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Peptide toxins with high affinity, divergent pharmacological
functions, and isoform-specific selectivity are powerful tools for
investigating the structure-function relationships of voltage-
gated sodium channels (VGSCs). Although a number of inter-
esting inhibitors have been reported from tarantula venoms, lit-
tle is known about the mechanism for their interaction with
VGSCs. We show that huwentoxin-IV (HWTX-IV), a 35-residue
peptide from tarantula Ornithoctonus huwena venom, preferen-
tially inhibits neuronal VGSC subtypes rNav1.2, rNavl.3, and
hNav1.7 compared with muscle subtypes rNav1.4 and hNav1.5.
Of the five VGSCs examined, hNavl.7 was most sensitive to
HWTX-IV (IC;, ~ 26 nm). Following application of 1 um
HWTX-IV, hNavl.7 currents could only be elicited with
extreme depolarizations (>+100 mV). Recovery of hNavl.7
channels from HWTX-IV inhibition could be induced by
extreme depolarizations or moderate depolarizations lasting
several minutes. Site-directed mutagenesis analysis indicated
that the toxin docked at neurotoxin receptor site 4 located at the
extracellular S3-S4 linker of domain II. Mutations E818Q and
D816N in hNavl.7 decreased toxin affinity for hNavl.7 by
~300-fold, whereas the reverse mutations in rNav1.4 (N655D/
Q657E) and the corresponding mutations in hNav1.5 (R812D/
S814E) greatly increased the sensitivity of the muscle VGSCs to
HWTX-IV. Our data identify a novel mechanism for sodium
channel inhibition by tarantula toxins involving binding to neu-
rotoxin receptor site 4. In contrast to scorpion B-toxins that trap
the IIS4 voltage sensor in an outward configuration, we propose
that HWTX-IV traps the voltage sensor of domain II in the
inward, closed configuration.
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Voltage-gated sodium channels (VGSCs)? are important
transmembrane proteins expressed in most excitable tissues.
The opening of the pore-forming « subunit is responsible for
the rapid depolarizing phase of action potentials. Nine dis-
tinct VGSC « subunit subtypes (Nav1l.1-1.9) have been
cloned from mammals (1, 2). The a subunits share over 75%
sequence similarity with each other and often exhibit similar
functional properties. Because of these similarities, biologi-
cal toxins that selectively target VGSC subtypes can be cru-
cial for investigating the distribution and divergent physio-
logical functions of VGSCs.

Many different animals have evolved small molecules or
polypeptides that target VGSCs to aid the capture of prey or
enhance defenses against predators (3). Investigation of these
biological toxins has greatly contributed to our understanding
of the physiological roles and structure-function of VGSCs (4).
The small molecule VGSC inhibitor tetrodotoxin (TTX) has
proven extremely useful, and VGSC subtypes are often classi-
fied as TTX-sensitive (Navl.1-1.4, Navl.6, and Navl.7) or
TTX-resistant (Navl.5, Nav1.8, and Nav1.9) (1, 5). Polypeptide
toxins can also exhibit high selectivity for VGSC subtypes and,
compared with TTX, may have advantages for studying VGSCs.
For example, the w-conotoxin GIIIA potently blocks rat Nav1.4
but has little effect on other subtypes (6, 7), and the tarantula
toxin hainantoxin-I inhibits Nav1.2 without affecting sensory
neuron VGSCs (8). Animal polypeptide toxins can modulate
the activities of sodium channels in diverse manners. More than
six toxin receptor sites have been identified or proposed on
VGSCs (9, 10). Neurotoxin receptor site 1, located in the outer
vestibule of the channel pore, is the site of action for TTX and is
often targeted by n-conotoxins (6). Scorpion a-toxins and sea
anemone toxins bind to neurotoxin receptor site 3 at the extra-
cellular S3-S4 linker on domain IV to slow inactivation kinetics
(11). Scorpion B-toxins enhance activation by binding to neu-
rotoxin receptor site 4 at the extracellular S3-S4 linker on
domain II and trapping the IS4 voltage sensor in the outward,
activated configuration (12).

Over 30 peptide toxins targeting VGSCs have been iden-
tified from spider venoms (13). However, little is known

3 The abbreviations used are: VGSC, voltage-gated sodium channel; HWTX-IV,
huwentoxin-IV; TTX, tetrodotoxin; DRG, dorsal root ganglia; HWTX-I,
huwentoxin-I; HEK293, human embryonic kidney 293; WT, wild type.
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about the mechanisms of action for inhibitory spider toxins.
Huwentoxin-IV (HWTX-IV) is a typical inhibitory cysteine
knot peptide from the tarantula Ornithoctonus huwena and
can inhibit TTX-sensitive VGSCs on adult rat dorsal root
ganglia (DRG) neurons (14). In this study, we investigated
the toxin sensitivity for Nav1.2, Nav1.3, Nav1.4, Navl.5, and
Nav1l.7 and the mechanism of the inhibition by HWTX-IV.
Our data indicate that HWTX-IV preferentially blocks
peripheral nerve subtype Navl.7 by binding neurotoxin
receptor site 4. Importantly in contrast to scorpion -toxins,
our data suggest that HWTX-IV traps the IIS4 voltage sensor
in a closed configuration, therefore providing novel mecha-
nistic insight into the mechanism of action of tarantula tox-
ins that inhibit VGSCs.

EXPERIMENTAL PROCEDURES

Toxin Purification—Huwentoxin-I (HWTX-I) and HWTX-IV
were purified from the venom of the female tarantula O.
huwena as described by Liang et al. (15) and Peng et al. (14),
respectively. The purity of the toxins used in this study was
determined to be over 99% by high pressure liquid chroma-
tography and matrix-assisted laser desorption ionization
time-of-flight analysis.

Plasmids and Construction of Navl.4, Navl.5, and Navl.7
Mutants—The cDNA genes encoding Navl.2, Navl.3, and
Nav1.4 from rat were subcloned into the vectors pRC-CMV,
pcDNA3.1-mod, and pRBG4, respectively (16 —18). The cDNA
genes encoding Navl.5 and Nav1l.7 from human were sub-
cloned into the vectors pcDNA3.1 and pcDNA3.1-mod,
respectively (19). Auxiliary subunits 81 and B2 both were
cloned from human and inserted into an internal ribosome
entry site vector (20). All mutations of Navl.4 (N655D,
Q657E, and N655D/Q657E), Navl.7 (D816N, E818Q, and
D816N/E818Q), and Nav1l.5 (R812D/S814E) were constructed
using the QuikChange II XL Site-Directed Mutagenesis kit
according to the manufacture’s instruction. The forward and
reverse primers with a length of 30 base nucleotides were
designed, and only one nucleotide in the code encoding Asp,
Asn, Glu, or Gln was replaced (AAT<> GAT and CAA<> GAA)
with the exception of the R812D and S814E mutations in
hNav1l.5 where multiple nucleotides were replaced (CGC<>
GAC and AGC<> GAG). All constructs were sequenced to con-
firm that the appropriate mutations were made. None of the
mutations caused major changes in VGSC gating properties
(supplemental Fig. 1 and supplemental Table 1).

Transient Transfection—Transient transfections of Nav1.4,
Navl.5, and Nav1l.7 mutant constructs into human embry-
onic kidney 293 (HEK293) cells were performed using the
calcium phosphate precipitation method. HEK293 cells were
grown under standard tissue culture conditions (5% CO, and
37 °C) in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum. The mutant Nav1.7 channels
were cotransfected with the human B1 and B2 subunits (20)
to increase the current density, whereas the mutant Nav1.4
and Navl.5 channels were transfected without any 8 sub-
unit. The calcium phosphate-DNA mixture (channel con-
structs and a green fluorescent protein reporter plasmid)
was added to the cell culture medium and left for 3 h after
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which the cells were washed with fresh medium. Cells with
green fluorescent protein fluorescence were selected for
whole-cell patch clamp recordings 36-72 h after
transfection.

Preparation of Stably Transfected Cell Lines—The transfec-
tions of all wild type sodium channels (Navl.2, Navl.3,
Nav1.4, Navl.5, and Navl.7) were carried out according to
the method as described above, but no green fluorescent
protein reporter plasmid was included in the calcium phos-
phate-DNA mixture. After transfection for 15-20 h, the cells
were washed with fresh medium. After 48 h, antibiotic
(G418, Geneticin; Cellgro, Herndon, VA) was added to select
for neomycin-resistant cells. After 2—3 weeks in G418, colo-
nies were picked, split, and subsequently tested for channel
expression using whole-cell patch clamp recording
techniques.

