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Background: The molecular basis for sodium channel inhibition by spider venom peptides is poorly understood.

Results: Key toxin residues and structural features important for activity of huwentoxin-IV are identified.

Conclusion: Toxin activity involves a hydrophobic protrusion surrounded by a ring of basic residues.

Significance: New structure-function information may provide a foundation for the design of peptides with therapeutic

potential.

Voltage-gated sodium channels (VGSCs) are essential to the
normal function of the vertebrate nervous system. Aberrant
function of VGSCs underlies a variety of disorders, including
epilepsy, arrhythmia, and pain. A large number of animal toxins
target these ion channels and may have significant therapeutic
potential. Most of these toxins, however, have not been charac-
terized in detail. Here, by combining patch clamp electrophysi-
ology and radioligand binding studies with peptide mutagene-
sis, NMR structure determination, and molecular modeling, we
have revealed key molecular determinants of the interaction
between the tarantula toxin huwentoxin-IV and two VGSC iso-
forms, Nav1.7 and Nav1.2. Nine huwentoxin-IV residues (F6A,
P11A, D14A, L22A, S25A, W30A, K32A, Y33A, and I35A) were
important for block of Nav1.7 and Nav1.2. Importantly, molec-
ular dynamics simulations and NMR studies indicated that fold-
ing was normal for several key mutants, suggesting that these
amino acids probably make specific interactions with sodium
channel residues. Additionally, we identified several amino
acids (F6A, K18A, R26A, and K27A) that are involved in iso-
form-specific VGSC interactions. Our structural and functional
data were used to model the docking of huwentoxin-IV into the
domain II voltage sensor of Nav1.7. The model predicts that a
hydrophobic patch composed of Trp-30 and Phe-6, along with
the basic Lys-32 residue, docks into a groove formed by the
Nav1.7 S1-S2 and S3-S41oops. These results provide new insight
into the structural and molecular basis of sodium channel block
by huwentoxin-IV and may provide a basis for the rational
design of toxin-based peptides with improved VGSC potency
and/or selectivity.

] This article contains supplemental Tables S1 and S2 and Video 1.

The atomic coordinates and structure factors (codes 2M4X, 2M4Z, and 2M50)
have been deposited in the Protein Data Bank (http://wwpdb.org/).
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Over 40,000 species of spiders have been described to date,
making them one of the most successful species on the planet.
Spiders owe this success to their ability to produce complex ven-
oms for predation and defense (1). The major components of spi-
der venoms that have been investigated are small, disulfide-rich
peptides, with each venom containing as many as 1,000 peptides,
the majority of which have not been characterized in any detail (2).
The spider venom peptides that have been described to date are
detailed in the ArachnoServer database (3, 4).

Many of the toxins listed in ArachnoServer target voltage-
gated sodium channels (VGSCs).> Because the majority of spi-
ders prey primarily on invertebrates, it is likely that these toxins
target VGSCs in the insect nervous system, providing a highly
efficient mechanism for spiders to incapacitate their prey.
However, given the structural similarity between many insect
and vertebrate sodium channels, it is not surprising that many
spider venom peptides also modulate the activity of vertebrate
VGSCs (5-9). In vertebrates, there are nine VGSC isoforms,
Nav1.1-Nav1l.9, with each isoform exhibiting a unique pattern of
tissue distribution. VGSCs are essential to the initiation and prop-
agation of electrical signals in the vertebrate nervous system, and
aberrant sodium channel function is thought to underlie a variety
of medical disorders, including epilepsy (10), arrhythmia (11),
myotonia (12), and pain (13). VGSC-blocking spider toxins, there-
fore, may have significant therapeutic potential, and their detailed
characterization is clearly warranted (14).

