activated VSD2 aligns with these findings. In fact, ProTx2 antag-

onizes Nav1.7 with only �60-fold lower potency when the

membrane potential is held at a voltage that promotes the acti-

vated state of VSD2 (IC50 at 0 mV�15 nM; Figures 2F). The small

binding footprint that ProTx2 has on VSD2 (�750 Å2), along with

the apparent S3–S4 loop mobility (Figures S3B and S3C), can

rationalize why S4 gating charges might still translocate across

the HCS in toxin-modified Nav1.7 channels.

Superposition of the ProTx2-VSD2 complex onto available

VSD structures corroborates the assignment of an activated

state (Figures 2C) (Guo et al., 2016; Li et al., 2014; Long et al.,

2007; Pan et al., 2018; Takeshita et al., 2014). Comparison to

the GX-936-VSD4 complex is particularly informative because

GX-936 is a potent small molecule antagonist known to stabilize

VSD4 in an activated state (Figures 2C) (Ahuja et al., 2015). VSD2

and VSD4 share similar core structures in their respective

activated states (Figures 2C and 2D). While a FLAD (Phe-Leu-

Ala-Asp) motif is found in both VSD2 and VSD4, the S3 helix in

VSD4 extends two helical turns beyond the VSD2 S3 helix (Fig-

ures 2D, 2E, and S6A). Since ProTx2 docks on top of the VSD2

S3 helix from the membrane, the toxin is precluded from
approaching VSD4 in a similar binding mode without significant

clashes or rearrangements of VSD4 (Figures 2D and 2E).

Determinants of ProTx2 Binding to VSD2
Elucidation of the ProTx2 receptor site reveals the molecular

determinants of selective Nav1.7 channel targeting. Scanning

mutagenesis across VSD2 confirms that the LFLAD motif in the

S3–S4 loop region (L812-F813-L814-A815-D816) is themajor re-

ceptor site hotspot (Figures 3A–3C) (Schmalhofer et al., 2008).

As ProTx2 approaches VSD2 from the extracellular membrane

leaflet, the receptor site can be divided into two zones: a mem-

brane-partitioned interface and a polar interface (Figure 3B).

At the membrane-partitioned interface, ProTx2 wedges its

bulkyW24 side-chain into a cleft formed between the lipid-facing

S2 and S3 helices (Figures 3B and 3C). W24 is one of few ProTx2

residues that makes intimate contacts with the receptor site (Fig-

ures 3B–3E and S3A), and it docks into a hydrophobic shelf

formed by A766 (S2), L770 (S2), and L812 (S3) (Figure 3C). The

indole nitrogen of W24 bonds to the backbone carbonyl of

L812 to cap the extracellular end of the S3 helix (Figures 3C

and 3D). L770 and L812 are highly conserved across human

Nav channels (Figure S6B), and mutagenesis indicates that the

L812 side chain is critical for stabilizing the hydrophobic shelf

(Figures 3A and 3C). A766 makes limited contacts with ProTx2

(L23 and W24), explaining why mutation to leucine (A766L)

does not alter toxin potency (Figure 3A), but this position is a

polar side chain in most Nav channel subtypes (Figure S6B).

Overall, W24 functions as a hydrophobic anchor and key attach-

ment point that stabilizes ProTx2 for productive receptor site

engagement.

W5 and M6 from ProTx2 align along the membrane-parti-

tioned interface to flank F813, an established Nav1.7 selectivity

determinant of ProTx2 (Schmalhofer et al., 2008; Xiao et al.,

2010) (Figure 3C). W5 and M6 form slight hydrophobic and van

der Waals interactions with F813 (Figure 3C), and a �4-fold

reduction in potency is measured when F813 is truncated to

alanine (Figure 3A). The F813C substitution, which introduces a

more polar side chain, similarly reduces ProTx2 potency (Figures

3F and 3G) (Xiao et al., 2010). A serine should likewise perturb the

receptor site (Schmalhofer et al., 2008), consistent with the lower

potency of ProTx2 toward Nav1.6 (Figures 1A and S6B). Glycine

is substituted at position F813 in other Nav channel subtypes

(Figure S6B), and glycine has the lowest helical propensity

among all a-amino acids. Thus, glycine-mediated destabilization

of the S3 helix may reduce ProTx2 binding to these Nav channel

subtypes (Schmalhofer et al., 2008; Xiao et al., 2010), perhaps by

perturbing the L812 carbonyl for productive interaction withW24

(Figures 3C–3E). We conclude that the high-affinity ProTx2 re-

ceptor site on Nav1.7 VSD2 provides a stable S3 helix onto

which the toxin can readily dock from the bulk membrane phase.

ProTx2 does not directly engage the S1–S2 region of VSD2

beyond limited hydrophobic contacts to A766 and L770 on the

S2 helix (Figures 3B and 3C). However, the I767A mutation

appreciably reduces ProTx2 potency (Figure 3A). I767 (S2) is

membrane facing and abuts an electron density assigned as

a partial phospholipid (Figures S2C–S2E). The headgroup

of this lipid is within hydrogen-bonding distance to T8 on ProTx2,

suggesting that I767 may help to orchestrate a tripartite
Cell 176, 702–715, February 7, 2019 705
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Figure 2. ProTx2-VSD2-Activated State Complex

(A) View highlighting ENC, HCS, and INC side chains; S4 gating charges are in blue.

(B) View of activated VSD2.

(C) VSD2 (ProTx2 omitted) with VSD4 from Nav1.4 (PDB: 6AGF) and Nav1.7 (PDB: 5EK0, GX-936 omitted) superimposed.

(D) Alternate view of (C), with ProTx2 shown (pink surface).

(E) Close-in view of (D) including an incompatible ProTx2-VSD4 model based on VSD2 superposition.

(F) Upper panel: Nav1.7 peak currents elicited from holding voltage (Vm) at�100mV (red) or switching between�100 to 0mV (black/gray) with 0–300 nMProTx2.

The recovered current after switching Vm back to�100mV from 0mVwas used tomeasure the level of unblocked current at 0mV. Comparison with closed-state

controls (red; Vm at �100 mV throughout) indicates that holding at 0 mV decreases ProTx2 potency. Lower panel: ProTx2 potency on Nav1.7 at a holding

potential of �120 mV (red) or 0 mV (black), respectively. Error bars represent mean ± SEM.

See also Figures S3 or S6.
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Figure 3. VSD2 Receptor Site for ProTx2

(A) Potency of ProTx2 on human Nav1.7 mutants

(by 95% confidence interval IC50) using a pulse

protocol that favors closed channel states.

(B) ProTx2-VSD2 interface, extracellular view.

Hydrogen bond and ionic interactions are indi-

cated by yellow dotted lines.

(C) Membrane perspective of the ProTx2-VSD2

interface. Hydrogen bond (3.2 Å) between W24

and L812 is indicated.

(D) S3–S4 region of the polar interface. Interactions

between R22 with D816 (2.6 Å) and R1 (2.8 Å), as

well as K26 with E811 (�3.5 Å), are highlighted.

(E) As in (D), with the S3–S4 region shown as

electrostatic surface.

(F) Characteristics of wild-type (WT) and F813C

channels ± MTS reagents. Error bars represent

mean ± SEM.

(G) Potency of ProTx2 measured ±MTS modifying

reagents. MTSET is positively charged. Error bars

represent mean ± SEM.

See also Figures S3 and S6.
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Figure 4. ProTx2 Positions 22 and 26 Modu-

late the Nav1.7 Channel

(A) Pore view of the ProTx2 receptor site. Elec-

trostatic surface of ProTx2 with R22 highlighted.

(B) Similar to (A); ProTx2-R22E variant modeled.

(C) Potency of ProTx2 and GrTx1 derivatives

measured on human Nav1.7 (by 95% confidence

interval IC50) using a pulse protocol that favors

closed channel states.