Whole-cell Patch Clamp Recordings—Whole-cell patch
clamp recordings were performed at room temperature
(~21°C) using an EPC-10 amplifier (HEKA, Lambrecht, Ger-
many). Data were acquired on a Pentium IV computer using the
Pulse program (version 8.31; HEKA). Fire-polished electrodes
(0.8-1.5 megaohms) were fabricated from 1.7-mm capillary
glass (VWR, West Chester, PA) using a P-97 puller (Sutter,
Novato, CA). The access resistance ranged from 0.9 to 3.2
megaohms. The standard pipette solution contained 140 mm
CsF,1 mM EGTA, 10 mm NaCl, and 10 mm HEPES, pH 7.3. The
standard bathing solution was 140 mm NaCl, 3 mm KCl, 1 mm
MgCl,, 1 mm CaCl,, and 10 mm HEPES, pH 7.3. For the exper-
iments described in Fig. 4, modified solutions were used to
enhance outward sodium current amplitudes. The modified
pipette solution contained 108 mm NaCl, 35 mm CsF, 1 mMm
EGTA, 2 mm KCI, and 10 mm HEPES, pH 7.3. The modified
bathing solution contained 105 mm NaCl, 35 mm N-methyl-p-
glucamine chloride, 5 mm CsCl, 2 mm KCl, 1 mm MgCl,, 1 mm
CaCl,, and 10 mm HEPES, pH 7.3. The liquid junction potential
for these solutions was <8 mV; data were not corrected to
account for this offset. Voltage errors were minimized using
80% series resistance compensation, and the capacitance arti-
fact was canceled using the computer-controlled circuitry of
the patch clamp amplifier. The offset potential was zeroed
before patching. After establishing the whole-cell recording
configuration, the resting potential was held at —100 mV for 5
min to allow adequate equilibration between the micropipette
solution and the cell interior. Linear leak subtraction, based on
resistance estimates from four to five hyperpolarizing pulses
applied before the depolarizing test potential, was used for all
voltage clamp recordings. Membrane currents were usually fil-
tered at 5 kHz and sampled at 20 kHz. For measurement of
deactivation kinetics (see Fig. 6), tail currents were filtered at 50
kHz and sampled at 100 kHz.

Toxin Solutions and Bath Application—The stock solution
for HWTX-IV at 1 mm was made using double distilled water,
and aliquots were stored at —20 °C. Before use, the solution was
diluted to the concentrations of interest with fresh bathing
solution. Toxin was diluted into the recording chamber (vol-
ume of 300 ul) and mixed by repeatedly pipetting 30 ul to
achieve the specified final concentration. The mixing proce-
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FIGURE 1. HWTX-IV differentially blocked five WT sodium channel isoforms expressed in HEK293 cells.
Nav1.2 (A), Nav1.3 (B), and Nav1.4 (C) rat sodium channels and Nav1.5 (D) and Nav1.7 (E) human sodium
channels were exposed to HWTX-IV. All inward current traces (inset) were elicited by a 20-ms depolarizing
potential of —10 mV from a holding potential of —100 mV every 5 s. Data are normalized to the maximum peak
current amplitude. After exposure to 1 um HWTX-IV, inward currents from Nav1.2 and Nav1.7 were inhibited
completely (A and E), and around 80.9% of Nav1.3 current was inhibited (B). The time constants of inhibition
(inset) were ~39.5, 33.5, and 221.0 s, respectively. However, 1 um HWTX-IV had little effect on Nav1.4 (C; 7 ~
45.0 s) and Nav1.5 (D) currents. Note that the inhibitory time constant could not be calculated on Nav1.5.
F, dose-response inhibitory curves for HWTX-IV on WT Nav1.2, Nav1.3, Nav1.4,
point shown as mean = S.E. comes from three to seven experimental cells. Data points were fitted with the Hill
logistic equation as described under “Experimental Procedures.” The f,,,, values yielded were 0 on Nav1.2,
Nav1.3,and Nav1.7 channels, whereas the value was 59.2% for the Nav1.4 channel. The Hill coefficient was set
to 1 for all of the fits to the TTX-sensitive VGSC isoforms. We believe that this is reasonable based on the
mutagenesis experiments that indicated that there is one high affinity binding site. For Nav1.4, which exhibited
low sensitivity to HWTX-IV, it was estimated to be 0.9. Note that the dose-response curve for Nav1.5 could not
be accurately fitted, and therefore the line is drawn to connect the data points and guide the eye. Data are

mean *+ S.E. Lg, Log.

dure typically took ~5 s. The extent of the inhibitory effect of
toxin was typically assessed around 10-16 min after toxin
treatment.

Data Analysis—Data were analyzed using the Pulsefit
(HEKA) and Sigmaplot9.0 (Sigma) software programs. All data
points are shown as mean * S.E. nis presented as the number of
the separate experimental cells. Dose-response curves were fit-
ted using the following Hill logistic equation: y = 1 — (1 —
fonax)! (L + ([Tx]/1C;,)") where # is an empirical Hill coefficient
and f, .. is the fraction of current resistant to inhibition at high
toxin (Tx) concentration. The Hill coefficient was set to 1
except where indicated otherwise. This is reasonable based on
the results of our mutagenesis data, which indicated a single
high affinity binding site for most of the sodium channel
isoforms.

RESULTS

Selectivity of HWTX-IV for Sodium Channel Subtypes—Pre-
vious work demonstrated that 1 um HWTX-IV completely
inhibits TTX-sensitive sodium currents in adult rat DRG neu-
rons but has no effect on TTX-resistant currents (14); however,
the effects of HWTX-IV on specific VGSC isoforms are
unclear. Therefore we first investigated the ability of
HWTX-IV to block currents generated by five VGSC subtypes
(Nav1.2, Navl.3, Navl.4, Navl.5, and Navl.7) expressed in
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same dose (7 ~221 s), which
decreased the Navl.3 current
amplitude by 73.5 = 1.5% (n = 7;
Fig. 1B). In contrast to these three
TTX-sensitive neuronal subtypes,
WT Navl.4 and Navl.5 seemed to
be relatively resistant to HWTX-IV;
only 28.1 = 5.6 and 21.3 * 3.2% of
currents were inhibited in cells
expressing WT Navl.4 channels
(n = 7) and Nav1.5 channels (n = 3)
by 1 um HWTX-IV, respectively
(Fig. 1, Cand D). This resistance was
confirmed with increased toxin
concentration; ~70% of Nav1.4 and Nav1.5 current could still
be activated after exposure to 10 um HWTX-IV (Fig. 1F). Fig. 1F
shows that HWTX-IV inhibited WT VGSC subtypes in a
concentration-dependent manner. Hill logistic equation fits to
these data estimated that the IC,, values were 150, 338, 400, and
26 nM for WT Navl.2, Navl.3, Navl.4, and Navl.7 channels,
respectively. The IC,, value for Nav1.5 could not be accurately
calculated, but our data indicate that it is >10 uM. It is impor-
tant to note that although the estimated IC,, values for Nav1.3
and Navl.4 are similar, all three of the TTX-sensitive neuronal
VGSCs that we tested were inhibited to a greater extent by
HWTX-IV than was Navl.4 (or Navl.5). These data indicate
that Navl.7, a peripheral neuronal subtype preferentially
expressed in most nociceptive DRG and sympathetic ganglion
neurons, is most sensitive to inhibition by HWTX-IV of the five
VGSC isoforms examined in this study. The order of VGSC
sensitivity to HWTX-IV inhibition was Navl.7 > Navl.2 >
Nav1l.3 >> Navl.4 = Navl.5.