Twelve families of spider venom peptides that target VGSCs
(so-called “NaSpTx” families 1-12) have recently been defined
(15), based on either documented VGSC activity or sequence
similarity to confirmed VGSC-modulating peptides. Several of
the best characterized peptides are from NaSpTx family 1. All
peptides from this family were isolated from the venom of taran-
tulas (Theraphosidae), and they consist of 33—35 amino acid resi-

2The abbreviations used are: VGSC, voltage-gated sodium channels; ICK,
inhibitory cysteine knot; SAR, structure-activity relationship(s); HWTX-IV,
huwentoxin-4; HSQC, heteronuclear single quantum correlation; PDB, Pro-
tein Data Bank; RMSD, root mean square deviation; CA, a-carbon.
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dues with three disulfide bridges that form an inhibitory cysteine
knot (ICK) motif (14). Peptides from family 1 include huwen-
toxin-1 (uw/w-TRTX-Hhla) (16), hainantoxin-IV (u-TRTX-
Hhnlb) (9), phrixotoxin-3 (B-TRTX-Psla) (5), ceratotoxin-1
(B-TRTX-Cmla) (5), and huwentoxin-4 (u-TRTXHh2a, HwTX-
IV) (8,17). All of these peptides are inhibitors of vertebrate VGSCs,
and their mechanism of action probably involves a specific inter-
action with the voltage sensor region(s), impeding its movement
and inhibiting channel activation (5, 8). However, very little is
known about the channel residues involved in these interactions.
The only studies addressing this question are from Cummins and
colleagues (8, 18, 19), who have identified several residues in the
$3-S4linker region of domain II that are crucial for huwentoxin-IV
inhibition of Nav1.7. Even less is known about the toxin residues
that interact with VGSCs. The only studies published on this sub-
ject suggest that charged residues (Lys-27, His-28, Arg-29, and
Lys-32) are important for the activity of hainantoxin-IV on VGSCs
in isolated rat dorsal root ganglion cells (15, 20, 21).

Given the poor understanding of the structure-activity rela-
tionships for NaSpTx family 1 toxins and the pharmacological
and therapeutic importance of sodium channel blockers, we
sought to characterize the molecular determinants of the inter-
action between the NaSpTx family 1 member, HwTX-IV, and
the VGSC isoforms, Navl.7 and Navl.2, in more detail. We
combined functional and binding studies with peptide-scan-
ning mutagenesis, NMR structure determination, molecular
dynamics simulations, and docking in order to better under-
stand the structure-activity relationships for the HWTX-IV-
VGSC interaction. Our results provide the most comprehen-
sive evaluation of the structure-activity relationships (SAR) for
a family 1 toxin described to date as well as the first systematic
evaluation of toxin SAR against two closely related VGSCs. Our
experimental findings, coupled with the predictions of our
model, provide a structural framework for the interaction
between HwTX-IV and Nav1.7/Nav1.2 and may provide a basis
for rational design of toxin-based peptides with improved
VGSC potency and/or selectivity with potential for the treat-
ment of a variety of human disorders.

EXPERIMENTAL PROCEDURES
Peptide Production and Purification

Generation and Transfection of Expression Constructs—Wild-
type huwentoxin-IV and the alanine-scanning variant clones
were designed as His,-HSA-(G4S),-HRV3C-huwentoxin-IV
fusion proteins and cloned into an in-house, pcDNA-derived
mammalian expression vector in frame with an IgG2a signal
peptide to direct secretion of the fusion into the expression
medium. In the absence of a method to C-terminally amidate
the recombinant peptides, we chose to include the C-terminal
Gly-Lys in the peptide coding region to substitute for the amida-
tion. The gene sequences for wild-type huwentoxin-IV and the
designed variants were generated using in-house gene assembly
technology (US6521427B1). The amino acid sequences of the
designed peptide variants were back-translated to DNA sequences
using human high frequency codons. Standard molecular biology
techniques were used to generate and identify a positive clone for
each designed variant.
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Plasmid DNA for transfection was generated in milligram
quantities using Qiagen Gigapreps. HEK 293F cells were trans-
fected at 2—3-liter scale using FreeStyle Max (Invitrogen) trans-
fection reagent according to the manufacturer’s specifications;
grown in 2-liter shake flasks for 96 h at 37 °C, 8% CO,, and 120
rpm; and harvested by centrifugation. The cell pellets were dis-
carded, and the supernatants were filtered for purification.