(D) Characteristics of WT and E811A, D816A,

and E818A channels. Error bars represent mean ±

SEM.

See also Figure S6 and Table S3.
ProTx2-lipid-VSD2 complex (Figure S2E). This speculation em-

phasizes the membrane-access mechanism of ProTx2 and is

reminiscent of other tetrameric channel-modulator complexes

(Ahuja et al., 2015; Gao et al., 2016; Milescu et al., 2009).

The polar interface of the VSD2 receptor site contributes to

ProTx2 potency and selectivity since residues within the S3–S4

loop are not conserved across all Nav channels (Figure S6B).

Three tiers of acidic side chains dominate this interface to impart

an imposing electronegative character: E811 on the S3 helix,

D816 in the LFLAD motif hotspot, and E818 at the apex of the

S3–S4 loop (Figures 3D and 3E). This constellation of residues

likely serves as part of the ENC in VSD2. Homology modeling in-

dicates that S3–S4 loop electrostatics may rationalize subtype

selectivity of ProTx2 beyond the side-chain composition at posi-

tions A766 (S2) and F813 (S3) (Figures S6B–S6D). Conversion of

the VSD2-LGLAN motif in Nav1.2 into an LFLAD motif increases

ProTx2 potency by >20-fold (Figure S6E), confirming that a helix-

stabilizing residue (F813) and an acidic side chain (D816) are key

drivers of ProTx2 selectivity toward Nav1.7. Most notably,

ProTx2 extends two basic side chains into the extracellular ves-

tibule of VSD2 (Figures 3B, 3D, and 3E). R22 of ProTx2 crosses

over E811 (S3) and under E818 (S3–S4 loop) to engage D816

(LFLADmotif) as it reaches the R1 gating charge on the activated

S4 helix, while K26 directly engages E811 on the S3 helix through

a salt-bridge interaction (Figures 3D and 3E). As we demonstrate

below, multivalent and adjustable polar-interface interactions
708 Cell 176, 702–715, February 7, 2019
underlie the molecular logic that deter-

mines the potency and selectivity of

ProTx2, precluding definition of a single

interaction network between the toxin

and VSD2.

ProTx2 acts as an Electrostatic
Gating Modifier
The ProTx2-VSD2 structure clarifies the

mechanism of Nav channel modulation

by ICK toxins. Remarkably, ProTx2 ex-

tends two basic side chains into the

extracellular vestibule of VSD2 (Figures

3D, 3E, and 4A). The structure invokes

a simple mechanism to antagonize

Nav1.7: by inserting positive charges

into VSD2, ProTx2 acts as an electro-

static modulator to alter gating-charge
movement. From their opportune location, R22 and K26 are

positioned to antagonize outward gating-charge movement

through direct electrostatic repulsion (Figures 3D, 3E, and 4A).

Alternatively, R22 and K26 may indirectly antagonize S4

gating-charge movement by neutralizing acidic side chains

within the extracellular vestibule of VSD2 (Figures 3D, 3E, 4A,

and 4B).

To evaluate the hypothesis that ProTx2 functions as an elec-

trostatic gating modifier, we first probed geometric parameters

required for Nav1.7 modulation. Substituting R22 with homo-

arginine (hoR) or nor-arginine (norR), which extend or shorten

the side chain by one methylene unit, produces toxin derivatives

with similar potencies as wild-type ProTx2 (Figure 4C). These

results are consistent with the structure and the molecular

promiscuity afforded by a guanidino side chain. ProTx2-

R22norR displayed a �10-fold potency increase toward

Nav1.7 (Figure 4C), hinting at subtle interaction differences

within the receptor site. A lysine derivative demonstrated that a

guanidino group at position 22 is not formally required for potent

modulation of Nav1.7 by ProTx2 (Figure 4C).

Disparate chemistries at position 22 in ProTx2 were next

investigated by substitution of R22 to glutamate or aspartate.

From structural modeling, the long acidic side chain of glutamate

may appear to interact favorably with the R1 and R2 gating

charges (Figure 4B); however, the toxin derivatives ProTx2-

R22E and ProTx2-R22D showed �300-fold lower potency



toward Nav1.7 (Figure 4C). These results indicate that the

position 22 side-chain is most likely to encounter the electroneg-

ative potential contributed by E811, D816, and E818 within the

receptor site (Figures 3D, 3E, 4A and 4B). Consistent with this

interpretation, the toxin derivative ProTx2-R22Q showed an in-

termediate potency between variants harboring a basic or acidic

side chain at position 22 (Figure 4C).

To evaluate if simply placing a charge proximal to the

extracellular vestibule of VSD2 is sufficient to modulate

Nav1.7, we exploited our F813C channel (Figure 3F). Chemical

modification of F813C by the positively charged 2-(trimethylam-

monium)ethyl methanethiosulfonate (MTSET) reagent or the

negatively charged 2-sulfonatoethyl methanethiosulfonate

(MTSES) reagent had no effect on channel gating (Figure 3F).

However, F813C-MTSET-modified channels became resistant

to ProTx2 modulation (Figure 3G), likely due to repulsion of the

basic surface patch on ProTx2 (Figure 4A). These findings

confirm that the architecture of the ProTx2-VSD2 complex is

required to impact gating and suggest that VSD2 is the only rele-

vant receptor site on the Nav1.7 channel.

To further probe if ProTx2 functions as an electrostatic gating

modifier, basic and acidic derivatives of K26 were examined and

followed similar trends as the position 22 toxin variants (Fig-

ure 4C). In fact, the ProTx2-K26hoR and ProTx2-K26R deriva-

tives showed 2- to 10-fold increased potency (Figure 4C). In

the ProTx2-VSD2 structure, K26 directly neutralizes E811 (Fig-

ures 3D and 3E), a conserved acidic residue on the S3 helix

that may impact gating in other Nav channels (Huang et al.,

2017). Remarkably, the E811Amutation by itself had a significant

impact on Nav1.7 channel activation, shifting the V50 toward

0 mV (Figure 4D) as if to mimic ProTx2 modulation. Evaluation

of other Nav1.7 channel constructs showed that the D816A

mutation also imparts a rightward shift on the V50 toward 0 mV

(Figure 4D), very reminiscent of ProTx2 modulation. These

biophysical results establish that E811 and D816 are functional

ENC residues in VSD2 of Nav1.7 and confirm that ProTx2

imparts channel modulation by directly targeting them. In fact,

the side-chain character at positions 22 and 26 of ProTx2 ap-

pears to set a threshold for the potency of Nav1.7 modulation

(Figure 4C).

Position 22 is a Gating Modifier Hotspot in ICK Toxins
Compelled by our ProTx2 derivative results, we leveraged a

related ICK toxin to further evaluate the electrostatic gating

modifier hypothesis. GrTx1 naturally harbors a glutamine at

position 22 and shows only modest potency against human

Nav1.7 (Figures S1A and S1C) (Redaelli et al., 2010). However,

all GrTx1 derivatives with a positive charge (R, hoR, norR,

and K) substituted into position 22 displayed �100-fold

improved potencies toward Nav1.7 (Figure 4C), indicating that

these variants likely form inhibitory complexes analogous

to ProTx2-VSD2. Conversely, acidic substituted derivatives

GrTx1-Q22D and GrTx1-Q22E maintained low potency toward

Nav1.7 (Figure 4C). These data support the premise that ProTx2

antagonizes S4 gating-charge movement by neutralizing acidic

residues within the extracellular vestibule of VSD2.

