THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 288, NO. 28, pp. 20392-20403, July 12, 2013
© 2013 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Structure and Function of Hainantoxin-lll, a Selective
Antagonist of Neuronal Tetrodotoxin-sensitive
Voltage-gated Sodium Channels Isolated from the Chinese
Bird Spider Ornithoctonus hainana”

Received for publication, May 2, 2013, and in revised form, May 22, 2013 Published, JBC Papers in Press, May 23, 2013, DOI 10.1074/jbc.M 112426627
Zhonghua Liu*'?, Tianfu Cai*', Qi Zhu*'?, Meichun Deng®, Jiayan Li*, Xi Zhou*, Fan Zhang*, Dan Li*, Jing Li*,

Yu Liu¥, Weijun Hu*, and Songping Liang™

From the *Col/ege of Life Sciences, Hunan Normal University, Changsha, Hunan, 410081, China, the §’Department of Biochemistry,
School of Life Sciences, Central South University, Changsha, Hunan 410013, China, and the '"College of Chemistry and Chemical
Engineering, Hunan Institute of Science and Technology, Yueyang, Hunan 414006, China

Background: This study aimed to elucidate the structure and function of HNTX-IIL
Results: HNTX-III adopts the inhibitor cystine knot motif and inhibits Nav1.7 activation through binding to site 4 in the closed

state.

Conclusion: HNTX-III is distinct from other B-toxins in its action mechanism, specificity, and affinity.
Significance: HNTX-III is a useful tool for studying toxin-VGSC interaction and a potential prototype analgesic.

In the present study, we investigated the structure and func-
tion of hainantoxin-III (HNTX-III), a 33-residue polypeptide
from the venom of the spider Ornithoctonus hainana. It is a
selective antagonist of neuronal tetrodotoxin-sensitive voltage-
gated sodium channels. HNTX-III suppressed Navl.7 current
amplitude without significantly altering the activation, inactiva-
tion, and repriming kinetics. Short extreme depolarizations par-
tially activated the toxin-bound channel, indicating voltage-de-
pendent inhibition of HNTX-III. HNTX-III increased the
deactivation of the Navl.7 current after extreme depolariza-
tions. The HNTX-III:‘Nav1.7 complex was gradually dissociated
upon prolonged strong depolarizations in a voltage-dependent
manner, and the unbound toxin rebound to Nav1.7 after a long
repolarization. Moreover, analysis of chimeric channels showed
that the DIIS3-S4 linker was critical for HNTX-III binding to
Navl.7. These data are consistent with HNTX-III interacting
with Nav1l.7 site 4 and trapping the domain II voltage sensor in
the closed state. The solution structure of HNTX-III was deter-
mined by two-dimensional NMR and shown to possess an inhib-
itor cystine knot motif. Structural analysis indicated that certain
basic, hydrophobic, and aromatic residues mainly localized in
the C terminus may constitute an amphiphilic surface poten-
tially involved in HNTX-III binding to Nav1.7. Taken together,
our results show that HNTX-III is distinct from f3-scorpion tox-
ins and other B-spider toxins in its mechanism of action and
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binding specificity and affinity. The present findings contribute
to our understanding of the mechanism of toxin-sodium chan-
nel interaction and provide a useful tool for the investigation of
the structure and function of sodium channel isoforms and for
the development of analgesics.

Voltage-gated sodium channels (VGSCs)® are essential for
the initiation and propagation of action potentials in excitable
tissues, such as nerves and muscles. Mutations in VGSC pro-
teins have been associated with several diseases in humans
(1-7). All VGSCs are composed of a pore-forming a-subunit
and two auxiliary B-subunits. To date, nine a-subunits
(Navl.1-Nav1.9, also referred as channels) and four B-subunits
(B1-pB4) have been identified in mammals (1, 3). The nine iso-
forms of VGSCs are classified into two groups according to
their sensitivity to tetrodoxin (TTX); Navl.1-1.4, Nav1.6, and
Navl.7 are sensitive to nanomolar concentrations of TTX
(TTX-S), whereas Navl.5, Navl.8, and Navl.9 are resistant
(TTX-R) (1, 2). Of the nine isoforms of VGSCs, Nav1.7-1.9 play
specialized roles in nociceptive pathways and are considered as
useful targets for the development of analgesic drugs (3-7).

Neurotoxins, including TTX, p-conotoxins, a- and 3-scor-
pion toxins, sea anemone toxins, and B-spider toxins, interact
with VGSCs, blocking sodium currents or modulating the gat-
ing properties of these channels (8 —13). To date, six different
neurotoxin receptor sites (sites 1-6) have been identified on
VGSCs. Different neurotoxins bind to one of the six receptor
sites and therefore have distinct effects on VGSCs. Certain neu-
rotoxins target VGSCs with high affinity (at nanomolar
potency) and selectivity (subtype-selective) and have been used
to isolate VGSCs and to explore their structure and function.

®>The abbreviations used are: VGSC, voltage-gated sodium channel; TTX,
tetrodoxin; TTX-S, TTX-sensitive; TTX-R, TTX-resistant; HNTX, hainantoxin;
HWTX, huwentoxin.
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Moreover, neurotoxins have been used to develop therapeutic
drugs that selectively target certain VGSC isoforms (8 -13). To
date, more than 100 neurotoxins acting on VGSCs have been
identified from venomous animals, such as scorpions, snails,
spiders, and sea anemones. However, only a small proportion of
toxins have been intensively investigated, which has limited
their potential applications. Therefore, a comprehensive anal-
ysis of the structure and function of specific toxins affecting
VGSCs is still necessary (8—13).

Spider venoms are a rich source of diverse bioactive peptides
affecting VGSCs and are therefore potential candidates for
therapeutic drug development (14, 15). However, compared
with conotoxins and scorpion toxins, relatively few spider tox-
ins with activity against VGSCs have been identified, and for
most of them, the precise pattern of VGSC subtype selectivity
either is unknown or has not been fully elucidated. The mech-
anisms by which spider toxins interact with VGSCs have only
recently become the topic of research (9). Therefore, the iden-
tification and characterization of novel spider peptide toxins
affecting VGSCs are expected to expand our understanding of
the mechanisms of their interaction and provide new templates
for drug development.