Purification of Huwentoxin-1V Amino Acid-scanning Library
Variants—The secreted proteins were purified from the
expression supernatants via immobilized metal affinity chro-
matography using 5-ml HisTrap HP columns (GE Healthcare).
The chromatography method was run using an AKTA Explorer
or FPLC, and protein was eluted from the column using a step
gradient of imidazole. Peak fractions were pooled and concen-
trated using Amicon Ultra-15 centrifugal concentrators (Milli-
pore), dialyzed against Dulbecco’s phosphate-buffered saline,
pH 7.2 (Invitrogen), and digested overnight with HRV3C
(EMD; 1 unit/100 ug of protein). The cleaved fusion was puri-
fied by immobilized metal affinity chromatography using 5-ml
HisTrap HP columns. The peptide was collected in the flow-
through fraction. Pooled peptide was concentrated and pol-
ished via RP-HPLC using a C18(2) column (Phenomenex) (Fig.
1). The chromatography method was run on an Agilent 1100
HPLC system, and the bound peptide was eluted using a linear
gradient of acetonitrile.

Each peak fraction was analyzed by RP-HPLC on an analyti-
cal C18(2) column (Phenomenex) using an acetonitrile linear
gradient. Fractions with the same retention times were pooled
and lyophilized. Lyophilized peptides were resuspended in
HEPES-buffered saline, pH 7.4 (10 mm HEPES, 137 mm NaCl,
5.4 mm KCl, 5 mm glucose, 2 mm CaCl,, 1 mm MgCl,). In cases
where multiple peaks were present in the RP-HPLC chromato-
gram, all fractions were assayed, and the one with the highest
potency against Nav1.7 was the value reported. Without excep-
tion, the largest peak from the preparative HPLC corresponded
to the most active fraction.

Absorbance was measured at 280 nm, and concentrations
were calculated using each peptide’s extinction coefficient.
Final peptides were analyzed by electrospray ionization mass
spectrometry. Retention of Gly-36 and Lys-37 varies; however,
its presence (or absence) appears to have little or no impact on
activity on VGSCs (data not shown).

Electrophysiology

In preliminary studies, synthetic HwTX-IV (Peptides Inter-
national) exhibited similar potency regardless of whether activ-
ity was measured using manual or automated (QPatch HT,
Sophion) whole-cell patch clamp techniques (pICs, values for
block of hNa, 1.7 were 7.9 £ 0.07 and 7.8 * 0.03 in manual and
automated patch-clamp, respectively). Given the excellent agree-
ment between manual and automated patch clamp recordings, all
subsequent studies were performed on the QPatch.

HEK293 cells stably expressing human Nav1.7 (Millipore) or
human Nav1.2 (supplied by Dr. H. A. Hartmann, University of
Maryland Biotechnology Institute) were cultured in DMEM/
F-12 medium (1:1), supplemented with 10% fetal bovine serum,
400 ng/ml Geneticin, and 100 um non-essential amino acids (all
reagents from Invitrogen) at 37 °C and in 5% CO,. Cell prepa-
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FIGURE 1. Purification of parent and alanine-scanning variants of huwentoxin-1V. Shown are representative chromatograms forimmobilized metal affinity
chromatography purification of intact HSA fusions (a and ¢) and of RP-HPLC purification of free peptides (b and d) for WT huwentoxin-IV and S12A.