If ProTx2 and GrTx1 modulate Nav1.7 through an electrostatic

mechanism, toxin variants should also modify voltage-depen-
dent channel gating. Position 22 substitutions do alter the

voltage-dependent properties of Nav1.7 (Table S3), but the

complex outcomes observed likely reflect the multifaceted

interaction networks seen in the ProTx2-VSD2 structure (Figures

3B–3E and 4A). Consistent with an electrostatic mechanism, the

potencies of ProTx2, position 22 derivatives, and GrTx1 are also

reduced with increasing ionic strength relative to the pore-

blocker tetrodotoxin (Figure S6F). We conclude that position

22 in ProTx2 andGrTx1 functions as an electrostatic gatingmod-

ifier capable of fine-tuning toxin potency and Nav channel

activation.

Cryo-EM Captures Two States of the ProTx2
Receptor Site
To gain further insights into ProTx2 modulation of Nav1.7, we

performed cryo-EM analysis of a ProTx2-VSD2-NavAb-Fab

complex (Figures S4A–S4D and S5A–S5E and Table S2) under

detergent and lipid conditions matched to our crystallization

sample. Two distinct channel conformations were identifiable

from our three-dimensional reconstructions, which we refer to

as ProTx2-VSD2-activated and ProTx2-VSD2-deactivated

states, respectively (Figures 5A–5F, 6A–6F, S4D, and S5A–S5E

and Video S1). Resolutions range from �3.5 Å in the channel

PM to �5 Å at the VSD2 receptor site (Figures S5A and S5C),

allowing ProTx2 to be placed as a rigid body and most S4 helix

side chains to be resolved (Figures 5A, 5B, and S5E). Visualiza-

tion of discrete VSD activation states is uncommon (Kintzer et al.,

2018; Li et al., 2014), so these results provide templates to

explore the structural basis of voltage sensing and electrome-

chanical coupling in canonical voltage-gated ion channels.

The ProTx2-VSD2-activated state structure resembles our

crystallographic model (Figures 5A, 5C, 5E, S5D, and S5E) with

a modest �2 Å translation of the S1–S2 helices within the mem-

brane plane. In the absence of a crystal lattice, a slight reposi-

tioning of ProTx2 and minor movements of the S3–S4 loop are

observed (Figures 5A and 5C). K26 and W24 from ProTx2 target

S3 helix residues E811 and L812, respectively, and R22 appears

to engage D816 from the S3–S4 loop (Figure 5E). Overall, this

cryo-EM structure further supports our prior mechanistic

interpretations.

Cryo-EM analysis revealed 18.5% of classified particles to

have VSD2 in a deactivated state (Figures 5B–5D, 5F, S5D,

and S5E). Despite our use of a chimeric protein construct and

solution conditions, this striking result likely reflects the ability

of ProTx2 to right shift the activation of Nav1.7 and pharmaco-

logically stabilize a closed channel state (Figure 1A). Consistent

with the protocol used in our scanning mutagenesis study (Fig-

ure 3A), the receptor site targeted by ProTx2 does not extend

to additional regions relative to the ProTx2-VSD2-activated state

structure. In fact, the extracellular S2–S3 interface undergoes

limited rearrangement, indicating thatW24 likely anchors ProTx2

against VSD2 in both states (Figures 5C, 5E, and 5F). However,

the remainder of the receptor site has undergone considerable

rearrangements in the VSD2-deactivated state.

ProTx2 traps VSD2 in a deactivated state where the S4 helix

has translated �10 Å downward (Figure 5C), and consequently,

the S3–S4 loop has shifted by �7 Å to reposition E818 atop the

S4 helix. Therefore, the deactivated state presents the S3-helical
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(A) Surface of a cryo-EM map of ProTx2-VSD2

activated state (gray) with the ProTx2-VSD2-

NavAb crystal structure (cyan) imposed for

comparison.

(B) Cryo-EM map of ProTx2-VSD2 deactivated

state (orange) with the ProTx2-VSD2-NavAb

crystal structure imposed for comparison.

(C) VSD2 in activated and deactivated states;

chain A is shown. R1 in the cryo-EM structure of

the VSD2-activated state is poorly resolved.

(D) View of deactivated VSD2.

(E) S3–S4 region of the cryo-EM VSD2 activated

state shown as an electrostatic surfacewith S1–S2

region shown for reference.

(F) VSD2-deactivated state, similar to (E). Note R22

side chain is poorly resolved.

See also Figures S4 and S5; Table S2; and Videos

S1, S2, and S3.
dipole and an intense electronegative surface contributed by

E811, D816, and E818 to ProTx2 (Figure 5F). The R1 gating

charge contributes to this strong electronegative character

because its guanidino group has translated >10 Å relative to

the ProTx2-VSD2-activated state to interact with side chains

above the HCS (Figures 5C and 5D). Accordingly, R22 and K26

of ProTx2 engage the deactivated-state receptor site through

focused electrostatic interactions that target E811, D816, and

E818 (Figure 5F). These remarkable conformational and electro-

static rearrangements explain why ProTx2 has �60-fold higher

potency for Nav1.7 in the VSD2-deactivated state (Figure 2F)
710 Cell 176, 702–715, February 7, 2019
and highlight the electrostaticmechanism

of Nav channel modulation by ProTx2.

Thus, our cryo-EM analysis has revealed

a dynamic VSD2 receptor site and the ca-

pacity of ProTx2 to achieve high affinity

and selectivity for Nav1.7 using only a

small interaction surface.

Activation and Gating-Charge
Transfer in VSD2
The structural basis of voltage sensing in

VSD2 has remained elusive but can now

be appreciated by comparing ProTx2-

VSD2-activated and ProTx2-VSD2-deac-

tivated state structures. The ProTx2-

VSD2-activated conformation is typical

of most VSDs visualized at 0 mV potential

and recapitulates the core scaffold of

VSD4 fromNav1.4 andNav1.7 (Figure 2C)

(Ahuja et al., 2015; Pan et al., 2018). In the

VSD2-activated state, the R4 gating

charge is housed beneath a conserved

S2 phenylalanine side-chain (F776) within

the intracellular vestibule (Figure 5C), a

location known as the charge-transfer

center (CTC) in Kv channels (Tao et al.,
2010). F776 forms part of a narrow HCS thought to focus the

membrane electric field across the VSD. Physiological measure-

ments indicate that when the R4 gating-charge equivalent is

housed within the CTC, the VSD is in an activated conformation

(Bezanilla, 2018; Tao et al., 2010). Therefore, the ProTx2-VSD2-

deactivated state structure unequivocally reveals a distinct

conformation because only the R1 gating charge remains strictly

above the HCS within the extracellular vestibule (Figures 5C

and 5D).

Cataloguing gating charge locations in VSD2 provides insight

into VSD activation, where changes in S4 conformation are
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(A) Intracellular view of the ProTx2-VSD2-NavAb

channel in the activated (gray) state

(B) Structure of the ProTx2-VSD2-NavAb channel

in the deactivated state (orange/red) super-

imposed with the ProTx2-VSD2-activated (gray)

state.

(C) Chain A of ProTx2-VSD2-activated (gray)

state with a neighboring PM in surface repre-

sentation. Gating charges (blue spheres), a

conserved hydrophobic constriction site phenyl-

alanine side-chain (green sticks), and an S4–S5

linker serine side chain (yellow spheres) are shown

for reference.

(D) Chain A of ProTx2-VSD2-deactivated (orange)

with a neighboring PM in surface representation.

Gating charges (purple spheres), a conserved

hydrophobic constriction site phenylalanine side-

chain (green sticks), and an S4–S5 linker serine

side chain (yellow spheres) are shown for

reference.
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appreciated by measurements between equivalent Ca-backbone

atoms:R1-R1 (�11 Å),R2-R2 (�12 Å),R3-R3 (�11.5 Å), andR4-R4

(�11 Å) (Figures 5C and 6C–6F and Video S2). In the VSD2-deac-

tivated state, the S4 exists primarily in a 310-helical conformation,

which serves to align gating charges across the HCS (Figure 5D).