We previously identified a 33-residue peptide named hain-
antoxin-III (HNTX-III), isolated from the venom of the spider
Ornithoctonus hainana. This peptide potently inhibited TTX-S
VGSCs in rat dorsal root ganglion (DRG) cells, whereas it had
no effect on TTX-R VGSCs. In our previous study, we showed
that HNTX-III is a novel spider toxin, and its effect on mam-
malian neural Na™ channels is mediated by a mechanism dif-
ferent from that of other spider toxins targeting the neural
receptor site 3, such as 6-aractoxins and p-agatoxins (16). In the
present study, we elucidated the solution structure and subtype
selectivity of HNTX-III and showed that HNTX-III inhibits
Navl.7 activation in a manner similar to HWTX-IV, which
binds to site 4 of Navl.7, trapping the voltage sensor in the
closed state (17-20). This mechanism of action is different
from those of a- and B-scorpion toxins. Compared with many
other B-spider toxins, HNTX-III possesses distinct sodium
channel-inhibiting properties in the manner of channel gating
modification and binding specificity and affinity.

EXPERIMENTAL PROCEDURES

Materials and Animals—Kunming albino mice and Sprague-
Dawley rats were purchased from Xiangya School of Medicine,
Central South University. All sequencing reagents were pur-
chased from the Applied Biosystems (Foster City, CA) Division
of PerkinElmer Life Sciences. The 3'- and 5'-RACE kits and
TRIzol reagent were purchased from Invitrogen. Restriction
enzymes, Taq DNA polymerase, and the pGEMT easy vector
system were acquired from Promega (Madison, WI). All syn-
thesis reagents were purchased from Chemassist Corp. Trifluo-
roacetic acid (TFA) and a-cyano-4-hydroxycinnamic acid were
obtained from Sigma. All reagents were of analytical grade.

Toxin Purification—The venom was obtained by electrical
stimulation of female spiders, and the freeze-dried crude
venom was stored at —20°C prior to analysis. Lyophilized
venom, dissolved in double-distilled water, was purified by ion
exchange chromatography and reverse-phase HPLC. Ion
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exchange chromatography was performed using a Waters Pro-
tein-Pak CM 8H column (10 X 100 mm) on a Waters 650
advanced protein purification system equipped with a model
486 detector. Fractions obtained from ion exchange chroma-
tography were further fractionated using reverse phase HPLC
on a Vydac C18 column (300 A, 4.6 X 250 mm) on a Waters
alliance 2690 HPLC system with a model 996 photodiode array
detector. The disulfide connections of HNTX-III was deter-
mined by partial reduction according to the method described
by Gray (21, 22).

Electrophysiological Assays—Whole cell clamp recordings of
voltage-gated sodium currents were generated from rat DRG
neurons that were acutely dissociated from 30-day old Sprague-
Dawley rats and maintained in short term primary culture
according to the methods described by Hu and Li (23). DRG
cells with large diameter (around 50 picosiemens in slow capac-
itance) and those with a relatively small diameter (around 20
picosiemens for slow-capacitance) were selected for the study
of TTX-S and TTX-R sodium currents, respectively. Mean-
while, TTX at a final concentration of 200 nmol/liter was used
to separate the TTX-R sodium current from the TTX-S sodium
current. A human Nav1.1-1.5 or Nav1.7 channel plasmid and a
plasmid for green fluorescent protein were transiently trans-
fected into human embryonic kidney 293 (HEK 293) cells using
Lipofectamine 2000 (Invitrogen) according to the manufactur-
er’s instructions. HEK 293 cells were grown under standard
tissue culture conditions (5% CO,; 37 °C) in DMEM supple-
mented with 10% FBS. The B1-subunit was cotransfected with
the Nav1.7 channel to increase the current density. Cells with
green fluorescence were selected for whole-cell patch clamp
recording at 36-72 h after transfection. Patch clamp experi-
ments were performed at room temperature. Suction pipettes
(2.0-3.0 megaohms) were made from borosilicate glass capil-
lary tubes using a two-step vertical micropipette puller. The
pipette solution contained 145 mm CsCl, 4 mm MgCl,:6H,0, 10
mwm HEPES, 10 mm EGTA, 10 mMm glucose, 2 mm ATP (pH 7.2).
The external solution contained 145 mm NaCl, 2.5 mm KCl, 1.5
mM CaCl,, 1.2 mm MgCl,-6H,0, 10 mm HEPES, 10 mMm glucose
(pH 7.4). For the experiments described in the legend to Fig. 7,
modified solutions were used to enhance outward sodium cur-
rent amplitudes. The modified pipette solution contained 108
mM NaCl, 35 mm CsF, 1 mm EGTA, 2 mm KCl, and 10 mm
HEPES, pH 7.3. The modified bathing solution contained 105
mwm 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
(19). Experimental data were collected and analyzed using the
program Pulse/Pulsefit version 8.0 (HEKA Electronics). Mac-
roscopic sodium currents were filtered at 5 kHz and digitized at
20 kHz with an EPC-9 patch clamp amplifier (HEKA Electron-
ics). Series resistance was kept near 5 megaohms and compen-
sated to 65—70%; linear capacitative and leakage currents were
digitally subtracted using the P/4 protocol.

NMR Spectroscopy of HNTX-III—The NMR sample was pre-
pared by dissolving the HNTX-IIT in 450 wl of 20 mm deuterium
sodium acetate buffer (H,O/D,0, 9:1, v/v) containing 0.002%
NaNj; and 0.01 mm EDTA with a final concentration of 6 mm
HNTX-III and a pH of 4.0. Sodium 3-(trimethylsilyl) propio-
nate-2,2,3,3-d, was added to a final concentration of 200 um as
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FIGURE 1.Inhibitory effect of HNTX-IIl on six VGSCisoforms expressed in HEK 293 cells. HNTX-Illat 1 um potently inhibited Nav1.1-1.3and Nav1.7 currents,
respectively. No inhibitory effect was observed on Nav1.4 and Nav1.5 currents in the presence of 10 um HNTX-IIl. Current traces before and after application of
the toxin are shown in black and red, respectively. The inhibition of HNTX-Ill on Nav1.1-1.3 or Nav1.7 was dose-dependent. Each data point (mean = S.E.), which
was derived from 5-8 cells, shows current relative to control. Apparent IC,, values were ~1.27 umfor Nav1.1, 270 nmfor Nav1.2,491 nmfor Nav1.3,and 232 nm
for Nav1.7. The inward Na™ currents were elicited by a 50-ms depolarization from a holding potential of —80to —10 mV.