Effects of Subsaturating Concentrations of HWTX-IV on Acti-
vation and Inactivation Properties of WT VGSC Subtypes—We
next asked whether HWTX-IV was acting as a simple inhibitor
or whether HWTX-IV might also alter channel gating behav-
iors at concentrations that did not completely inhibit the cur-
rent. A major effect of animal toxins on VGSCs can be modifi-
cation of the voltage dependence of channel activation and

Nav1.5, and Nav1.7. Each data
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Nav1.5 after exposure to the toxin at
1 uMm (Fig. 2, Cand D). In contrast to
ProTx-II and Magi5 (21, 24),
HWTX-IV did not modify the
threshold of initial channel activa-
'. tion on the five tested VGSC sub-
Q types. Because the toxin had re-
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further analysis of the effects of
HWTX-IV on the voltage depend-
ence of activation and inactivation.
As shown in Fig. 3, when channel
conductance calculated as de-
scribed in the figure illustration was
normalized, Boltzmann fits indi-
cated that the midpoints of channel
activation were —27.8 £ 1.9 and
—31.9 = 1.2 mV for WT Navl.2
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FIGURE 2. Effects of HWTX-IV on the current-voltage relationships of WT sodium channels. Cells were held
at —100 mV, and families of sodium currents were induced by 50-ms depolarizing steps to various potentials
ranging from —80 to +40 mV in 5-mV increments. All currents induced before (control) and 10 min after toxin
application were normalized to the maximum amplitude of control peak current. Different concentrations of
HWTX-IV were applied to Nav1.2 (0.2 um; A), Nav1.3 (T um; B), Nav1.4 (1 um; C), Nav1.5 (1 um; D), and Nav1.7 (0.1

uMm; E). Data are mean * SE.

inactivation. Many toxins from spiders, such as 8-atracotoxins;
Magi5; CcoTx1, CcoTx2, and CcoTx3; PaurTx3; and ProTx-II,
are able to shift the threshold of sodium channel activation to
more negative or positive potentials (21-26). Therefore we
investigated the effects of subsaturating toxin concentrations
on the voltage dependence of current activation. The current-
voltage relationships were determined for Navl.2, Navl.3,
Navl.4, Navl.5, and Nav1.7 channels using step depolarization
ranging from —80 to 40 mV from a holding potential of —100
mV. Fig. 2 shows that under control conditions the threshold of
initial channel activation ranged between —65 and —50 mV
and that the largest peak current was evoked between —20 and
—10 mV. In the presence of HWTX-IV at 0.1, 0.2, or 1 um,
Navl.7, Navl.2, and Navl.3 currents activated between —50
mV and +40 mV were significantly inhibited (Fig. 2, A, B, and
E), but only slight inhibitions were detected on Navl.4 and
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-80-60-40-20 O 20 40

Membrane potential (mV)

before and after exposure to 0.2 um
toxin (Fig. 34; n = 3), —43.2 * 1.0
and —41.8 = 0.8 mV for WT Nav1.3
before and after exposure to 1 um
toxin (Fig. 3B; n = 4), and —31.0 =
1.0 and —32.7 = 0.7 mV for WT
Nav1.7 before and after exposure to
0.1 um toxin (Fig. 3C; n = 4), respec-
tively. These differences were not
statistically significant, and no
changes were observed in the slope
values for the voltage dependence of
activation either (data not shown).
In contrast to ProTx-II, which does
alter the voltage dependence of acti-
vation for Nav1.5 and Nav1.7 within
the physiological voltage range (24)
and the ceratotoxins (CcoTxl,
CcoTx2,and CcoTx3) and PaurTx3,
which positively shift the voltage
dependence of activation of Nav1.2,
Navl.3, and Nav1.4 by 5-20 mV at concentrations that do not
fully inhibit the channels (26), these data show that subsaturat-
ing concentrations of HWTX-IV have little or no effect on the
voltage dependence of activation for the residual current.

We also asked whether subsaturating concentrations of
HWTX-IV altered the voltage dependence of steady-state inac-
tivation. Steady-state inactivation is another important prop-
erty of VGSCs that can modulate the excitability of neurons
(27), can be modified by scorpion and spider toxins (28), and
contributes to the inhibitory action of therapeutic agents such
as lidocaine. Therefore we investigated the effect of HWTX-IV
on steady-state inactivation of neuronal VGSC isoforms (WT
Nav1.2, Navl.3, and Nav1.7) using a standard two-pulse proto-
col. As illustrated in Fig. 3, under control conditions the esti-
mated midpoints of steady-state inactivation were —75.3 = 0.6,
—86.8 * 0.6, and —75.5 = 1.8 mV on Navl.2, Navl.3, and
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FIGURE 3. HWTX-IV had no obvious effects on the steady-state activation
and inactivation voltage dependence of WT Nav1.2 (A), Nav1.3 (B) and
Nav1.7 (C). Steady-state activation kinetics was estimated based on the data
from Fig. 2. The conductance was calculated using the equation G(Nav) =
I/(V — V,.,) in which /, V, and V,, represent inward current value, membrane
potential, and reversal potential, respectively. Data are plotted as a fraction of
the maximum conductance. The voltage dependence of steady-state inacti-
vation was estimated using a standard double pulse protocol in which
sodium currents were induced by a 20-ms depolarizing potential of —10 mV
following a 500-ms prepulse at potentials that ranged from —130to —10 mV
with a 10-mV increment. Cells were held at —100 mV. Currents were plotted
as a fraction of the maximum peak current. Data points (mean = S.E.) for both
activation and inactivation kinetics were well fitted with the Boltzmann
equation.

Nav1.7, respectively. After toxin treatment (0.2, 1, or 0.1 um) for
~13 min, the estimated midpoint values were —77.4 * 0.6,
—86.5 = 1.0, and —72.2 = 1.3 mV, respectively (n = 3-4).
These differences were not statistically significant. Thus, these
data indicate that subsaturating concentrations of HWTX-IV
have little or no effect on steady-state inactivation of the resid-
ual currents conducted by neuronal VGSCs.

The kinetics of activation and inactivation for the residual
currents in subsaturating concentrations of HWTX-IV were
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similar to those of controls on the VGSC subtypes that were
tested (data not shown), consistent with previous observations
on rat DRG neurons (14). The fact that the kinetics and voltage
dependence of residual macroscopic currents in the presence of
subsaturating HWTX-IV are virtually identical to the behavior
of control currents in the absence of toxin implies that the
residual current is simply due to normal channels not occupied
by toxin. In other words, the fraction of toxin-occupied chan-
nels is electrically silent in this assay. Thus, at first glance, in the
physiologically relevant voltage range of —80 to +60 mV,
HWTX-IV appears to act as a simple inhibitor or channel
blocker in the manner of TTX.

HWTX-IV Is Not a Simple Pore Blocker—The apparent lack
of effect of subsaturating concentrations of HWTX-IV on the
activation and inactivation properties is consistent with the
original proposal that HWTX-IV might interact with neuro-
toxin receptor site 1 (14). Therefore we tested whether
HWTX-IV inhibition was altered by mutation of a pore residue
in voltage-gated sodium channels that is critical for binding of
toxins to neurotoxin site 1 such as TTX (27) as well as binding
of another pore blocker, the p-conotoxin GIIIB, to Nav1.4 (data
not shown). The Y362S mutation in Nav1.7 greatly decreased
sensitivity to TTX but did not alter inhibition by HWTX-IV
(supplemental Fig. 2). This indicates that HWTX-IV is unlikely
to interact with site 1.

The lack of effect of the Y632S mutation on HWTX-IV inhi-
bition raised the possibility that HWTX-IV might not be a sim-
ple pore blocker. There is substantial evidence showing that
several peptide toxins that inhibit voltage-gated potassium and
calcium currents do so by trapping one or more of the voltage
sensors in the closed configuration (29-31). The inhibitory
action of these potassium and calcium channel inhibitors can
be overcome or reversed with large depolarizations, indicating
state-dependent binding. Therefore we tested whether Nav1.7
currents could be elicited by strong depolarizations in the pres-
ence of a saturating concentration (1 um) of HWTX-IV.