Specifically, R1 coordinates to N769 (ENC, S2) and S821 (S4)

above the HCS, R2 interacts with both N746 (ENC, S1) and the

HCS, R3 is engaged with INC residues below the canonical CTC

site, and R4 aligns along a conserved tryptophan side chain

(W796) on S3 (Figure 5D). Relative to the VSD2-activated state,

the S3–S4 linker is taught (Figure 5B), and S821 approximates

the location occupied by R2. Consequently, the S4 arginine side

chains relocate nearly twopositions along thegatingcharge trans-
fer pathway, where R2 and R3 toggle be-

tween the intracellular and extracellular

vestibules. Complete or partial transloca-

tion of the R3 and R2 gating charges

across theHCS, respectively, is consistent

withphysiologicalmeasurementsandmay

represent themovementof1–2elementary

charges across the membrane electric

field.Overall, the details of VSD2activation

and gating charge transfer observed here

are reminiscent of a sliding-helix model of

voltage sensing (Figures 6C–6F) (Catterall,

1986).

Structure-Based Model of
Activation Gating
Visualizing the same channel construct in

VSD2-activated and deactivated states
provides remarkable insight into the mechanism of electrome-

chanical coupling and activation gating in voltage-gated ion

channels (Figures 5A, 5B, 6A, 6B, and S5D–S5E). Upon super-

position of the ProTx2-VSD2-activated and ProTx2-VSD2-deac-

tivated state structures, a number of intriguing observations are

made. First, the VSDs do not pivot around the PM, implying that

the VSD-PM interface may be a fulcrum that allows the S4 to

perform mechanical work on the pore (Figures 6A–6D and 6F)

(Lee et al., 2009). Second, the S1–S3 region undergoes a �3-Å

rigid body shift to accommodate the large S4 translations

(�10 Å) (Figure 6E), where this shift can also transport the HCS

within the membrane�2 Å, which may help to shape the electric

field (Figures 6C and 6D) (Kintzer et al., 2018). Third, in the
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VSD2-deactivated state, the S4 buckles or kinks just below the

R4 gating charge, identifying an intracellular hinge between the

S4 helix and S4–S5 linker that we refer to as the S4b (Figures

6D–6F). Fourth, concurrent with S4b appearance, the proximal

S4–S5 linker is pushed �8 Å into the cytosol and toward the

PM to impinge upon the central S6 gate (Figures 6B–6F). Fifth,

the S4 imparts torque as a result of kinking that imposes a

�20� rolling motion along the S4–S5 linker (Figures 6B and

6D–6F). Sixth, the S6 helices evolve from a near symmetric,

dilated gate structure into a collapsed, non-conductive, asym-

metric structure between the VSD2-activated and deactivated

states (Figures 6A, 6B, and S5D and Video S3). In summary,

the VSDs remain positioned firmly around the PM, allowing the

S4 helices to deactivate and buckle, which rolls the S4–S5 linker

inward to tightly close the S6 gate. This structural framework

may approximate the electromechanical coupling and activation

gating mechanisms operating in canonical voltage-gated ion

channels.

DISCUSSION

We used protein engineering, X-ray crystallography, and cryo-

EM methods to visualize structural details of ProTx2 in complex

with the human Nav1.7 VSD2 receptor site. Membrane partition-

ing serves to concentrate ProTx2, restrict its rotation, and

impose a two-dimensional receptor site search. Aromatic and

basic residues cooperate to achieve membrane partitioning

and receptor site engagement, where ProTx2 acts as an electro-

static modulator of VSD2. In the VSD2-activated state, ProTx2

uses R22 and K26 to target E811 and D816 (Figure 3D). In the

VSD2-deactivated state, ProTx2 can additionally employ R22

to neutralize E818. The capacity of R22 and K26 to engage in

sustained electrostatic interactions with E811 (K26), D816

(R22), and E818 (R22) explains why ProTx2 can target activated

and deactivated states of VSD2 (Figures 2F, 5E, and 5F). These

observations also justify why ProTx2 has higher affinity for the

closed Nav1.7 channel and simultaneously rationalize the selec-

tivity of ProTx2, because F813 (S3-stabilizing), E811, D816, and

E818 are collectively unique to Nav1.7 (Figure S6B). Finally,

ProTx2 may remain bound to VSD2 during Nav1.7 gating

because the S3–S4 loop appears mobile, and the S2–S3 inter-

face does not undergo appreciable rearrangements upon

VSD2 activation.

ProTx2 functions as an electrostatic modulator of Nav1.7. The

main interface between ProTx2 and VSD2 is electrostatic in na-

ture, and toxin potency can be dramatically impacted by tar-

geted charge neutralization (e.g., R22Q) or charge reversal

(e.g., K26E) or by increasing ionic strength (Figures 4C and

S6F). Importantly, we find that the E811A and D816A mutations

in Nav1.7 markedly right shift channel activation (Figure 4D), an

effect that mimics the action of ProTx2 itself. E811 and D816

(and to a lesser extent, E818) are therefore key extracellular

acidic residues in Nav1.7 that normally catalyze the outward

movement of S4 gating charges in VSD2. The S3–S4 loop in

Nav1.7 VSD2 is reminiscent of a strongly acidic S3–S4 loop

discovered in specialized Kv channels of electric fish that also

electrostatically tunes voltage-sensor and Kv channel activation

(Swapna et al., 2018). Thus, by targeting the S3–S4 loop in VSD2,
712 Cell 176, 702–715, February 7, 2019
ProTx2 has uncovered an elegant way to potently and selectively

induce profound gating modulation onto Nav1.7.

ProTx2 does not appear to antagonize Nav1.7 through a

classic voltage-sensor trapping mechanism, since other struc-

turally characterized gating modifiers contact S4 gating charges

directly. For example, GX-936 is a small molecule antagonist that

forms a direct ionic interaction with a gating charge in VSD4 to

trap an activated conformation (Ahuja et al., 2015), whereas

the S4 helix location in our VSD2-deactivated structure indicates

that ProTx2 cannot operate through a similar mechanism (Fig-

ure 5F). Dc1a is a peptide toxin that selectively activates insect

Nav channels, but unlike ProTx2, Dc1a extensively engages

the S1–S2 loop, PM, and the S4 helix to lock VSD2 into an

activated conformation (Shen et al., 2018). However, divalent

cations can antagonize some TPC and Hv1 channels, and struc-

tures of deactivated VSD-divalent complexes have demon-

strated that multipoint, transmembrane-bridging interactions

are sufficient to antagonize VSD activation (Guo et al., 2016;

Takeshita et al., 2014). Thus, although ProTx2 does not establish

an extensive transmembrane-bridging coordination scheme, the

interplay of R22 and K26 with the S3–S4 loop may serve to

impede or trap the S4 helix in an analogous way.

R22 and K26 from ProTx2 invade VSD2 to impart electrostatic

gating modulation onto Nav1.7 (Figures 4A–4C), where voltage-

dependent properties of the channel can be altered by the side-

chain chemistry inserted into the extracellular vestibule (Table

S3). These findings align with charge neutralization and charge

reversal studies of ENC residues that also produce depolarizing

shifts in Nav channel activation (Groome and Winston, 2013;

Pless et al., 2014). However, the L823R pathogenic mutation

on S4 represents a natural case where the ‘‘invasion’’ of an extra

arginine side chain into the extracellular vestibule of VSD2 pro-

duces a hyperpolarizing gain of function in Nav1.7 (Lampert

et al., 2009). Therefore, L823R confirms that the precise geome-

try of the electrostatic gating modifier is an essential parameter

for impacting Nav1.7 function (Figure 4C and Table S3), which

has implications for future drug discovery efforts.