an internal chemical shift reference. For experiments in D,O,
the sample used in H,O experiments was lyophilized and then
redissolved in 450 ul of 99.996% D, O (Cambridge Isotope Lab-
oratories). All NMR spectra were observed on a 500-MHz
Bruker DRX-500 spectrometer with a sample temperature of
298 K. Several sets of two-dimensional spectra were recorded in
a phase-sensitive mode by the time-proportional phase incre-
ment method with standard pulse sequences and phase cycling.
Total correlation spectroscopy spectra were obtained with a
mixing time of 85 ms. NOESY spectra were recorded in D,O
with a mixing time of 200 ms and in H,O with mixing times of
100, 200, and 400 ms. Solvent suppression was achieved accord-
ing to the presaturation method. All two-dimensional measure-
ments were recorded with 512-1024 frequency data points and
were zero-filled to yield 1024 —2048 data matrices, except in the
high resolution double quantum-filled COSY spectrum. The
double quantum-filled COSY spectrum was recorded with
2048 —-1024 data points in the t2 and t1 dimensions, respec-
tively, and zero-filled to 4096 —2048 points to measure the cou-
pling constants. All spectra were processed and analyzed using
Felix 98.0 (Biosym Technologies) software running on a Silicon
Graphics O, work station. Before Fourier transformation, the
signal was multiplied by a sine bell or sine bell square window
function with a /2 phase shift.

Structure Calculations—Distance constraints were obtained
from the intensities of the cross-peaks in NOESY spectra with a
mixing time of 200 ms. All NOE data were classified into three
distance ranges, 1.8—2.7, 1.8-3.5, and 1.8 -5.0 A, correspond-
ing to strong, medium, and weak NOE values, respectively.
Pseudo-atom corrections were applied to non-stereospecifi-
cally assigned methyl and methylene protons according to the
method of Wiithrich (24). Ten dihedral angle restraints derived
from 3/ capy coupling constants were restrained to —120 *
30° for *Ja con = 8-80 Hz and —65 =+ 25° for /iy con = 5.5
Hz. Three distance constraints were added to every disulfide
bridge that was determined from NMR data. The correspond-
ing distances were 2.02 = 0.02,2.99 *+ 0.5, and 2.99 * 0.5 A for
S(9)-5(/), S(i)-Cp(j), and S(j)-Cp(é), respectively. Structure calcu-
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lations of HNTX-III were run on a Silicon Graphics work sta-
tion using the standard protocol of the X-PLOR NIH-2.9.6 pro-
gram (25).

RESULTS

Inhibitory Effect of HNTX-III on VGSC Isoforms Expressed on
HEK 293 Cells—HNTX-III was purified through the combined
use of ion exchange HPLC and reverse-phase HPLC as
described in our previous study (16). The amino acid sequence
of HNTX-III is GCKGFGDSCTPGKNECCPNYACSSKHKW -
CKVYL, and it contains an amidated C-terminal residue (26).
The disulfide linkages of HNTX-III were determined to be
Cys>-Cys'?, Cys’-Cys*?, and Cys'®-Cys*® (known as the 1-4,
2-5, and 3-6 disulfide pattern) by tris(2-carboxyethyl)phos-
phine partial reduction and Edman degradation. Consistent
with our previous study, HNTX-III purified in the present
study was able to inhibit TTX-S Na™ currents in rat DRG cells,
whereas it had no detectable effect on TTX-R Na™ currents
(data not shown).

The inhibitory activity of HNTX-III on Navl.1-1.5 and
Navl.7 channels transiently expressed on HEK 293 cells was
examined next. The current of each channel was triggered by
50-ms depolarization potentials to —10 mV from the clamped
voltage of —80 mV. Of the six VGSC isoforms, Nav1.1-1.3 and
Navl.7 currents were inhibited by 1 um HNTX-III, and the
inhibitory effect was dose-dependent (Fig. 1). The IC,, value
was calculated to be ~1.27 uMm for Navl.1, 275 nm for Nav1.2,
491 nM for Navl.3, and 232 nM for Nav1.7. Because we failed to
detect a current in Navl.6 expressed in HEK 293 cells, the
inhibitory effect of HNTX-III on Nav1.6 could not be examined
in the present study. However, because 1 um toxin completely
suppressed TTX-S Na™ currents in rat DRG cells, which show
high levels of Navl.6 expression (27), we concluded that
HNTX-III has inhibitory activity against Nav1l.6 currents.
On the other hand, no inhibitory effect was observed on
Nav1.4 and Navl.5 currents even in the presence of 10 um
HNTX-III (Fig. 1).
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FIGURE 2. The inhibition of HNTX-IIl on Nav1.7 expressed in HEK 293 cells. A, time course of inhibition of Nav1.7 by 1 um HNTX-IIl (1., = 20.5 = 0.3 5). The
inhibition could be reversed by washing. B, no evident changes in the current-voltage relationship for Nav1.7 were observed in the presence of 1 um HNTX-III.
C, HNTX-IIl did not significantly alter the steady-state activation and inactivation of Nav1.7. Data are plotted as a fraction of the maximum conductance. The
voltage dependence of steady-state inactivation was estimated using a standard double-pulse protocol, in which a 20-ms depolarizing test potential of 0 mV
followed a 500-ms prepulse at potentials that ranged from —130 to —10 mV with a 10-mV increment. Cells were held at —100 mV. D, representative current
traces were recorded from cells expressing Nav1.7 before (left) and after (right) the application of 1 um HNTX-III, indicating the rate of recovery from inactivation
(repriming) at —80 mV. The cells were prepulsed to —20 mV for 20 ms to inactivate Nav1.7 current and then returned to the recovery potential (—80 mV) for
increasing recovery durations prior to a test pulse to 0 mV. The times labeled for each trace correspond to the recovery duration for that trace. E, kinetics of

current recovery from fast inactivation before (r = 27.2 = 0.8 ms) and after (t = 25.2 = 1.1 ms) the application of HNTX-IIl (n = 5). Error bars, S.E.