Cells were depolarized from —80 mV to potentials ranging
from —60 to +160 mV in 5-mV increments (Fig. 4, A-C).
Because the sodium currents reversed around +65 mV when
recordings were obtained with our standard bath and pipette
solutions, we modified the solutions (see “Experimental Proce-
dures”) to shift the reversal potential close to 0 mV and enhance
the amplitude of the outward sodium currents elicited with
strong depolarizations (Fig. 4A4). As has been observed previ-
ously with Nav1.4 channels expressed in HEK293 cells (32), the
amplitude of these currents plateaued above 100 mV. This is
likely because of the action of cytoplasmic polyamines (32). In
the presence of saturating concentrations of HWTX-IV, out-
ward currents can be observed at voltages above 70 mV. At
+160 mV, the amplitude of these currents was one-fifth of the
current amplitude elicited before toxin application (Fig. 4, B
and C). In five of the toxin-treated cells, we were able to record
outward sodium currents in the presence of HWTX-IV with
depolarizations extending up to 280 mV (Fig. 4D). The data
from these cells were compared with data obtained at the same
time point (20 min after establishing the whole-cell configura-
tion) from a separate group of control cells. For this compari-
son, the amplitude of the currents recorded from the control
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FIGURE 4. Very large depolarizations can partially activate Nav1.7 chan-
nels blocked by HWTX-IV. Nav1.7 currents were recorded using modified
solutions with nearly symmetrical sodium concentrations to enhance the
amplitude of outward sodium currents. A, Nav1.7 currents recorded from a
HEK293 cell expressing Nav1.7 channels just before toxin application ~10
min after establishing the whole-cell recording configuration. The depolariz-
ing voltage steps ranged from —60 to +160 mV. B, Nav1.7 currents recorded
from the same cell as in A following application of 1 um HWTX-IV. Recording
was obtained ~20 min after establishing the whole-cell configuration. C, cur-
rent-voltage plot of peak current amplitude obtained from six cells express-
ing Nav1.7 channels before and after toxin application (as described for the
cell in A and B). Current amplitudes were normalized to the amplitude
recorded at +100 mV before toxin application. D, the current-voltage rela-
tionship for Nav1.7 obtained from eight control Nav1.7 cells (no toxin) at ~20
min after establishing the whole-cell configuration is compared with data
from five of the toxin-treated cells from C. In both cases the current ampli-
tudes were normalized to the amplitude recorded at +100 mV in the absence
of toxin ~10 min after establishing the whole-cell configuration. This controls
for time-dependent changes that might affect the comparison. Cells were
depolarized to voltages ranging from —60 mV to +280 mV. E, the mean peak
currentamplitude evoked with different voltage pulses from Nav1.7-express-
ing HEK293 cells is shown before toxin treatment (filled squares), after addi-
tion of 1 um HWTX-IV (open circles), and after the subsequent addition of 500
nm TTX (filled circles; n = 3). For comparison, peak current amplitudes evoked
in the presence of 1 um HWTX-IV from HEK293 cells that did not express
recombinant sodium channels is also shown (open triangles; n = 6), confirm-
ing that the outward currents evoked from Nav1.7-expressing HEK293
cells in the presence of HWTX-IV are generated by Nav1.7 channels. Data
are mean = S.E.

cells was normalized to the amplitude obtained with the depo-
larization to 100 mV. The amplitude of the current recorded
from the toxin-treated cells was normalized to the current
amplitude obtained before toxin application with the depolar-
ization to 100 mV (as was done for Fig. 4C). As can be seen in
Fig. 4D, at 250 mV the normalized amplitude of the current
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recorded from the toxin treated cells is approximately half the
normalized amplitude of the current recorded from the control
cells. It is important to note that the currents activated with
extreme depolarizations activated within 1 ms (Fig. 4B). To
confirm that these currents were indeed produced by the trans-
fected Nav1.7 channels, in three of the toxin-treated cells we
applied 500 nm TTX and ran the protocol with the extreme
depolarizations again. Fig. 4E shows the average current ampli-
tudes of Navl.7-expressing HEK293 cells before HWTX-IV
treatment, after the addition of HWTX-IV, and then after addi-
tion of TTX. Current amplitude data obtained with the same
voltage protocol from control HEK293 cells that did not express
VGSC currents following HWTX-IV treatment but without
TTX treatment are also shown. These data show that 1) out-
ward currents elicited by HWTX-IV in HEK293 cells express-
ing Nav1.7 are blocked by TTX and that 2) similar currents are
not observed in HEK293 cells that do not express recombinant
VGSCs. Therefore these data show that very large depolariza-
tions can elicit Nav1.7 currents in the presence of HWTX-IV
concentrations that completely block currents within the phys-
iological voltage range, indicating that HWTX-IV exhibits
voltage-dependent or state-dependent inhibition of VGSCs.

We next asked whether the inhibition of Navl.7 by
HWTX-IV could be altered by repetitive depolarizations
and/or prolonged depolarizations. We first examined the kinet-
ics for onset of toxin inhibition with low frequency activity and
compared this with inhibition of channels that were not acti-
vated until at least 2 min after toxin application (Fig. 5A4). Inhi-
bition of Navl.7 was almost independent of pulse frequency.
During exposure to 1 um HWTX-IV, the time constants for
inhibition of Nav1.7 were ~33.5 s at 0.2 Hz, ~33.5 s at 0.1 Hz,
and ~36.1 s at 0.05 Hz. Importantly inhibition was nearly iden-
tical when Nav1.7 current was first activated 130 s after expo-
sure to toxin (Fig. 54). These data show that channel activation
is nota requirement for HWTX-IV inhibition. In a second set of
experiments we investigated whether prolonged depolariza-
tions could reverse the inhibitory effect of HWTX-IV on
Navl.7. Cells were depolarized to either +30 or +100 mV for
500 ms and then hyperpolarized to —100 mV for 40 ms to allow
channels to recover from fast inactivation before the test depo-
larization to determine the fraction of channels available for
activation. Although a significant amount of current was avail-
able for activation at the end of this protocol under control
conditions, following application of 1 um HWTX-IV the
Navl.7 channels did not conduct sodium current when a
500-ms depolarizing pulse at +30 or +100 mV was applied (Fig.
5, B and C; n = 6). However, following a 5-min depolarizing
pulse at +30 mV ~50% of the Nav1l.7 current recovered from
HWTX-IV inhibition (Fig. 5D; n = 3). In this case a 2-s hyper-
polarizing pulse was used to allow recovery from both fast and
slow inactivation before the final test pulse. These data show
that very prolonged depolarizations can reverse the inhibitory
effect of HWTX-IV.

Although it was not feasible to accurately determine the time
course for reversal at +30 mV, we were able to estimate the
time courses for reversal of inhibition at more extreme voltages
(Fig. 5E). For this set of experiments Navl.7 channels, in the
presence of 1 um HWTX-IV, were depolarized to +250, +200,
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FIGURE 5. Effect of activation on HWTX-IV inhibition. A, HWTX-IV inhibition is not altered by the rate of channel
activation. The time constant for inhibition by 1 um HWTX-IV with different pulse frequencies is shown. Sodium
currents were induced by 20-ms depolarizing potentials of —10 mV from a holding potential of —100 mV. When
fitted to single exponential function, the time constants (7) were ~33.5sat 0.2 Hz, ~33.5 s at 0.1 Hz, and ~36.1 s at
0.05 Hz. no pulse indicates that no pulse was applied for the first 130 s after toxin treatment. Note that in the absence
of depolarizing pulses HWTX-IV is still able to block Nav1.7 channels. B-D, prolonged or extreme depolarizations
allow partial recovery of current from HWTX-IV inhibition. A 500-ms depolarization to either +100 mV (B) or +30 mV
(O) did not promote recovery of Nav1.7 current from block by 1 um HWTX-IV. Currents were recorded before (black
trace) and after (red trace) HWTX-IV application. Current traces were induced by a three-pulse voltage protocol in
which the holding potential was —100 mV and test pulses before and after the 500-ms prolonged depolarizations
were 20-ms depolarizations to —10 mV. The interval at —100 mV between each of the three depolarizing pulses was
40 ms, allowing channels to recover from fast inactivation induced by the 500-ms depolarizing pulse. D, a 5-min
depolarization to +30 mV allows ~50% of the Nav1.7 current to recover from HWTX-IV inhibition. For this protocol
a 2-sinterval at —100 mV was used before and after the 5-min prolonged depolarization. This allows for recovery
from both fastand slow inactivation induced by the prolonged depolarization. E, time course for recovery of current
following strong depolarizations in the presence of 1 um HWTX-IV. Current amplitude was measured at —10 mV.
Cells were depolarized to +250 (filled squares; n = 3), +200 (open circles; n = 3), +150 (filled triangles; n = 4), and
+100mV (open inverted triangles; n = 5) for various durations followed by a ~700-ms hyperpolarization to —120 mV
(to remove fast inactivation) before testing current available at —10 mV. f, comparison of time course for current
inhibition following initial application of HWTX-IV (filled symbols) and reinhibition following depolarization-induced
recovery of current (open symbols). The time courses of inhibition were compared for 200 nm (triangles; n = 3), 2 um
(circles; n = 4),and 5 um (squares; n = 3) HWTX-IV. Current recovery was elicited with a 200-ms depolarization to
+250 mV. G, the time course for reinhibition is faster at —100 mV (filled squares) than at —150 mV (open circles).
Following application of 1T um HWTX-IV, cells (n = 3) were depolarized to +250 mV for 200 ms then hyperpolarized
to —100 or —150 mV. The time course for reinhibition was measured by pulsing to —10 mV for 10 ms once every 5s.
Data are mean = S.E.
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+150, and +100 mV for various
durations lasting between 1 and
1000 ms and repolarized to —120
mV for ~700 ms before testing for
recovery of Navl.7 current with a
test pulse to —10 mV. In the absence
of extreme depolarizations ~98% of
Navl.7 current elicited with a
—10-mV depolarization was inhib-
ited by 1 um HWTX-IV. Depolar-
izations to +250 mV induced rapid
recovery of the current available at
—10 mV with a time constant of
~31 ms. Recovery kinetics were
very dependent on voltage with the
time constant increasing to ~165
ms at +200 mV, ~688 ms at +150
mV, and ~8000 ms at +100 mV
(Fig. 5E).