Multi-VSD targeting of ProTx2 has been previously suggested

(Bosmans et al., 2008; Xiao et al., 2010, 2014); however, the lack

of ProTx2modulation on F813C-MTSET-modified channels con-

firms that ProTx2 does not appreciably impact other Nav1.7

VSDs at the concentrations we have tested (Figure 3G). More-

over, available VSD4 structures indicate that ProTx2 would not

bind without significant rearrangements or an alternate binding

mode (Figures 2C–2E) (Ahuja et al., 2015; Pan et al., 2018).

Therefore, multi-VSD targeting may be more pertinent for other

Nav channel subtypes or ICK toxins (Redaelli et al., 2010; Smith

et al., 2007); for example, Hm-3 is a related ICK toxin that selec-

tively targets VSD1 of Nav1.4 (Männikko et al., 2018).

Elucidating the structural basis of voltage sensing and electro-

mechanical coupling in voltage-gated ion channels remains an

important goal of basic and biomedical research (Catterall

et al., 2005; Huang et al., 2017), but obtaining experimental

structures of deactivated VSD states has been technically

challenging. Here, the high potency and allosteric mechanism

of ProTx2 has allowed us to pharmacologically trap the VSD2-

NavAb channel into activated and deactivated states, and these

structural snapshots reveal how the peripheral VSDs perform



mechanical work on the central PM through the S4–S5 linkers

(Videos S2 and S3). Starting from the activated state, a down-

ward �10 Å translation of the S4 helix enforces a closed S6

gate through reciprocal �8 Å displacements of the proximal

S4–S5 linker (Figures 6A–6F). Unexpectedly, buckling or kinking

at the intracellular end of the S4 helix appears to be the key mo-

lecular event that drives the S4–S5 linker to undergo large move-

ments, and this kinking forces the S4–S5 linker to roll along the

S6 helix to impact the activation gate (Figures 6D–6F). In this

view of activation gating, at least one gating charge (R3) has

transported completely across the HCS of VSD2 (Figure 5C),

as the VSDs remain fixed alongside the PM to allow the S4 to

perform electromechanical coupling to the pore (Figures 6A–

6F) (Lee et al., 2009). Although Na+ currents have not yet been

recorded for our VSD2-NavAb channel construct, the emerging

structural details are reminiscent of classic models of voltage

sensing and electromechanical coupling in conventional

voltage-gated ion channels (Catterall, 1986; Long et al., 2007).

Our visualization of ProTx2 in complex with Nav1.7 VSD2 at

high resolution reveals a small and partially lipid-exposed recep-

tor site that establishes a critical role for membrane partitioning

in high-affinity binding. ProTx2 engages in selective and durable

interactions by targeting the electronegative S3–S4 loop of

VSD2, whereby the toxin employs two basic side chains to

neutralize key catalytic acidic residues. Thus, ProTx2 acts as

an electrostatic modulator to oppose S4 movement, which,

from the closed state, allosterically couples through the S4–S5

linker to impinge upon the S6 activation gate. How ProTx2 de-

creases conductance in addition to shifting voltage dependence

of Nav1.7 will require detailed kinetic analysis of voltage-sensor

movement, but it is likely due to altered VSD2 activation in the

presence of toxin. In addition to providing an experimental

structural framework of activation gating in canonical voltage-

gated ion channels, our studies highlight new pharmacological

principles that may accelerate the design of next generation

Nav channel modulators.
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(payandeh.jian@gene.com).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines
Tni (Trichoplusia ni) insect cells were used for protein expression andmaintained in ESF 921 insect cell culturemedium at 27�C. These
cells are female in origin.

For electrophysiological recordings, the human Nav expression cell lines and cDNA constructs usedwere as follows: Tetracycline-

inducible HEK293 cell lines: Nav1.1, Nav1.2 and Nav1.6 (Xenon, Canada); Tetracycline-inducible CHO cell line: Nav1.3 (ChanTest,

Ohio); HEK293 cell lines: Nav1.4 (ChanTest, Ohio), CHO Nav1.7 (Anaxon, Switzerland); CHL cell lines: Nav1.5 (Genentech in-house).

These cells are female in origin. Full length human Nav channel cDNA clones Nav1.7 (XM_011511618) and Nav1.2 (NM_021007) were

assembled (Genescript) based on published wide type and desired mutation sequences, and were cloned into mammalian expres-

sion vectors: pBiCMV containing the human b2 accessory subunit. Transient transfections were performed with Lipofectamine 2000

(Invitrogen). Stable cell lines expressing mutant Nav1.7 channels were generated for use in automated patch clamp experiments as

per manufacturer’s instructions (Clontech). All cell culture reagents were obtained from Invitrogen. Cell lines were cultured in basal

medium, high glucose DMEM (for HEK293 and CHL host cells) or Ham’s F12 for (CHO host cell), supplemented with 10% FBS, 2mM

L-Glutamine and required selection antibiotic in 5% CO2 at 37
�C.

METHOD DETAILS

Recombinant expression of Nav1.7 VSD2-NavAb
The human Nav1.7 VSD2-NavAb channel chimera constructs were synthesized (Genescript) and cloned into a modified pAcGP67A

vector downstream of the polyhedron promoter and an N-terminal Flag-tag. Recombinant baculovirus was generated using the Ba-

culogold system (BD Biosciences) following standard protocols. Trichoplusia ni cells were infected for protein production and har-

vested 48 hr post-infection. Selenomethionine (SeMet) incorporated VSD2-NavAb protein was expressed using standard labeling

protocols (Cronin et al., 2007). Sequence of the crystallization construct is:

MDYKDDDDKGSLVPRGSHMYLRITNIVESSFFTKFIIYLIVLNTLFMAMEHHPMTEEFKNVLAIGNLVFTGIFAIEIILRIYVHRISFFKDPW

SLFDSLIVTLSLVELFLADVEGLSVLRSFRLLRVFRLVTAVPQMRKIVSALISVIPGMLSVIALMTLFFYIFAIMATQLFGERFPEWFGTLGESF

YTLFQVMTLESWSMGIVRPLMEVYPYAWVFFIPFIFVVTFVMINLVVAICVDAMAILNQKEEQHIIDEVQSHEDNINNEIIKLREEIVELKELIK

TSLKN.

The underlined sequence is the FLAG affinity tag and thrombin protease cleavage site.

Purification of Nav1.7 VSD2-NavAb
Trichoplusia ni cells expressing VSD2-NavAb channels were resuspended in 50 mM Tris pH 8.0, 200 mM NaCl (Buffer A) supple-

mented with cOmplete EDTA-free protease-inhibitor cocktail tablets (Roche). Cell suspension was passed through a microfluidizer

twice at a pressure setting of 15,000 psi. Following cell lysis, 1% (w/v) GDN (Anatrace) was added and solubilization was carried out

with gentle agitation for 2 hr at 4�C. After ultracentrifugation at 100,000 x g at 4�C for 1 hr, clarified supernatant wasmixed gently with

anti-Flag M2-agarose resin (Sigma) pre-equilibrated with Buffer B (50 mM Tris pH 8.0, 200 mM NaCl, 0.042%GDN) for 2.5 hr at 4�C.
Flag resin was collected by gravity flow and washed with 5 column volumes of Buffer B. Flag-tagged VSD2-NavAb was eluted with

Buffer C (50mMTris pH 8.0, 200mMNaCl, 0.06%FA3 (Avanti), 0.1mg/mLPOPC:POPE:POPG (Avanti) mixed atmolar ratio 3:1:1 and

0.15 mg/mL Flag peptide. Eluate was passed over a Superose 6 Increase 10/300 GL column (GE Healthcare) in Buffer D (10 mM Tris

pH8.0, 100 mMNaCl, 0.06% FA3, 0.1 mg/mL POPC:POPE:POPGmixed at molar ratio 3:1:1), and peak fractions were concentrated

to �25 mg/mL using a Amicon Ultra-15 Centrifugal Filter Units (100K MWCO, Millipore Sigma).