Voltage-dependent HNTX-III Inhibition of Nav1.7 Expressed
on HEK 293 Cells—To investigate the mechanism by which
HNTX-III inhibits the Nav1.7 current expressed on HEK 293
cells, the time-dependent inhibition of Nav1.7 by 1 um HNTX-
I (7., = 20.5 = 0.3 s) was examined, as shown in Fig. 2A4. The
inhibition by HNTX-III was reversible upon washing, with a
recovery of ~80% of the control current within 7 min. The
current-voltage (I-V) curves of Navl.7 (Fig. 2B) showed that
HNTX-III did not affect the initial activated voltage, the active
voltage of peak inward current, and the reversal potential of the
Navl.7 current. The effects of HNTX-III on the activation and
inactivation of Nav1.7 were analyzed. The half-activation volt-
age and half-inactivation voltage of Nav1.7 after treatment with
1 um HNTX-III were 42.8 and 90.8 mV, respectively, compared
with 39.6 and 87.0 mV, respectively, in the control group (Fig.
2C), indicating that HNTX-III inhibited the peak current of
Nav1.7 without significantly changing its activation and inacti-
vation kinetics. Furthermore, we examined the effect of HNTX-
III on the repriming kinetics (recovery from inactivation) of
Nav1.7 (28). As shown in Fig. 2D, the Nav1.7 current was grad-
ually recovered with a progressive increase in the recovery
times to the recovery potential of —80 mV before and after
application of 1 um HNTX-III. Consistent with results showing
that HNTX-III does not alter the inactivation kinetics of
Nav1l.7, HNTX-III had no effect on the rate of recovery from
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inactivation (27.2 = 0.8 ms for the control and 25.2 * 1.1 ms for
HNTX-III-treated samples) (Fig. 2E). This was contrary to
other spider toxins, such as 6-actratoxins and B-spider toxins,
which modulate the gating behaviors of VGSCs (9, 29-31).
These findings suggest that HN'TX-III, similar to TTX, seems
to act as a pore blocker in the physiologically relevant voltage
range of —80 to 60 mV. In our previous study, we found that
HNTX-III caused a hyperpolarizing shift of ~10 mV in the
half-inactivation voltage of rat DRG TTX-S VGSCs and signif-
icantly decreased the recovery rate from inactivation, which is
different from the results obtained with Navl.7 expressed in
HEK 293 cells. This difference might be explained as follows. 1)
Rat DRG cells express multiple TTX-S VGSC isoforms, includ-
ing Nav1.1, Nav1.2, Nav1.6, and Nav1.7. The effect on rat DRG
TTX-S VGSCs described above could be attributed to HNTX-
I acting on TTX-S VGSC isoforms other than Navl.7. 2)
Navl.7 channels expressed on these two cell types have differ-
ent regulatory proteins, such as 3-subunits, which may modu-
late the action of HNTX-III on Navl.7, similar to the effect of
B-subunits on modulating the inhibition of Nav1.8 by the gat-
ing modifier nO-conotoxin MrVIB (32).

Additional experiments were performed to clarify whether
HNTX-III acts as a pore blocker or a gating modifier. It is
known that when gating modifier toxins cause complete inhi-
bition of all inward currents, outward currents can still be
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FIGURE 3. Voltage-dependent inhibition of HNTX-1ll on Nav1.7 expressed
in HEK 293 cells. A, short extreme depolarizations partially activated toxin-
bound Nav1.7 channel. The currents were recorded from HEK 293 cells
expressing Nav1.7 channel before (left) and after (right) toxin application (for
about 10 min of incubation). The depolarizing voltage steps ranged from —60
to 160 mV. B, current-voltage plot of peak current amplitude obtained from
five cells expressing Nav1.7 channel before and after toxin application. Cur-
rent amplitudes were normalized to the amplitude recorded at —100 mV
before toxin application. C, the dose-dependent inhibition of HNTX-IIl on
Nav1.7 currents evoked by different depolarizing potentials (=10, +50, and
+100 mV) from a holding potential of —80 mV. Each data point (mean = S.E.
(error bars)), which was derived from 5-8 cells, shows current relative to
control.

observed (33-35). In the present study, cells were depolarized
from —100 mV to potentials ranging from —60 to 160 mV in
10-mV increments, and the depolarization duration was 1 ms.
In the modified solutions described in our previous study (19),
we found that the Nav1.7 current was reversed at ~0 mV, and
the amplitude of the outward current elicited with strong depo-
larizations was increased (Fig. 34). In the presence of 5 um
HNTX-III, the inward current was completely inhibited, indi-
cating that the toxin-bound Nav1.7 channels expressed on HEK
293 cells could not be activated in response to moderate depo-
larizations that evoke inward currents through the unblocked
channel. Nevertheless, the toxin-bound channel could still be
opened by large depolarizations at voltages above 40 mV. The
outward current increased gradually with increasing depolar-
ization potentials, with a current amplitude of ~27% of the
current amplitude elicited before toxin application (Fig. 3, A
and B). On the contrary, TTX, a pore blocker, completely
blocked both inward and outward currents with depolarization
potentials from —60 to 160 mV (Fig. 3B). Furthermore, the IC,,
values were ~232 nwm, 415 nm, and 1.6 um for Navl.7 currents
evoked with depolarizations of —10, +50 mV, and +100 mV,
respectively (Fig. 3C). These data indicated that HNTX-III inhi-
bition of Nav1.7 was voltage-dependent or state-dependent.
HNTX-III Binds to the DIIS3-S4 Linker of Navl1.7 Expressed
on HEK 293 Cells—Considering our previous results with
HWTX-IV, the present results indicated that HN'TX-III might
be a site 4 toxin acting on the DIIS3-S4 linker of Nav1.7. To
clarify this hypothesis, we constructed chimeric channels of
Navl.5 or Navl.7 (Fig. 44). Because the toxin has no inhibitory
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activity against Nav1.5, we assumed that HNTX-III would not
affect a Nav1.7 chimeric channel in which the DIIS3-S4 linker
(-LADVEGLSV-) of Nav1.7 was replaced with the correspond-
ing linker ((LSRMGNLSV-) of Nav1.5, whereas it should inhibit
the Nav1.5 chimeric channel in which the DIIS3-S4 linker of
Nav1.5 was replaced with the corresponding linker of Nav1.7
(Fig. 4A4). As shown in Fig. 4, 10 um HNTX-III could only
reduce ~9% of the amplitude current of the Nav1l.7 chimeric
channel (Fig. 4, B and D). On the other hand, 1 um HNTX-III
could inhibit more than 50% of the amplitude current of the
Navl.5 chimeric channel, and the IC,, value was calculated to
be 975 nm (Fig. 4, C and D). These data indicate that the
DIIS3-S4 linker might be critical for HNTX-III binding to
Nav1.7. The lack of an effect of HNTX-III on the activation and
inactivation kinetics was suggestive of a toxin that might trap
the domain II voltage sensor of Navl.7 in its resting
conformation.