These data indicate that ex-
treme, prolonged depolarizations
cause HWTX-IV to dissociate from
the sodium channel. To determine
whether this is likely, we measured
the initial time course for inhibition
following bath application of 200
nM, 2 uM, and 5 um HWTX-IV and
compared this with the time course
for reinhibition of Navl.7 currents
following recovery induced by a
200-ms depolarization to +250 mV
(Fig. 5F). The time constant for the
initial inhibition was 119 * 11 s with
200 nm HWTX-IV (1 = 3),23 + 55
with 2 um HWTX-IV (n = 4), and
9.5 £ 1.5 s with 5 um HWTX-IV
(n = 3). The time constant for the
reinhibition following recovery
induced by the extreme depolariza-
tion was 84 * 7 s with 200 nm
HWTX-IV (1 = 3), 20 = 4 5 with 2
um HWTX-IV (7 = 4), and 8.1 +
2.7 s with 5 um HWTX-IV (1 = 3).
Although the time courses for inhi-
bition were concentration-depend-
ent, at a given concentration the
time course for the initial inhibition
and the reinhibition were not sta-
tistically different, indicating that
prolonged depolarizations cause
HWTX-IV to dissociate from
Navl.7.

Two distinct mechanisms could
explain the ability of extreme depo-
larizations to induce Nav1.7 current
activation and promote dissociation
of the toxin from its site of action.
HWTX-IV binding to VGSCs might
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be state-dependent and depend on the configuration of the
channel. Alternatively because HWTX-IV has a net positive
charge, association and dissociation of the toxin to the channel
could simply be electrogenic or under the direct influence of
voltage acting on charged residue(s) of the toxin moving in the
electric field. Several lines of evidence support the first mecha-
nism. For one, the rate of reinhibition for 1 um HWTX-IV was
slower at =150 mV thanat —100 mV (Fig. 5G; p < 0.05). If toxin
association were purely electrogenic, the rate of reinhibition
should be faster at —150 mV, not slower. The simplest expla-
nation for the slower rate at —150 mV is that the configuration
of the toxin binding site is voltage-dependent and is not only
less favorable at extreme depolarized voltages but is also less
favorable at extreme hyperpolarizations as if binding of the
toxin is sensitive to the exact displacement of a voltage sensor
domain that varies its disposition across the membrane with
transmembrane voltage. The second line of evidence that argues
against the voltage dependence of toxin inhibition resulting simply
from electrogenic interactions is that although very short depolar-
izations can activate Navl.7 currents at +200 and +250 mV
recovery of the current available at —10 mV required much longer
depolarizations at +200 and +250 mV. For example, although in
the presence of 1 um HWTX-IV a single 1-ms depolarization to
+250 mV activated 43 = 3% of the current activated under control
conditions at +250 mV, this 1-ms extreme depolarization only
allowed recovery of 1.1 + 0.7% of the current activated at —10 mV.
This indicates that channels can activate after toxin inhibition in
response to very brief extreme depolarizations, depolarizations
that are too brief to allow substantial toxin dissociation.

This was confirmed by analysis of current deactivation kinet-
ics as shown for hanatoxin and Kv2.1 (33). If toxin must disso-
ciate from the channel before current activation, then the deac-
tivation kinetics (the rate at which current decays or channels
close in response to repolarization of the membrane potential)
following extreme depolarizations should be the same in the
presence of toxin and under control conditions. However, if
extreme depolarization induces channel activation with the
toxin bound, then the deactivation kinetics following short acti-
vating pulses should be altered compared with the kinetics
under control conditions. We examined the time course for
Navl.7 current deactivation following 0.2-ms depolarizations
to 250 mV (Fig. 6). The peak current elicited with the short
depolarizations in the presence of 1 um HWTX-IV (Fig. 6A)
was ~40% of that elicited under control conditions (compared
with only 2% activated with depolarizations to —10 mV). The
relative amplitude of the tail current elicited by the repolarizing
potential following the short depolarizing pulse was reduced in
the presence of HWTX-IV (Fig. 6B), indicating rapid closure of
channels during the repolarizing transition. The time course
for decay (deactivation) of the tail currents in the presence of
HWTX-IV was also much faster (Fig. 6, B (inset) and C). The
significantly faster deactivation kinetics observed in the pres-
ence of HWTX-IV indicates that Nav1l.7 channels activate at
extreme voltages with toxin bound. If toxin affinity is higher for
resting channels, toxin-bound channels should deactivate or
return to the resting configuration more rapidly, and prolonged
activation, which keeps the channels in a configuration with
lower toxin affinity, should promote toxin dissociation. This
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FIGURE 6. HWTX-IV increases Nav1.7 deactivation following extreme depo-
larizations. A, current, activated with a 0.2-ms depolarization to +250 mV fol-
lowed by arepolarization to —40 mVto elicit the tail current, was recorded before
and after application of 1 um HWTX-IV. B, the currents shown in A are shown
normalized to the maximum current elicited during the depolarization. The rela-
tive amplitude of the tail current is smaller after exposure to HWTX-IV. The inset
shows just the tail currents after normalization of the maximum tail current
amplitude. The decay of the tail currents is faster after exposure to HWTX-IV. C, time
constants for tail current decay was measured at voltages between —20and —80mV
before and after exposure to 1 um HWTX-IV (n = 3). Data are mean =+ SE.
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FIGURE 7. Amino acid sequence alignment of receptor site 4 on sodium
channel isoforms. A, crucial determinants of neurotoxin receptor site 4
shown are located at the $3-54 linker of sodium channel domain II. The posi-
tions of amino acids of interest are shaded in gray. Nav1.1-1.4 and Nav1.8
channels arefromrat (r),and Nav1.5-1.7 channels are from human (h). B, sche-
matic diagram of sodium channel « subunit. The voltage sensor (segment 4)
of each domain is shaded in gray and marked with “+ +.” The sequences of
the S3-54 linker of domain Il is indicated in A. Nav1.9 is not shown as the
11S3-54 linker is longer and completely divergent.

is precisely what was observed. These data suggest that
HWTX-IV binds to a part of the channel that changes config-
uration in response to changes in voltage and channel activa-
tion, such as the external parts of the voltage sensors of Nav1.7.