Expression and purification of recombinant ProTx2
A ProTx2 construct was synthesized (Genescript) and cloned into a modified pAcGP67A vector downstream of the polyhedron

promoter, a signal sequence, an N-terminal His-tag, an N-terminal maltose binding protein (MBP) fusion, and a TEV cleavage site

(His-MBP-ProTx2); and recombinant baculovirus was generated using the Baculogold system (BD Biosciences) following standard

protocols. His-MBP-ProTx2 was expressed in Trichoplusia ni cells for 48 hr as a secreted protein to facilitate disulfide bond formation

and SeMet incorporated His-MBP-ProTx2 was expressed using standard labeling protocols (Cronin et al., 2007). In brief, healthy

dividing insect cells at high viability (> 98%) and at densities of�43 106 cells/mLwere split into ESF-921 protein-freemethionine-free

medium with SeMet 100 mg/L and allowed to grow for 24 hr. These cells were used to inoculate a 10 L wave bag to a density of 23

106 cells/mL in the same media; the cells were infected at a multiplicity of infection of 1 and harvested 48 hr post infection. After cells

were pelleted, cell culture supernatant was mixed gently with 50 mM Tris pH 8.0, 5 mM CaCl2 and 1 mM NiCl2 for 15 min and then

centrifuged at 5,000 rpm for 15 min. Supernatant was filtered through a 0.45 mm filter before incubation with pre-equilibrated Ni-NTA
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agarose at 4�C overnight. Ni-NTA resin was collected by gravity flow, washed with 5 column volumes of Buffer E (50 mM Tris pH 8.0,

10 mM imidazole, 0.3 M NaCl). His-MBP-ProTx-II was eluted with 50 mM Tris pH 7.5, 250 mM imidazole, 0.15 M NaCl and passed

over a Superdex200 Increase 10/300GL column (GEHealthcare). Peak fractions were treated with TEV protease and then purified by

a Superdex75 Increase 10/300 GL column (GE Healthcare). Sequence of the secreted crystallization construct prior to TEV cleav-

age is:

>AGSMHHHHHHHHGKIEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFGGYAQS

GLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQEPYFTWPLIAADG

GYAFKYENGKYDIKDVGVDNAGAKAGLTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMTINGPWAWSNIDTSKVNYGVTVLPTFKGQP

SKPFVGVLSAGINAASPNKELAKEFLENYLLTDEGLEAVNKDKPLGAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSAFWYAVR

TAVINAASGRQTVDEALKDAQTNSSSNNNNNNNNNNGENLYFQGDDDKYCQKWMWTCDSERKCCEGMVCRLWCKKKLW.

The underlined sequence is the TEV protease cleavage site.

Chemical synthesis of ProTx2 variants and other toxins
Wild-type ProTx2 and GrTx1 were purchased from Alomone Labs and Smartox Biotechnology (France). ProTx2 and GrTx1 variants

were synthesized by Smartox Biotechnology (France). SeCys-substituted ProTx2 was synthesized by CPC Scientific. For crystalli-

zation, ProTx2 (wild-type or SeCys derivatives) was resuspended in 20 mM HEPES pH 7.0, 100 mM NaCl to make 1 mM stock. For

electrophysiological studies, toxins were resuspended directly in extracellular recording solution.

Generation of monoclonal antibodies and Fab fragments
The monoclonal antibody (mAb) against VSD2-NavAb was raised using standard methods. Hybridomas were generated by immu-

nization of mice with VSD2-NavAb reconstituted in brain polar lipid extract (porcine, Avanti) liposomes. The mAb was purified from

hybridoma cell supernatant by protein A affinity chromatography and the Fab was generated by papain cleavage using Pierce Fab

Preparation Kit (Thermo scientific). Fab was purified using a HiTrapMabSelect SuRe column (GEHealthcare) followed by a Superdex

75 Increase 10/300 GL column (GE Healthcare). Cloning and sequencing of Fab heavy and light chain genes were performed from

mouse hybridoma cells.

ProTx2-VSD2-NavAb channel complex crystallization
Purified VSD2-NavAb was mixed with ProTx2 at 1:2 molar ratio to a final concentration of 12 mg/mL and incubated on ice for 1 hr.

Protein sample was mixed in 1:1 ratio with mother liquor and set up in a sitting-drop vapor-diffusion format. Crystals appeared in

conditions with well solutions containing 2.3-2.6 M ammonium sulfate, 100 mM buffer pH 4.6-7.5 at 4-19�C. The native, SeMet-

substituted and SeCys-substituted protein complexes all crystallized under similar conditions. For cryoprotection, crystals were

passed through a reservoir solution containing 30% (w/v) sucrose in increments of 5% sucrose prior to flash freezing in liquid nitro-

gen. Crystals were maintained at 100K during all data collection procedures.

X-ray crystallography, structure determination and refinement
Over 1,000 crystals were screened and nearly 100 diffraction datasets were collected at the Stanford Synchrotron Radiation Light

source on beamline 12-2 and the Advanced Photon Source on beamline 17-ID (IMCA-CAT). X-ray diffraction data were integrated

and scaled using XDS (Kabsch, 2010) and XSCALE. Inclusion of the highest resolution data bins was judged based on the resulting

quality of electron density maps, where Rmerge statistics are within the expected range for I/s, CC1/2 and CC* statistics. For native

ProTx2-VSD2-NavAb, the four highest resolution and isomorphous datasets were merged in XSCALE and corrected for anisotropic

diffraction using the UCLA Diffraction Anisotropy Server (http://services.mbi.ucla.edu/anisoscale), where treatment of the data

through the anisotropy server significantly improved the resulting electron density maps (Strong et al., 2006); similarly, merging of

these four native datasets also positively impacted map features and quality. The structure was determined using PHENIX (Adams

et al., 2010) bymolecular replacement using coordinates of the poremodule from a VSD4-NavAb crystal structure (PDB: 5EK0). Reit-

erative rounds of refinement and model building were performed in Coot (Emsley and Cowtan, 2004) with inspection of omit and

simulated annealing (SA)-omit maps. Non-crystallographic symmetry (NCS) and secondary structure restraints were used initially

with group B-factor refinement. Toward later stages of refinement, individual B-factors and TLS parameters were applied (Urzhumt-

sev et al., 2013), with the latter noticeably improving map quality and Rfree. The SeMet-substituted and SeCys-substituted crystal

datasets collected near the Se absorption edge diffracted X-rays to �4-6 Å with significant anomalous signal extending below

7 Å. Anomalous differencemaps were generated in phenix.refine and used to identify SeMet and SeCys residues to facilitate building

and refinement of themodel at early and appropriate stages. For the SeMet-VSD2-NavAb derivative, SeMet peak signals were nearly

equivalent across all four channel subunits within the asymmetric unit (chains A-D); for the SeMet-ProTx2 derivative, SeMet peaks

from the toxin were most pronounced for chain G (associated with chain C of the channel); for the SeCys-ProTx2 derivative, SeCys

peaks from the toxin were most pronounced for chain H and chain G (associated with chains D and C of the channel, respectively);

although consistent across all chains of the structure, differences in anomalous peak strength may arise from the local crystal

packing environment. Mid-way through refinement, phospholipids were assigned and modeled into electron density features that

were consistently observed across multiple datasets and calculations. Similarly, following the modeling of lipids, ProTx2 was initially

placed based on available extra density, anomalous differencemaps, and the high-resolution crystal structure previously determined
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(PDB: 5O0U). Imposing this high resolution ProTx2 structure as a referencemodel restraint was examined but not productive. Overall

scaling statistics, refinement statistics and map quality were best determined in the C2 space group. Electron density for the S3-S4

loops remained weak in all four subunits of the channel (chains A-D) at all stages of refinement, but S3-S4 loop density was best

resolved for chains A and C. The geometry of the final refined ProTx2-VSD2-NavAb model was assessed by Molprobity (Chen

et al., 2010) and high quality metrics returned. Further attempts to improve the geometry and/or clashscore resulted in significant

increases in the Rfree, therefore we consider model building and refinement to be well explored. All X-ray structural figures were

rendered with PyMol (Schrödinger, 2017).