Kinetics of Dissociation of HNTX-III from Navl.7—Binding
of HWTX-IV was reversed by prolonged strong depolarizations
that activate the voltage sensor (19). Therefore, we examined
whether prolonged strong depolarizations could reverse the
inhibitory effect of HNTX-III on Nav1.7 by using the protocol
described by Wang et al. (36) with some modifications (Fig. 5A4).
As shown in Fig. 5B, in the absence of HNTX-III, a current of
~10 nA was induced by the test pulse, indicating the recovery
from inactivation. In the presence of 2 um HNTX-III, a progres-
sively longer strong depolarization (to 100 mV) led to an
increase in the fraction of sodium current recovered from inhi-
bition by HNTX-III. Depolarizations lasting 100 and 600 ms
resulted in ~30% and complete recovery of the Na™* current,
respectively. These data indicate that HNTX-III dissociated
from Navl.7 in response to prolonged strong depolarizations.
As shown in Fig. 5C, increased depolarization potentials (the
depolarization time was set at 400 ms) were correlated with
increased dissociation. Fig. 5D shows the time course of disso-
ciation of the toxin after strong depolarizations in the presence
of 2 um HNTX-IIL, from which the dissociation time constant
(7) was calculated to be 189 * 5 ms at 100 mV, 323 = 10 ms at
80 mV, or 566 * 13 ms at 60 mV. These results indicated that
the rate of HN'TX-III dissociation was voltage-dependent, and a
stronger depolarization was correlated with a higher rate of
dissociation (Fig. 5E). The dissociation was also concentration-
dependent, with a lower rate of dissociation in the presence of
higher concentrations of HNTX-III. In the presence of 5 um
HNTX-III, the dissociation time constant (1) was calculated to
be 294 = 7msat 100mV, 476 = 12 msat80 mV, or 733 £ 17 ms
at 60 mV (Fig. 5E).

Kinetics of Reassociation of HNTX-III with Navl.7—The
rates of reassociation of unbound HNTX-III with Nav1.7 were
also assessed using a protocol described by Wang ez al. (36) (Fig.
5F). In agreement with the data described above, HNTX-III
completely dissociated upon the 600-ms depolarization to 100
mV, as indicated by the complete recovery of the sodium cur-
rent (Fig. 5G). A gradual rebinding of HNTX-III to Navl.7
occurred after longer repolarizations with complete reassocia-
tion at 55 s (Fig. 5, G and H). In the presence of 2 um HNTX-III,
the reassociation time constant was 22.3 = 2.4 s at —100 mV
and 21.0 = 2.1 s at —80 mV (Fig. 5, H and I), indicating that
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toxin reassociation was independent of membrane potential. In
the presence of 5 um HNTX-III, the reassociation time con-
stant was 18.7 £ 3.1 sat —100 mV and 17.9 * 2.6 s at =80 mV
(Fig. 5, H and I), with no significant difference between the two
concentrations.

Kinetics of Deactivation of Navl.7 in the Presence HNTX-1II—
HNTX-III dissociated from Nav1.7 upon prolonged strong depo-
larizations and reassociated with the channel after long repolariza-
tions. This behavior could be explained by state-dependent
interaction of HNTX-III with Nav1.7, by which HNTX-III binding
toNavl.7 would be dependent on the configuration of the channel.
Another explanation is based on an electric field effect, by which
HNTX-III is positively charged at pH 7.4 and the dissociation and
reassociation of the toxin to Nav1.7 occurs by electric repulsion
and attraction in an electric field. Our data described above sup-
ported the former mechanism. Furthermore, additional experi-
ments were conducted to analyze the current deactivation kinetics
as shown for hanatoxin and Kv2.1 (37). As indicated above, short
extreme depolarizations activated the Nav1.7 channel in the pres-
ence of 5 um HNTX-III, which eliminated the inward current of
Navl.7. If extreme depolarization caused the activation of toxin-
bound channel, then the deactivation kinetics (the rate at which
current decays or channels close in response to repolarization of
the membrane potential) following the activating pulses would be
different from the kinetics in the absence of the toxin. However, if
the toxin must dissociate from the channel before current activa-
tion, the deactivation kinetics following extreme depolarizations
should be the same in the presence and absence of the toxin (19,
37). Therefore, we determined the time course for Nav1.7 current
deactivation following a 0.2-ms depolarization to 250 mV (Fig. 6).
In the presence of 5 um HNTX-III, the outward current amplitude
evoked by the short depolarizing pulse was ~50% of that activated
before the toxin application (Fig. 6A). The relative amplitude (the
peak current in the presence of HNTX-III was normalized to that
before toxin application) of tail current evoked by the repolarizing
pulse following the depolarizing pulse was also reduced in the
presence of HNTX-III (Fig. 6B), indicating a more rapid closure of
the Nav1.7 channel during the repolarizing transition. The time
course for the decay of the tail current was also much faster in the
presence of HNTX-III (Fig. 6, B (inset) and C). The significantly
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faster deactivation of the Nav1.7 current in the presence of 5 um
HNTX-III could be explained as follows. The toxin-bound chan-
nelactivated by an extreme depolarization would be deactivated or
returned to its resting state more rapidly if the toxin bound with
greater affinity to the channel in the resting configuration. The
gradual dissociation of HNTX-III in response to prolonged strong
depolarizations could be the result of prolonged activation main-
taining the channel in a configuration with lower toxin affinity,
which promotes toxin dissociation. Taken together, our results
indicate that HN'TX-III, similar to HWTX-IV, should bind to the
Nav1.7 voltage sensor in the closed state, inhibiting its activation.