Navl.4, Nav1.5, and Nav1.7 [I1S3-54 Residues Determine Sen-
sitivity to HWTX-IV—Our next goal was to identify the specific
residues that determined the sensitivity of VGSCs to HWTX-
IV. Many of the toxins that modify activation or inactivation of
voltage-gated ion channels bind to the S3-S4 region(s) of the
channels (10, 34) that are probably the most external parts of
the voltage sensors on voltage-gated ion channels. Although
several tarantula toxins that inhibit activation of potassium
channels interact with the S3-S4 region, it is not known
whether tarantula toxins that inhibit sodium channel activity
interact with S3-S4 regions. However, a-scorpion toxins that
inhibit sodium channel inactivation interact with the IVS3-S4
linker (neurotoxin site 3) (10, 35), and B-scorpion toxins that
enhance sodium channel activation interact with the 1IS3-S4
linker (neurotoxin site 4), trapping the voltage sensor of domain
IIin the open configuration (10). We asked whether HWTX-IV
might inhibit activation of TTX-sensitive neuronal sodium
channels by interacting with the IIS3-S4 linker. This possibility
was supported by sequence alignment of I1S3-S4 linkers (Fig. 7)
that shows that an acidic residue (Glu) is conserved in the
HWTX-IV-sensitive channel subtypes but not in Navl.4,
Nav1.5, and the neuronal TTX-resistant channels. Acidic resi-
dues are often involved in toxin binding (10), and HWTX-IV
has a net positive charge. A second acidic residue (Asp) is pres-
ent only in the IIS3-S4 linkers of the Nav1.6 and Nav1.7 sub-
types. To investigate the role of the two acidic residues in bind-
ing HWTX-IV, we constructed three mutants of Navl.4
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FIGURE 8. Effects of HWTX-IV on WT and mutant Nav1.4 channels
expressed in HEK293 cells. A, representative current traces for wild type and
mutant (N655D, Q657E, and N655D/Q657E) Nav1.4 channels were elicited by
depolarization to —10 mV from a holding potential of —100 mV. The toxin
concentration was 1 um. B, dose-response inhibitory curves of HWTX-IV on
WT and mutant Nav1.4 channels. Data points (mean = S.E., each from three to
five experimental cells) were fitted according to the standard Hill equation as
described under “Experimental Procedures.” The f,,., values were 0 for all

Nav1.4 mutants tested. The dashed line shows the fitted dose-response curve
for toxin inhibition of WT Nav1.7 (see Fig. 1F). Lg, Log.

(N655D, Q657E, and N655D/Q657E) using a site-directed
mutagenesis technique where the residues in Navl.4 were
replaced with the corresponding residues from Nav1.7. Nav1.4
constructs were transiently expressed in HEK293 cells. The
cells expressing mutant sodium channels were held at —100
mV and depolarized by a 20-ms potential of —10 mV to induce
inward currents. Compared with WT Nav1.4, the N655D sub-
stitution had a negligible effect on sensitivity to 1 um
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HWTX-IV (Fig. 84; 30.9 * 2.8% inhibition, #n = 4). However, 10
puM HWTX-IV inhibited Navl.4 N655D currents by 75.0 =
1.0% (Fig. 8B; n = 4), which is significantly more than the inhi-
bition of WT Navl.4 currents. Interestingly when the residue
Gln-657 was replaced with Glu, the sensitivity of the channel to
HWTX-IV was greatly increased, and 77.8 = 2.0% of the Q657E
mutant channel could be inhibited by 1 um HWTX-IV (Fig. 84;
n = 4). Inhibition of the double mutant N655D/Q657E currents
by 1 um HWTX-IV was even greater (93.7 = 1.0%; Fig. 84). In
Fig. 8B, Hill logistic equation fits of the dose-response curves
indicated that the IC,, values yielded were 2.74, 0.38, and 0.13
uM on N655D, Q657E, and N655D/Q657E mutant Navl.4
channels, respectively. The data demonstrate that the residues
at positions 655 and 657 of the I1S3-5S4 linker of Nav1.4 play an
important role in Nav1.4 resistance to HWTX-IV.

To confirm the role of these residues in HWTX-IV inhibi-
tion, we investigated the effect of the reverse mutations in
Navl.7. The two acidic residues (Asp-816 and Glu-818) in
Navl.7, corresponding to Asn-655 and GIn-657 in Nav1.4, were
replaced by Asn and Gln, respectively. Navl.7 constructs
were transiently transfected in HEK293 cells. Inward currents
were induced from the mutant channels by a 20-ms depolariz-
ing potential of —10 mV from a holding potential of —100 mV
every 5 s. As with the N655D mutation in Nav1.4, the replace-
ment of Asp-816 with Asn only slightly altered the sensitivity of
Nav1l.7 channel to HWTX-IV (Fig. 94). The toxin at 1 um
almost completely inhibited the inward currents induced from
both WT and D816N Navl.7 channels, and the IC;, value for
D816N (45.3 nm) was close to the value for WT channels (Fig.
9B). However, the E818Q substitution decreased the affinity of
the toxin toward Nav1.7 channel by 63-fold with the IC,, value
estimated to be 1.64 um (Fig. 9B). Compared with the single
point mutants D816N and E818Q, the double mutant
D816N/E818Q channel was much more resistant to HWTX-
IV. After exposure to 1 um HWTX-IV for ~10 min, 88.5 =
6.6% of the double mutant channel current remained avail-
able for activation. By comparison, the toxin at the same
concentration inhibited Nav1.7 D816N current and E818Q
current by 92.9 * 0.6 and 37.7 = 7.7%, respectively (Fig. 94;
n = 3). As 1 um HWTX-IV only inhibited 11.5% of the
Nav1.7 D816N/E818Q current, the IC;, can be roughly esti-
mated as 7.7 uM, indicating that the double mutation
reduces toxin sensitivity by at least 300-fold. These data, in
conjunction with data on the Navl.4 mutations, demon-
strate that acidic residues in the IIS3-S4 linker are crucial
determinants of VGSC sensitivity to HWTX-IV.

We also investigated whether differences at these residues
contributed to the profound insensitivity of Nav1l.5 to HWTX-
IV. We replaced Arg-812 and Ser-814, the corresponding resi-
dues in hNavl.5, with Asp and Glu, respectively. Although
there are multiple amino acid differences between the 1IS3-S4s
of Navl.5 and Nav1.7 (Fig. 7), currents generated by the Nav1.5
R812D/S814E mutant were almost completely inhibited by 1
uM HWTX-IV (97.7 = 0.4%, n = 3; Fig. 10A). Hill logistic equa-
tion fit of the dose-response curve (Fig. 10B) indicated that the
IC,, value was 73 nM. These data confirm that the identities of
the amino acids at these two positions in the 1IS3-S4 linker are
major determinants of the sensitivity of VGSCs to HWTX-IV.
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FIGURE 9. Effects of HWTX-IV on WT and mutant Nav1.7 channels
expressed in HEK293 cells. A, all representative current traces recorded
from WT and mutant (D816N, E818Q, and D816N/E818Q) Nav1.7 channels
were elicited by a 20-ms depolarizing potential of —10 mV from a holding
potential of —100 mV. The toxin concentration was 1 um. B, dose-response
inhibitory curves of HWTX-IV on WT and mutant Nav1.7 channels. Data points
(mean = S.E., each from three to six experimental cells) were fitted according
to the Hill logistic equation. The f, ., values for Nav1.7 D816N and E818Q
channels were 0. The dashed line shows the fitted dose-response curve for
toxin inhibition of WT Nav1.4 (see Fig. 1). Lg, Log.

Neurotoxin receptor site 4, located at VGSC extracellular
11S3-S4 linker, is the site of interaction for scorpion B-toxins.
The mechanism of the interaction for scorpion B-toxins has
been suggested to involve trapping of the I1S4 voltage sensor by
the toxins in the outward and activated position (12). Our site-
directed mutagenesis analysis demonstrated that HWTX-IV
shares the same, or an overlapping, neurotoxin receptor site
with Css IV, a prototypical scorpion B-toxin from the venom of
Centruroides suffusus suffusus (12). Therefore we asked
whether the spider toxin (HWTX-IV) could also trap the 1154
voltage sensor in an outward position. To investigate this the
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FIGURE 10. Effects of HWTX-IV on WT and mutant Nav1.5 channels
expressed in HEK293 cells. A, both WT and double mutant (R812D/S814E)
Nav1.5 currents were induced by a 20-ms depolarizing potential of —10 mV
from a holding potential of —100 mV. The toxin concentration for treating
cells was 1 um. B, dose-response inhibitory curves of HWTX-IV on WT and
mutant Nav1.5 channels. Data points of mutant channels (mean = S.E., each
from three to four cells) were fitted using the standard Hill equation as
described under “Experimental Procedures,” and the f,,,, value was 0. Data
points of WT channels are connected with a dashed line. Lg, Log.