Cryo-EM sample preparation and data acquisition
Purified VSD2-NavAb wasmixed with ProTx2 and Fab at 1:2:1.2 molar ratio and injected over a Superose 6 Increase 3.2/300 column

(GE Healthcare) equilibrated in Buffer D (10 mM Tris pH 8.0, 100 mM NaCl, 0.06% FA3, 0.1 mg/mL POPC:POPE:POPG mixed at

molar ratio 3:1:1). 3.5 mL of the peak fraction of ProTx2-VSD2-NavAb complex at a concentration of 2 mg/mL was applied to a

glow-discharged C-flat holey carbon grid (CF-1.2/1.3-2C, Electron Microscopy Sciences) coated with a thin layer of gold. Grids

were blotted in Vitrobot Mark IV (Thermo Fisher) using 5 s blotting time with 100% humidity, and then plunge-frozen in liquid ethane

cooled by liquid nitrogen. A total of 25,084 movie stacks were collected with SerialEM (Mastronarde, 2005) on a Titan Krios (Thermo

Fisher) operated at 300 kV and equipped with a BioQuantum energy filter operated with a 20eV energy slit with a K2 Summit direct

electron detector camera (Gatan). Images were recorded at a nominal magnification of 165,000 x, corresponding to a pixel size of

0.849 Å per pixel. Each image stack contains 40 frames recorded every 0.25 s giving an accumulated dose of �41 e-/Å2 and a total

exposure time of 10 s. Images were recorded with a set defocus range of 1.0 to 2.5 mm.

Cryo-EM image processing
The image stacks were processed using cisTEM (Grant et al., 2018). Whole-framemotions were corrected, followed by estimation of

contrast transfer function (CTF) parameters and resampling of the output images to 1.2 Å/pixel. Images with CTF fits to 4.5 Å or better

were selected. 939,063 coordinates were then automatically selected based on an empirical evaluation of maximum particle radius

(65 Å), characteristic particle radius (60 Å), and threshold peak height (4 SD above noise). Three rounds of 2D classifications into 300

classes were performed to remove false positives and suboptimal particles. The remaining 288,371 particles were used for ab initio

3D reconstruction either with C1 or C2 symmetry applied. These particles were then used for iterative 3D classification and auto-

refinement without or with a mask. The Fab molecules were flexible and of lesser biological interest, so different masks to focus

the 3D classification and refinement on ProTx2-VSD2-NavAb were applied. During 3D refinement, the masked regions of the map

were low-pass filtered to 15 Å. The best two classes representing S4 down (VSD2-deactivated) and S4 up (VSD2-activated)

states of VSD2 contained �53 k and 187 k particles and were auto-refined with C2 symmetry to �3.6 Å (FSC = 0.143), using data

up to 1/8 Å-1 during refinement. The FSC curve for the S4 down map dropped rapidly around 4.4 Å before hovering around

�0.15-0.2 until �3.6 Å, indicating very low SNR at those resolutions, so we estimated its resolution to be �4.2 Å. Local resolution

of the maps was estimated using a re-implementation of the blocres algorithm (Cardone et al., 2013) within cisTEM, using a box

size of 20 pixels. Maps were sharpened by amplitude scaling to yield at flat rotational power spectrum from 1/10 Å-1 to the estimated

resolution, at which radius a cosine-edge low-pass filter was applied. For model-building and figure preparation, maps were filtered

locally according to the estimated local resolution.

Cryo-EM model Building
The crystal structure of ProTx2-VSD2-NavAb was used as an initial model and docked to the cryo-EMmaps by rigid-body fitting. The

model was manually adjusted in Coot and refined using phenix.real_space_refinement (Adams et al., 2010).

Automated whole cell patch clamp recordings
Automated patch clamp (APC) recordings were performed in whole-cell configuration by using either a SyncroPatch 768PE system

(Nanion Technologies, Germany) or an 8-channel Patchliner system (Nanion Technologies, Germany) with single-hole medium resis-

tance (�2-6 MU) borosilicate glass planar chips. Pulse generation and data collection were performed with PatchController384

V1.5.2 and DataController384 V1.5.0 software from SyncroPatch system. Currents were sampled at 10 kHz and filtered with Bessel

filter. Series resistance was compensated 80% with leak artifacts subtraction. Seal resistance (Rseal) was calculated using built-in

protocols, and high quality recoding data was obtained by auto filtering 3 quality control criteria: cell catching (> 10 MU), seal resis-

tance (> 500 MU) and baseline current amplitude (> 500 pA), and follow with manual inspection. Patch-clamp peak current measure-

ments are presented as the means ± SEM.

For all APCNav channel recordings, the intracellular solution contained (in mM): 50 CsCl, 60 CsF, 10 NaCl, 20 EGTA and 10 HEPES

(pH 7.2, osmolarity 285mOsm), and extracellular solution contained (in mM): 80 NaCl, 60 NMDG, 4 KCl, 2 CaCl2, 1 MgCl2, 5 Glucose

and 10 HEPES (pH 7.4, osmolarity 300 mOsm). Except in ion strength experiments, extracellular solutions were prepared by

changing sodium and glucose concentrations to reachmolar ionic strength (M) 0.03 to 0.17, withmaintaining 300mOsm. The holding

membrane potential (Vm) for all experiments was set at �120 mV unless otherwise noted. For current–voltage (IV) relationship

studies, voltage gated sodium currents were elicited by depolarizing voltage steps from �80 mV to +40 mV for 20 ms (5 mV

increments). While half steady-state inactivation (V1/2) studies were performed by preconditioning Vm from �120 to 0 mV (5 mV
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increments) for 500 ms then followed with stimulation pulse at �10 mV for 20 ms. Current activation and inactivation curves of the

channels were plotted using the following Boltzmann equation: GNa/GNa,max = 1/(1+exp((V+V50)/kv)), for which the GNa (conduc-

tance) value for each clamped oocyte was determined by dividing the peak Na+ current by the driving force (Vm�ENa). In pharma-

cological tests, current was elicited every 2 s, 5min before and 25min after applying compound. For compound effect analysis, com-

pound inhibition was calculated as the percentage of peak current (I) decrease from before compound application (IBaseline) to the end

of 25 min compound application (IEnd) and both being normalized to the end of experiment full block current (IFull_block). All IC50 values

were calculated by using Prism (version 6.05, Graphpad, CA) four-parameter Hill equation fitting of the dose-response curve, with

each point n = 3 � 100. MTS reagents were purchased from Toronto Research Chemicals (Canada).

QUANTIFICATION AND STATISTICAL ANALYSIS

Cryo-EM
Global resolution estimations of cryo-EMdensity maps are based on the 0.143 Fourier Shell Correlation criterion (Rosenthal andHen-

derson, 2003).

Electrophysiology
All functional assay toxin potency error bars represent 95% IC50 confidence range by using Prism four parameters regression fitting

with R2 criterion as 0.95.

DATA AND SOFTWARE AVAILABILITY

The accession number for the ProTx2-VSD2-NavAb channel crystal structure is PDB: 6N4I. The accession numbers for the

ProTx2-VSD2-NavAb (VSD2-activated) cryo-EM model and map are PDB: 6N4Q and EMDB: EMD-0341, respectively. The acces-

sion numbers for the ProTx2-VSD2-NavAb (VSD2-deactivated) cryo-EM model and map are PDB: 6N4R and EMDB: EMD-0342,

respectively. Further information about sample preparation, data collection, or data processing can be directed to the Lead Contact.
Cell 176, 702–715.e1–e6, February 7, 2019 e6



Supplemental Figures

Figure S1. ProTx2 and VSD2 Constructs Used for Structural Studies, Related to Figure 1

S1A. Sequence alignment of ProTx2 and related natural variants with disulfide bonding of the ICK toxin fold indicated. S1B. 3D structure of ProTx2 (PDB 5O0U).