The Solution Structure of HNTX-III—Sequence-specific res-
onance assignments were performed according to the standard
procedures established by Wiithrich (24). All of the backbone
protons and more than 95% of the side chain protons were
identified. The two Pro residues (Pro'* and Pro*®) of HNTX-III
were assigned clearly by the strong sequential Ha—H& cross-
peaks for Xaa—Pro, which also indicated the presence of trans-
peptide bonds for these residues (38).

The structure of HNTX-III was determined using 451 intra-
molecular distance constraints, six dihedral constraints, and
nine distance constraints derived from the three disulfide
bridges. Altogether, the final experimental set corresponded to
10 restraints per residue on average. A family of 20 accepted
structures with lower energies and better Ramachandran plots
was selected to represent the three-dimensional solution struc-
ture of HNTX-III (Protein Data Bank code 2JTB). The struc-
tures have no distance violations greater than 0.2 A and no
dihedral violations greater than 2.0°. They have favorable non-
bonded contacts, as evidenced by the low values of the mean
Lennard-Jones potentials, and good covalent geometry, as indi-
cated by the small deviations from ideal bond lengths and bond
angles. Analysis of the structures in PROCHECK showed that
80.2% of non-Pro, non-Gly residues lie in the most favored
regions of the Ramachandran plot with a further 19.8% in addi-
tionally allowed regions. The best fit superposition of the back-
bone atoms (N, C_, and C) for the 20 converged structures of
HNTX-III resulted in an average root mean square deviation
with respect to the mean structure values of 0.55 + 0.09 A for
backbone atoms and 1.19 = 0.12 A for all heavy atoms.
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Fig. 7A shows the best fit superposition of the backbone
atoms (N, C_, and C) for the 20 converged structures of HNTX-
III. Analysis of the 20 converged structures indicated that the
molecular structure of HNTX-III contains a short triple-
stranded anti-parallel B-sheet formed by the strands Gly”-Cys”,
Ala*'-Ser®, and Lys*’-Lys® (Fig. 7B). The strong sequential
d N and weak dNN, interstrand NOE connectivities, chemical
shift index, large */yrcar cOupling constants, and slowly

Kinetics of dissociation

exchanging amide protons confirmed the B-sheet structure
(39). The turns in HNTX-III were also identified using a stand-
ard definition that states that the distance between C_(i) and
C,(i + 3) should be less than 7 A and that the characteristic
NOE connectivities of backbone protons for the corresponding
turn segments are present. These analyses led to the identifica-
tion of three B-turns: Gly*~Asp” (type II), Thr'°~Lys"'? (type II),
and Ser**~Lys>” (type I) (Fig. 7B).
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HNTX-III adopts an inhibitor cystine knot motif commonly
observed in other toxic and inhibitory peptides (40, 41). The
cystine knot in HNTX-III is formed by three disulfide bridges
between Cys® and Cys'”, Cys® and Cys®?, and Cys'® and Cys*’,
with the Cys'®-Cys* disulfide bridge crossing a 10-residue ring
formed by the intervening polypeptide backbone and the Cys>-
Cys'? and Cys”-Cys* disulfide bridges (Fig. 7B). The inhibitor
cystine knot toxins have diverse bioactivities, which are derived
from structural differences caused by the amino acid residues
located on the loops between two cysteine residues (40, 41). A
significant advantage of this motif is that it imparts to peptides
extraordinary stability, even in human serum (14). It is believed
that HNTX-III has this advantage. The molecular surface anal-
ysis showed that the basic residues (Lys®, Lys'?, Lys*’, His®,
and Lys®®) are mainly distributed on one side, forming a basic
patch on the surface of HNTX-III, whereas most hydrophobic
residues (Phe®, Pro'8, Tyr?°, Ala®!, Val®!, Tyr®?, and Leu®?) are
clustered on the other side, forming a hydrophobic patch (Fig.
7, C and D).

DISCUSSION

HNTX-III Is a Selective Antagonist of Neuronal TTX-S
VGSCs—In the present study, the specific inhibitory effect of
HNTX-III on VGSCs was examined in HEK 293 cells tran-
siently expressing VGSC isoforms. Our previous study showed
that the TTX-R isoforms Nav1.8 and Nav1.9 are resistant to
inhibition by HNTX-III (16). Of the six VGSC isoforms tested,
Nav1.1-1.3 and Navl.7 but not Navl.4 (a skeletal TTX-S
VGSC) and Navl.5 (a cardiac TTX-R VGSC) are inhibited by
HNTX-III, suggesting that HNTX-III is a selective antagonist
of neuronal TTX-S VGSCs.

HNTX-III Inhibits Nav1.7 Opening by Binding to Site 4 and
Trapping the Voltage Sensor in the Closed State—Our data sug-
gest that HN'TX-III acts as a gating modifier inhibiting Nav1.7
opening by binding to site 4 in the closed state. First, the inhi-
bition of Nav1.7 by HNTX-III was voltage-dependent. Higher
concentrations (IC, = 2.5 um) of HNTX-III were required to
inhibit the Nav1.7 current evoked with stronger depolarization
(100 mV). A saturating concentration of HNTX-III (5 um)
could completely suppress all inward Nav1.7 currents elicited
with moderate depolarizations, but upon short extreme depo-
larizations (above 40 mV), a fraction of outward currents
(~27% of the current amplitude elicited before toxin applica-
tion at 160 mV) were still observed, indicating the activation of
the toxin-bound channel. Second, our data on chimeric chan-
nels showed that the DIIS3-S4 linker plays an important role in