]
o

o

same protocol as described by Cestele et al. (12) was used to
assess whether HWTX-IV might trap the 1IS4 voltage sensor of
the WT Navl1.7 channel in the outward position. Fig. 114 shows
the typical current traces induced by the protocol detailed
in the illustration. In the absence of toxin, the Nav1.7 channels
were closed at the potentials between —80 and —60 mV (see
Fig. 2E), and no current was recorded during a 15-ms depolar-
izing pulse of —65 mV from a holding potential of —100 mV. In
the presence of 0.1 um HWTX-IV, the current amplitude
induced by the first test pulse (0 mV, 15 ms) was significantly
depressed by 72.5% in a time-dependent manner (Fig. 114; n =
4). However, in contrast to Css IV, which induces an inward
current at —65 mV following a 1-ms conditioning depolarizing
pulse of +50 mV (12), the addition of 0.1 um HWTX-IV did not
induce any substantial inward currentat —65mV (Fig. 11C; n =
4). These data, in combination with the activation data shown
in Fig. 2 and the deactivation data shown in Fig. 6, demonstrate
that HWTX-IV treatment does not enhance channel activation
nor does it trap the voltage sensor in an outward position and
indicate that the details of HWTX-IV interaction with VGSCs
are distinct from that of scorpion B-toxins.

Effect of 11S3-S4 Mutations on HWTX-I Inhibition—W'e also
examined the effect of the IIS3-S4 mutations on the sensitivity
of VGSCs to HWTX-I, a 33-residue toxin from the same taran-
tula species that differs from HWTX-IV at 19 residues (supple-
mental Fig. 3) but has the same basic cysteine knot structure.
HWTX-I was originally identified as a calcium channel blocker
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FIGURE 11. HWTX-IV does not trap the domain Il voltage sensor in an
outward position. Nav1.7 current traces in A and C were elicited by a pulse
protocol as shown in Bin which a 15-ms moderate depolarizing potential of 0
mV was applied from a holding potential of —100 mV followed 61.2 ms later
by a 1-ms strong conditioning depolarizing voltage of 50 mV, and then after a
second period of 61.2 ms at —100 mV, a 15-ms depolarizing potential of —65
mV was given. This protocol was applied every 5 s. Arrows indicate the current
traces induced by moderate and strong depolarizing pulses in B, respectively.
In A and C, the current traces 0's, 155, 100 s, and 7 min after 0.1 um toxin
treatment are shown.

(36) but can also inhibit VGSCs (37, 38). As Fig. 12 illustrates,
Navl.7 channels were significantly more sensitive to 1 um
HWTX-I(95.7 = 0.9% inhibition; » = 3) than Nav1.4 channels
(5.7 £ 10.4% inhibition; » = 3). The Navl.7 double mutant
D816N/E818Q was only inhibited 11 * 5% (n = 3) by 1 um
HWTX-I. By contrast the Navl.4 double mutant N655D/
Q657E was inhibited 95.6 = 0.7% (n = 3) by 1 um HWTX-L
Thus HWTX-I inhibition of VGSCs is also determined by the
presence of specific acidic residues in the 11S3-S4 linker, and as
is discussed below, this provides insight into which toxin resi-
dues might interact with the IIS3-54 linker.

DISCUSSION

In this study, we intensively characterized the action of
HWTX-1V, a 35-residue toxin from the tarantula O. huwena on
five different VGSCs and showed that the toxin was able to
inhibit neuronal subtypes Nav1.2, Navl.3, and Nav1.7 but had
little effect on skeletal muscle and cardiac isoforms Nav1.4 and
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FIGURE 12. Effects of HWTX-1 on WT and mutant Nav1.4 and Nav1.7
channels transiently expressed in HEK293 cells. Current traces (inset)
were elicited by a 20-ms depolarizing potential of —10 mV from a holding
potential of —100 mV every 5 s. A, WT Nav1.7; B, double mutant D816N/
E818Q Nav1.7; C, WT Nav1.4; D, double mutant N655D/Q657E Nav1.4. The
toxin concentration tested was 0.5 um. Data are normalized to the maxi-
mum peak current amplitude. When data points in A and D were fitted by
a single exponential function the time constants (inset) of inhibition were
estimated to be ~85.2 and 94.8 s, respectively.

Navl.5. Although HWTX-IV failed to obviously modify chan-
nel activation and steady-state inactivation in the physiological
range of voltages, extreme depolarizations resulted in partial
activation, and prolonged depolarizations resulted in partial
recovery, indicating that the mechanism of inhibition involved
voltage sensor trapping. Mutagenesis experiments showed that
HWTX-IV interacts with specific residues in the IIS3-S4 linker
that overlap with neurotoxin receptor site 4. However, in con-
trast to scorpion [B-toxins, which interact with neurotoxin
receptor site 4 and trap the 1IS4 voltage sensor in an outward
configuration, our data indicate that HWTX-IV, and the
related HWTX-I, trap the I1S4 voltage sensor in a closed con-
figuration. This is the first demonstration of neurotoxins inhib-
iting VGSCs by a voltage sensor trapping mechanism.

Molecular Determinants of HWTX-IV Inhibition—QOur data,
combined with previous data showing that HWTX-IV has no
effect on TTX-resistant VGSCs on rat DRG neurons (14), indi-
cate that HWTX-IV selectively targets neuronal TTX-sensitive
VGSCs. Five TTX-sensitive VGSCs (Navl.1-1.3, Nav1.6, and
Navl.7) are expressed in mammalian neurons. Of the VGSCs
that we tested, Navl.7 showed the highest sensitivity for
HWTX-IV. This is intriguing as Nav1.7 plays crucial roles in the
pathophysiology of pain (29, 39-41), and Navl.7 blockers
could aid the development of new drugs that can effectively
treat pain (42). Indeed our preliminary experiments suggest
that HWTX-IV can reduce pain behaviors in rats (14) (data not
shown).

In our study we used site-directed mutagenesis analysis on
Nav1.4 and Nav1.7 and identified two acidic residues (Asp-816
and Glu-818) in the IIS3-S4 linker that play key roles in Nav1.7
for binding HWTX-IV. The E818Q substitution decreased the
affinity of Navl.7 for HWTX-IV by 63-fold, and the double
mutant Navl.7 D816N/E818Q became almost completely
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resistant to HWTX-IV. Although the residue Glu-818 in
Navl.7 is conserved at the corresponding position in the
HWTX-IV-sensitive VGSCs (Navl.2 and Navl.3), the corre-
sponding residue is a neutral amino acid in the HWTX-IV-
resistant VGSCs (Nav1.4, Navl.5, and Nav1.8) (see Fig. 7). Of
the VGSCs that we tested, the second acidic residue was only
present in Nav1.7 (Asp-816), and the toxin affinity for the dou-
ble mutant Nav1.4 (N655D/Q657E) increased 3-fold compared
with the Q657E mutant. Therefore this second acidic residue
seems to contribute to the higher sensitivity of Navl.7 to
HWTX-IV compared with the other TTX-sensitive neuronal
VGSC subtypes that were tested. We did not test HWTX-IV
against Nav1.1 and Nav1.6. We predict that Nav1.1, which has
the glutamate corresponding to Glu-818 in Nav1.7 but not the
second acidic residue in the II-S3-S4 linker, should exhibit sen-
sitivity to HWTX-IV similar to that of Nav1.2 or Nav1.3. Nav1.6
has both acidic residues found in Nav1.7 and may also exhibit
high sensitivity to HWTX-IV. However, it is predicted that
HWTX-IV interacts with other residues in addition to the two
that we identified as the toxin affinity was over 2-fold higher
and the on-rate was 5-fold faster for Nav1.2 as compared with
those for Nav1.3. Although TTX-sensitive VGSCs exhibit dis-
tinct biophysical properties (27, 43, 44), it can be difficult to
distinguish between them. It may be possible to develop
HWTX-IV analogs with enhanced isoform selectivity that
would be useful in investigating the physiological roles of the
different TTX-sensitive channels.

The IIS3-S4 linker has been identified previously as a critical
part of neurotoxin receptor site 4, the receptor site for scorpion
B-toxins (10). Although our data show that the I1IS3-S4 linker is
critical for HWTX-IV inhibition and therefore indicates that
HWTX-IV belongs to the family of neurotoxin receptor site 4
toxins, the precise molecular determinants of HWTX-IV bind-
ing are different from those for other site 4 toxins. Our data
predict that residue Glu-844 in Nav1.2 is crucial for HWTX-IV
inhibition, but Glu-844 is not important for the action of the
neurotoxin receptor site 4 scorpion B-toxin Css IV (12). Cestele
et al. (12) determined that Gly-845 in 11S3-S4 of Nav1.2 (corre-
sponding to Gly-819 in Nav1.7) is a crucial determinant of scor-
pion 3-toxin binding. We did not determine whether Gly-819is
a crucial determinant of HWTX-IV binding.