S1C. Potency of ProTx2 and related ICK toxins measured on human Nav1.7. Error bars represent mean ± SEM. S1D. Schematic of human Nav1.7 channel

compared to the homotetrameric NavAb-based VSD2 chimeric channels generated in this study. S1E. Sequence alignment comparing equivalent regions of

Nav1.7, full-VSD2-NavAb, VSD2-NavAb and wild-type NavAb channels. Grafted regions from human Nav1.7 VSD2 are highlighted in blue (S1-S2 region) and

green (S3-S4 region), respectively. S1F. Size exclusion chromatography of full-VSD2-NavAb channel in the absence or presence of ProTx2. S1G. Size exclusion

chromatography of VSD2-NavAb channel in the absence or presence of ProTx2. S1H. Potency of ProTx2 comparedwith an amino-terminal biotin-PEG2modified

ProTx2 measured on human Nav1.7. Error bars represent mean ± SEM.



A

ProTx2ProTx2

S1-S2
loop S3-S4

loop

A
side view

PMVSD

B

top view

T8

ProTx2

PE (partial)
I767

S1
S2

S3

S1-S2
loop

side view

ProTx2C D

E

ProTx2

M722

ProTx2

M722

M750

M752

M757

F G

top viewtop view

Figure S2. Crystal Packing, Phospholipids, and SeMet Derivative of the ProTx2-VSD2-NavAb Channel, Related to Figure 1

S2A. The ProTx2-VSD2-NavAb channel crystallized in a Type 1 lattice as expected for a protein crystallized from a detergent-lipid mix where amembrane bilayer-

like organization can be appreciated. S2B. Close-in view of the crystal lattice packing environment shows that ProTx2 is free from lattice contacts outside of the

VSD2 receptor site. The S1-S2 and S3-S4 loops do approach one another from neighboring molecules within the asymmetric unit but no direct contacts between

the S3-S4 loops are observed (i.e., the S3-S4 loops approach only within�7 Å of one another). S2C. Top view of the ProTx2-VSD2-NavAb complex with modeled

phospholipids assigned as phosphatidylethanolamine shown in yellow sphere representation. S2D. Membrane view with modeled lipids in yellow stick repre-

sentation with a 2Fo-Fc map calculated before any lipids were modeled or refined, rendered at 1 s, carved at 3 Å. S2E. Close-in view of extra density assigned as

PE-lipid in contact with I767 (S2) and within hydrogen bonding distance of ProTx2 T8 (depending on T8 side-chain rotamer). S2F. Top view of the VSD2-NavAb

SeMet channel with anomalous difference peaks shown in pink mesh, rendered at 4 s, and carved at 10 Å. S2G. Same as in panel F, but a close-in view.



Figure S3. ProTx2 and the VSD2 Receptor Site, Related to Figures 1, 2, and 3

S3A. View from the pore domain, a 2Fo-Fc map (green mesh) calculated before any portion of ProTx2 was modeled or refined is rendered at 1 s, carved at 3 Å.

S3B. S3-S4 loop portion of the ProTx2 receptor site is shown (gray sticks) with a simulated annealing (SA) Fo-Fc omit map, where residues E811-R824 from all

chains were omitted from the calculation (green mesh), rendered at 1.5 s, carved at 3 Å. For comparison, a 2Fo-Fc map is rendered only over ProTx2 (blue mesh)

at 1 s, carved at 3 Å. Only VSD2 residues have been labeled for clarity. S3C. Same view as in panel B with maps omitted for clarity, where B-factors for the S3-S4

loop region are shown and colored from low to high (blue to red), respectively. Chain C of VSD2 has been shown here as a representative example, where equally

strong electron density features are observable in chain A. Only VSD2 receptor site residues have been labeled for clarity.



Figure S4. Cryo-EM Sample Preparation and Analysis of the ProTx2-VSD2-NavAb Channel Complex, Related to Figures 5 and 6

S4A. The same channel construct and detergent-lipid conditions were used to prepare ProTx2-VSD2-NavAb channel complexes for cryo-EM analysis as had

been used for crystallography. A Fab fragment that targets the PM of the NavAb channel was added to increase themolecular weight of the complex and assist in

particle alignment. Size exclusion chromatography profile of the ProTx2-VSD2-NavAb channel-Fab complex is shown. S4B. A representative cryo-electron

micrograph of the complex. S4C. Representative 2D class averages. S4D. An overview of the cryo-EM data processing. After various treatments to mask the

VSD2 and Fab regions of the channel, 2 major classifications that we refer to as the activated and deactivated conformations of VSD2 emerged.



Figure S5. Cryo-EM Analysis of the ProTx2-VSD2-NavAb Channel Complex, Related to Figures 5 and 6

S5A. Local resolution ofmaps. S5B. Orientation distribution of particles for the final 3D reconstructions. S5C. Fourier shell correlation curve for the cryo-EMmaps.

Frequencies beyond 1/8 Å-1 were not used during refinement, as indicated by the vertical line. S5D. A section through S6-activation gate from the VSD2-activated

state (gray) shows good correspondence with ProTx2-VSD2-NavAb crystal structure (cyan). Density corresponding to the S6 helices forms a local four-fold

symmetric enclosure around the central pore axis. By comparison, a section through activation gate from the VSD2-deactivated state (orange) shows poor

(legend continued on next page)



correspondencewith ProTx2-VSD2-NavAb crystal structure over the S4-S5 linkers and S6 activation gate. Arrows indicate themovement and repositioning of the

S4-proximal portion of the S4-S5 linker in the deactivated state map relative to the ProTx2-VSD2-NavAb crystal structure (cyan). Rearrangements impinge on the

S6 helices, which leads to a constriction of the activation gate where two S6 helices move toward the central pore axis, whereas the other S6 helices are

consequently pushed away. S5E. View of the S4 and S4-S5 linker regions in the VSD2-activated (left) and VSD2-deactivated (right) state maps. Mesh isosurfaces

of the cryo-EMmaps are shown, along with Ca backbone traces and side chain representations of themodels refined into them. Both PMswere aligned vertically,

so that the panels are in vertical register.



(legend on next page)



Figure S6. VSD2 Sequence Alignments, Homology Models, and Ionic Strength Effects, Related to Figures 1, 2, 3, and 4

S6A. Sequence alignment of VSD1-VSD4 fromhumanNav1.7with the FLADmotif (conserved in VSD2 and VSD4) highlighted in purple. S1-S2 and S3-S4 residues

grafted on the VSD2 construct are highlighted in blue and green, respectively. S6B. Sequence alignment of VSD2 from all human Nav channel subtypes (except

for Nav1.9, which diverges considerably in the ProTx2 receptor site region). Residues on the S2 that contact ProTx2 in the Nav1.7 VSD2 complex are highlighted

in orange. Acidic residues in the S3-S4 region, some of which contact ProTx2 in the Nav1.7 VSD2 complex, are highlighted in red. The LFLADmotif (or equivalent

sequence) is highlighted in purple. S6C-D. Crystal structure and electrostatic surface of the ProTx2-VSD2 Nav1.7 complex is compared to an in silico homology

model generated for human Nav1.5 over the same region. S6E. Potency of ProTx2 measured on wild-type Nav1.7, wild-type Nav1.2, and a Nav1.2 chimera

channel that was substituted in VSD2 from the LGLAN sequence to the LFLAD sequence. Error bars represent mean ± SEM. S6F. Potencies of the indicated

toxins were determined on human Nav1.7 at the ion strengths indicated. Error bars represent mean ± SEM.
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