Structure and Function of HNTX-III

HNTX-III binding to Navl.7, providing direct evidence that
HNTX-III is a gating modifier acting on site 4. Third, we further
demonstrated that the toxin-bound channel could deactivate or
return to a closed configuration more rapidly than the free
channel in the absence of HNTX-III, as revealed by the deacti-
vation kinetics analysis. These data suggest that HNTX-III
preferentially binds to Navl.7 in the closed state with high
affinity and stabilizes the voltage sensor. Consequently,
extreme depolarizations should be required to overcome the
energy of the interaction of HNTX-III with the channel in the
resting state, driving it into the activated conformation. Fourth,
the inhibition could be reversed by prolonged strong depolar-
izations. HN'TX-III dissociated more rapidly at higher depolar-
ized potentials. We propose that prolonged strong depolariza-
tion may push the outward movement of the voltage sensor
from the inward position even in the presence of bound HNTX-
III. This would cause a conformational change of the binding
site, resulting in the dissociation of the HNTX-III:-Nav1.7 com-
plex. Additionally, HNTX-III was able to gradually rebind to
Navl.7 after longer repolarizations that caused a return to the
closed state from the inactivated state. These data suggest that
HNTX-III and HWTX-IV share a common mechanism of inhi-
bition of Nav1.7 by binding to the S3-S4 linker in domain II of
Nav1.7 in the closed state and consequently trapping the volt-
age sensor in its inward position. Thus, these toxins prevent the
outward movement of the voltage sensor upon membrane
depolarization and keep Nav1.7 from opening, inhibiting Na™
conductance (17-19).

HNTX-II Is Distinct from Other B-Toxins Acting on VGSCs—
To date, more than 100 peptide neurotoxins affecting VGSCs have
been identified from venomous animals (42, 43). These neurotox-
ins are known as p-conotoxins, a- and B-scorpion toxins, sea
anemone toxins, and 8- and B-spider toxins. They have been
shown to bind to the four extracellular receptor sites (sites 1, 3, 4,
and 6) (8-13, 44, 45). Although B-scorpion toxins and 3-spider
toxins target the same site 4, they have rather different mecha-
nisms of action. 3-Scorpion toxins shift the voltage dependence of
channel activation in the hyperpolarizing direction and reduce the
peak current amplitude, which is the direct result of toxin binding
to site 4 in the activated state, trapping the voltage sensor in its
outward position (11-13, 46). On the contrary, previous studies
and our current results indicate that HNTX-III and many other
B-spider toxins (namely HWTX-I, HWTX-IV; HNTX-I; HNTX-
IV; CcoTx1, -2, and -3; PaurTx3; ProTx-I; and ProTx-II) can target
site 4 in the closed state, trapping the voltage sensor in its inward

FIGURE 5. Kinetics of dissociation and reassociation of HNTX-IlI-Nav1.7 complex. A, diagram showing the protocol for dissociation analysis. Cells express-
ingNav1.7 channels were incubated in HNTX-Ill for 3 min at a holding potential of —100 mV to allow binding. The rate of toxin dissociation was determined with
theillustrated pulse paradigm by stepping to a depolarizing pulse of 100, 80, or 60 mV for 10-1110 ms at increments of 100 ms, returning to —100 mV for 200
ms to allow recovery from fast inactivation, and then assessing the effect of the depolarizing pulse with a 50-ms test pulse to —10 mV (test). B, in the presence
of 2 um HNTX-IIl, progressively prolonged strong depolarization (to 100 mV) led to a greater degree of Nav1.7 current recovery from HNTX-IIl inhibition. C, in
the presence of 2 um HNTX-III, Nav1.7 current recovery increased in correlation with the increment of depolarization potentials (the depolarization duration
time was set as 400 ms). D, time course of dissociation of 2 um HNTX-Ill from Nav1.7 at 100 mV (7 = 189 = 5ms, n = 3),80 mV (7 = 323 = 10 ms, n = 3),and 60
mV (r = 566 = 13 ms, n = 4). E, time constants of dissociation as a function of potentials for Nav1.7 in the presence of 2 and 5 um HNTX-IIl. Note that the
dissociation was voltage-dependent and dose-dependent. F, diagram showing the protocol for reassociation analysis. The Nav1.7 current was first activated by
a 50-ms depolarization from —100 to —10 mV, followed by a 600-ms strong depolarization to 100 mV to cause toxin dissociation, progressively longer
hyperpolarizing pulses to allow toxin rebinding, and a final test depolarization to —10 mV to assess HNTX-IIl rebinding. G, gradual rebinding of HNTX-IIl to
Nav1.7 occurred after progressively prolonged repolarizations with complete reassociation at 55 s. H, time course of reassociation of 2 um HNTX-Ill with Nav1.7
at =100 mV (1= 223 = 2.4s)and —80 mV (7 = 21.0 = 2.1 s)./, time constants of reassociation as a function of potential for Nav1.7 in the presence of 2 and 5
M HNTX-III. Error bars, S.E.
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FIGURE 6. HNTX-1Il promotes the deactivation of Nav1.7 current follow-
ing an extreme depolarization. A, current traces were recorded HEK 293
cells expressing Nav1.7 in control before and after application of 5 um HNTX-
IIl. Nav1.7 current was activated with a 0.2-ms depolarization to 250 mV fol-
lowed by a repolarization to —40 mV to elicit the tail current. B, the currents
shown in A were normalized to the maximum current evoked during the
depolarization. Note that the relative amplitude of the tail current became
smaller in the presence of HNTX-III. The inset shows just the tail currents after
normalization of the maximum tail current amplitude. Note that the decay of
the tail current was faster in the presence of HNTX-IIl compared with that of
control. C, time constants for tail current decay was determined at repolariz-
ing pulses ranging from —20 to —80 mV before and after application of 1 um
HNTX-IIl (n = 5). Data are expressed as mean = S.E. (error bars).

position (17-19, 35, 47-53). However, it is important to note that
HNTX-III and its analog toxins (HWTX-I, HWTX-IV, HNTX-],
and HNTX-III) differ from many other B-spider toxins (e.g
CcoTxl, -2, and -3; PaurTx3; ProTx-I; and ProTx-II) in their
mechanism of channel gating modification. The latter toxins shift
the voltage-dependent activation to more depolarized potentials
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FIGURE 7. Solution structure of HNTX-III. A, superimposition of backbone
heavy atoms (N, Ca, and C) for 20 converged structures of HNTX-III. B, Rich-
ardson style diagrams of the backbone fold of HNTX-III. The B-sheets, turns,
and random coils are colored in yellow, blue, and green, respectively. The disul-
fide bridge linkage pattern (1-4, 2-5,3-6) is shown in yellow. Cand D, surface
profiles of HNTX-IIl. Positively and negatively charged residues and hydro-
phobic residues are colored in blue, red, and orange, respectively.