Mechanism of Current Inhibition—Experiments with
HWTX-IV concentrations that do not produce complete inhi-
bition failed to identify any effect of HWTX-IV on TTX-sensi-
tive neuronal sodium currents evoked in the physiological volt-
age range other than current inhibition. Thus in vivo
HWTX-IV might be expected to behave similarly to a simple
pore blocker with very slow binding kinetics. Obvious gating
modifier type behavior was only observed with extreme depo-
larizations or very prolonged strong depolarizations (Figs. 4, 5,
and 6), conditions that are unlikely to occur naturally. There-
fore HWTX-IV is a gating modifier that is likely to functionally
behave as a simple channel inhibitor.

Although neurotoxin receptor site 4 and the I1S3-S4 linker of
VGSCs are important for the actions of scorpion B-toxins (10)
and HWTX-1V, the mechanism of action of HWTX-IV is dis-
tinct from that of scorpion B-toxins. In contrast to HWTX-1V,
anti-mammalian scorpion B-toxins are excitatory toxins and

JOURNAL OF BIOLOGICAL CHEMISTRY 27311



HWTX-IV Binding to Neurotoxin Receptor Site 4

cause a hyperpolarizing shift in the voltage dependence of
VGSC activation (12). Several studies have shown that strong
depolarizations are needed to induce the scorpion B-toxin
modification of the voltage dependence of activation and that
the modulatory action can be reversed by strong hyperpolariza-
tion (12, 45), suggesting that scorpion 3-toxin action is depend-
ent on voltage-induced changes in channel conformation. The
S4 segments, with their positively charged residues, are crucial
components of the voltage sensors of VGSCs, and the S4s of
domains I-III are specifically related to channel activation (46).
The modification of activation by scorpion B-toxins has been
explained using a voltage sensor trapping model in which scor-
pion B-toxins trap the VGSC voltage sensor of domain II in an
open, or outward, configuration. In contrast, scorpion a-toxins
and sea anemone toxins inhibit sodium current inactivation by
binding at the extracellular IVS3-S4 linker (receptor site 3) and
likely trap the IVS4 segment in the closed configuration (11).
Strong depolarization can accelerate the dissociation of scor-
pion a-toxin-channel complexes. Similar to scorpion a-toxin
Lgh-II, the complex HWTX-IV-Navl.7 can be separated by
strong depolarizations, but it seems that HWTX-IV binding is
much stronger. After Nav1l.7 channel was blocked by 1 um
HWTX-IV, we did not observe any dissociation of the
toxin-channel complex following a 500-ms conditioning pulse
at +30 or +100 mV. By comparison, the time constant for
dissociation of a-toxin Lgh-II from Nav1.2 channels at +100
mV is around 100 ms (47). A 5-min conditioning pulse at +30
mV allowed partial recovery from HWTX-IV inhibition (Fig.
5D), indicating that the time constant for recovery of Navl.7
channels at +30 mV from HWTX-IV block is on the order of
400 s. Even at +150 mV the estimated time constant for recov-
ery of Navl.7 from HWTX-IV block was ~8 s. This is much
slower than recovery of Kv2.1 channels from inhibition by
hanatoxin, a Kv2.1 gating modifier purified from the venom of
the tarantula Grammostola spatulata (48). The time constant
for recovery of Kv2.1 channels from hanatoxin at +80 mV is
261 ms (33). In contrast to scorpion -toxins, hanatoxin stabi-
lizes the resting conformation of the potassium channel voltage
sensor and shifts the voltage dependence of activation in the
depolarizing direction by ~50 mV (30). Our data suggest that
HWTX-IV shifts the voltage dependence of activation of
Navl.7 channels by more than +200 mV (see Fig. 4). The exact
magnitude of this shift is difficult to estimate with channels that
exhibit rapid inactivation. Unfortunately inactivation-deficient
Navl.7 channels are difficult to express in HEK293 cells.*
Nonetheless these data indicate that HWTX-IV is likely to
inhibit VGSC activation by tightly binding at (or overlapping
with) neurotoxin receptor site 4 and trapping I1S4 in the closed
configuration.

Based on this proposed mechanism of action, HWTX-IV
should block the gating charge associated with the voltage sen-
sor in domain II. Although gating currents have been recorded
for Nav1.4 and Nav1.5 channels expressed in HEK293 cells (49,
50), very high channel densities are needed. Unfortunately in
our experience the channel density achieved with Nav1.7 and

“T.R. Cummins, unpublished observations
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other neuronal isoforms is typically one-tenth that achieved
with the muscle isoforms, and therefore Nav1.7 gating current
measurements were not feasible in HEK293 cells. Recently
Campos et al. (51) used the cut-open oocyte preparation and
elegant spectroscopic measurements to definitively show that
B-scorpion toxins do indeed immobilize the voltage sensor of
domain II and reduce the total gating current by ~20%. Based
on these data we expect that HWTX-IV also reduces the total
gating charge by ~20%.

Comparison with Other Peptide Toxins That Interact with Ion
Channels—Several spider toxins slow VGSC inactivation in a
similar manner to scorpion a-toxins and likely bind to neuro-
toxin receptor site 3 (13). Although these toxins may trap the
IV-54 in the closed configuration, they impair inactivation and
are excitatory. ProTx-II, from the venom of the tarantula Thrix-
opelma pruriens, has been shown to inhibit sodium currents,
but in contrast to HWTX-IV, ProTx-1II obviously modifies the
voltage dependence of VGSC activation in the physiological
voltage range (22). It also had been proposed that ProTx-II
might interact with neurotoxin receptor site 4 (52). However,
using extensive mutagenesis of Navl.5, Smith et al (24)
recently showed that this may not be the case. ProTx-II does
not apparently target other known receptor sites, suggesting
the existence of a novel toxin binding site coupled to activation.
Several tarantula toxins have been identified that inhibit acti-
vation of potassium channels by interacting with S3-S4 linkers
(31). Potassium channels can be formed by four identical sub-
units, and although it seems that multiple toxin molecules can
simultaneously bind a potassium channel it also seems that
binding of only one toxin molecule per potassium channel is
needed to produce channel inhibition (31). Our mutagenesis
data indicate that binding of one HWTX-IV molecule per chan-
nel is sufficient and necessary for VGSC inhibition. Our data
with subsaturating concentrations (Figs. 2 and 3) demonstrated
that HWTX-IV does not have multiple actions and therefore is
unlikely to interact with multiple S4s.

We also showed that the acidic residues in IIS3-S4 are impor-
tant for the actions of both HWTX-IV and HWTX-I1. Although
HWTX-IV and HWTX-I share a common cysteine knot struc-
ture, only 14 of the 35 residues (including the six cysteines) in
HWTX-I are conserved in HWTX-IV (supplemental Fig. 3). Li
et al. (8) demonstrated that alanine replacement of Lys-27 and
Arg-29 in hainantoxin-IV, another tarantula toxin that seems
to selectively target TTX-sensitive VGSCs (53), reduces the
toxin binding affinity by 2 orders of magnitude. Because posi-
tively charged residues are conserved at the same positions in
HWTX-I and HWTX-IV, but not in ProTx-1I, we predict that
these basic residues play crucial roles in high affinity binding of
HWTX-I and HWTX-IV to 1IS3-S4 of VGSCs. Interestingly
HWTX-I also seems to inhibit N-type calcium channels (36),
although the molecular determinants of this interaction are not
known, and it is not clear whether this calcium channel inhibi-
tion might involve S4 segment trapping. Acidic residues in
S3-S4 linkers are important determinants of w-agatoxin-IVA
binding to P-type calcium channels (34) and hanatoxin binding
to Kv1.2 potassium channels (54). Our data support the pro-
posal that there is a conserved binding mechanism for gating
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modifier toxins that inhibit the activation of voltage-gated ion
channels (34).

Overall our findings provide novel mechanistic insight into
how tarantula toxins can inhibit VGSCs. This is the first dem-
onstration of a VGSC inhibitor binding to an S4 segment. This
raises the possibility that other agents that inhibit VGSCs by
trapping the S4 segments of domain I, I, or III in closed con-
figurations might be discovered or developed. Because peptide
toxins are likely to interact with multiple residues on VGSCs, it
might be possible to identify or develop peptides with increased
isoform-specific selectivity, and these could be invaluable for
investigating the localization and physiological roles of VGSCs.
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