(35, 51-53), whereas the former ones cannot significantly change
the activation kinetics (17-19, 47-50).

Compared with HNTX-I, HNTX-IV, HWTX-I,and HWTX-
IV, the VGSC-inhibiting properties of HNTX-III are distinct.
First, these toxins show differences in their selectivity for VGSC
isoforms. HWTX-I, HWTX-IV, and HNTX-IV display slightly
higher selectivity for Nav1.7 compared with Nav1.2 and Nav1.3,
and they also show weak inhibitory activity against Nav1.4 and
Navl.5 (17-20, 47-50). HNTX-I is a weak antagonist of Nav1.2
(47). HNTX-III is a selective inhibitor of neuronal TTX-S
VGSCs with similar selectivity for Nav1.2, -1.3, and -1.7. Sec-
ond, the inhibition of Nav1.7 by HNTX-III is reversible upon
washing, but no reversibility was observed for HNTX-IV and
HWTX-IV (19, 20, 48). Additionally, compared with
HWTX-IV and HNTX-IV, HNTX-III is much less toxic against
animals. The intraperitoneal LD, of HNTX-III in mice was
determined to be ~5 mg/kg body weight, whereas those of
HWTX-IV and HNTX-IV are ~0.2 mg/kg body weight, as
determined in our previous studies (20, 48), indicating the
lower toxicity of HNTX-III. Although HNTX-III belongs to the
B-spider toxin family by binding to the same “macro” site 4 of
VGSCs, it has distinct VGSC-inhibiting properties in the man-
ner of channel gating modification and binding specificity and
affinity, which could be related to its binding to different
“micro” sites of VGSCs. Actually, multiple sites contributing to
B-toxin interaction have been identified (8-13). Recently,
Zhang et al. (54) found that apart from the residues in DIIS3-S4
of Nav1.2, five residues in the DIII SS2-S6 loop are also impor-
tant for Css IV binding. Therefore, HNTX-III may be a useful
probe for exploring novel toxin binding sites affecting the gat-
ing properties of VGSCs.

The Structure-Function Relationship of HNTX-III—Sodium
channel toxins are known to have different amino acid sequences
and structural scaffolds. However, extensive research on the struc-
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FIGURE 8. Structures and bioactive surfaces of HWTX-IV, HNTX-I and HNTX-III. The structures of HWTX-IV (Protein Data Bank code 1MB6), HNTX-I (Protein
Data Bank code 1NIX), and HNTX-III (Protein Data Bank code 2JTB) were determined by two-dimensional NMR. The schematic backbone structures were
covered by the semitransparent molecular surface of the toxins. Residues composing the bioactive surfaces are space-filled and colored as follows: basic (blue),

acidic (red), aromatic (orange), hydrophobic (yellow), and hydrophilic (green).

ture-function relationships of certain toxins has highlighted cer-
tain common features of the bioactive surface. Multiple amino
acid residues, particularly charged, hydrophobic, and aromatic
residues, are commonly involved in forming a big and amphiphilic
bioactive surface, which is necessary to determine the high affinity
and selectivity for binding to VGSC isoforms (9, 55, 56). Analysis
of the molecular surfaces of HNTX-I, HNTX-III, and
HWTX-IV highlighted their amphiphilic properties, in which
the basic residues (e.g. Lys®®, His>®, Lys*’, and Lys° in HNTX-
III) form a positively charged patch, whereas the N- and C-ter-
minal hydrophobic and aromatic residues (e.g. Phe®, Trp>®,
Val*!, Tyr®?, and Leu®® in HNTX-III) may make up a continu-
ous hydrophobic surface that is separated from the positively
charged surface (20, 47, 49) (Fig. 8). The side chains of the res-
idues in both surfaces project outward from the molecular sur-
face in the same orientation, suggesting that together they
could form the bioactive surface of the three toxins. The resi-
dues in the conserved motif (K/R)X(K/R)WCK among the five
toxins (HNTX-L, HNTX-III, HNTX-IV, HWTX-I[,and HWTX-
IV) form the positively charged surface. Our previous studies
indicated that Lys®’, His*®, Arg®’, and Lys®” in this motif of
HNTX-IV are critical residues for its inhibitory activity on
TTX-S VGSCs in rat DRG cells (49, 57), confirming that this
basic surface may interact directly with the acidic residues in
site 4. However, subtle structural differences may contribute to
the inhibitory activities of these toxins. For example, the acidic
residue Asp>® (corresponding to His*® in HNTX-III and Thr?®
in HWTX-1V) is localized in the positively charged patch of
HNTX-I and thus interferes with its binding to the channels.
This may explain the weak inhibitory activity of HNTX-I on
Nav1l.2 (47). These data suggest that the amphiphilic surface
consisting of basic, hydrophobic, and aromatic residues is crit-
ical for toxin binding to VGSCs. A comparative analysis will
provide valuable information for our understanding of the
mechanisms underlying the interaction between -spider tox-
ins (HNTX-III and analogous toxins) and isoforms of VGSCs in
future studies.

In summary, HNTX-III is a potent and specific antagonist of
neuronal TTX-S VGSCs. Its structure possesses a stable and
compact inhibitor cystine knot motif. It inhibits the activation
of Nav1.7 by trapping the domain II voltage sensor in the closed
state, an action mechanism different from that of B-scorpion
toxins. Moreover, compared with many other 3-spider toxins,
HNTX-III is distinct with regard to gating modification and
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binding specificity and affinity. These distinct properties of
HNTX-III make it a valuable molecular tool for exploring the
mechanisms of toxin-VGSC interaction, which may help iden-
tify novel binding sites on VGSCs. This information is essential
for explaining the different selectivity of toxins to VGSC iso-
forms in addition to providing new insights into the structure
and function of VGSCs. Moreover, HNTX-III might be a
potential prototype analgesic.
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