ration for QPatch assays was performed as described previously
(22). For whole-cell patch clamp recording, the extracellular
solution contained 137 mMm NaCl, 5.4 mm KCl, 1 mm MgCl,, 2
mM CaCl,, 5 mm glucose, and 10 mm HEPES, pH 7.4, 315 mosm.
The intracellular solution contained 135 mm CsF, 10 mm CsCl,
5mM EGTA, 5 mm NaCl, and 10 mm HEPES, pH 7.3, 290 mosm.
To elicit sodium currents, cells were first hyperpolarized from
the holding potential to —120 mV for 2 s and then depolarized
to 0 mV for 5 ms before returning to the holding potential (—75
mV for Navl.7 and —65 mV for Nav1.2, which are the Vi, values
for steady-state inactivation for the respective channels; data
not shown). This protocol was repeated once every 60 s during
liquid applications (see below). Cells were otherwise held at
—75 mV (Navl.7) or —65 mV (Navl.2) when the voltage pro-
tocol above was not executed. Upon establishment of the
whole-cell recording configuration, a total of five applications
of the extracellular solution (1X control buffer, 3X test com-
pound/control, 1 uMm tetrodotoxin (positive control), all con-
taining 0.1% bovine serum albumin (BSA) except for the tetro-
dotoxin solution) were made on each cell. The voltage protocol
was executed 10 times after each application. Currents were
sampled at 25 kHz and filtered at 5 kHz with an 8-pole Bessle
filter. The series resistance compensation level was set at 80%. All
experiments were performed at room temperature (~22°C).

AUGUST 2,2013+VOLUME 288-NUMBER 31

pICy, values were determined from logistic fits of concentration-
response data using GraphPad Prism.

Radioligand Binding

HwTX-IV (Peptide Institute Inc., Osaka, Japan) was radioio-
dinated using previously described methods (23). The specific
activity of the product was estimated to be 2,200 Ci/mmol. A
cold iodination was performed using the same stoichiometry
and methods but substituting Nal (Sigma) for Na'*°I.

HEK-293 cells stably expressing Navl.7 or Navl.2 were
seeded at a density of 100,000 cells/well in 96-well poly-p-ly-
sine-coated plates and were allowed to attach for 1620 h at
37 °C. For saturation experiments, cells were incubated with
increasing concentrations of ">*I-HwTX-IV for 3 h, and repli-
cate (at least triplicate) samples were averaged for each experi-
mental point. At the end of the incubation, cells were washed
twice with 100 ul of Dulbecco’s phosphate-buffered saline plus
10% fetal bovine serum. 100 ul of liquid scintillation fluid
(Microscint-40, PerkinElmer Life Sciences) was added, and
radioactivity was counted using the TopCount™ microplate
scintillation counter. Nonspecific binding was defined as bind-
ing in the presence of 1 um synthetic HwTX-IV. Total binding
was defined as binding in the presence of radioisotope alone.
Specific binding was obtained by subtracting nonspecific bind-

JOURNAL OF BIOLOGICAL CHEMISTRY 22709



Structure-Function Studies of Huwentoxin-IV

ing from total binding. Data were fit to the equation, B, =
(B L)/ (K, + L¥), where L* is the free '**I-HwTX-IV concen-
tration, to determine K, values. To determine kinetics of ligand
association, cells were incubated with "**I-HwTX-IV, and spe-
cific binding was determined at varying time points thereafter.
To determine the kinetics of dissociation, cells were incubated
with "*I-HwTX-IV for 3 h before dissociation was initiated by
washing twice with media. Specific binding was determined at
varying time points after washing. k_, and k. were derived
from monoexponential fits of the kinetic data. The association
rate constant, k,,, was determined from the equation, k. =
kon[B] + kg K, values were calculated from the equation, K, =
koK, For competition binding experiments, total binding of 4
nm '#°I-HwTX-IV was measured after 3 h in the absence or pres-
ence of increasing concentrations of either synthetic HwTX-IV or
the recombinant peptides. Binding pIC, values were derived from
logistic fits of concentration-inhibition curves. The absolute inhi-
bition constant (K}) values were determined from the equation, K;
= binding IC,,/(1 + (L*/K)).

NMR Structure Determination

All NMR experiments were performed using Bruker Avance
600-, 700-, or 950-MHz spectrometers. The peptides were dis-
solved in aqueous buffer containing 10% D,O. The buffer main-
tained a pH of 6.7 using 20 mm phosphate, 0.1 mm deuterated
EDTA, and 0.002% NaN,. All spectra were collected at 298 K
unless otherwise stated. Individual residue spin systems were
assigned using total correlation spectroscopy (24) spectra using
spin-lock (Malcolm Levitt) with mixing times of 75 ms. Sequen-
tial residue assignments were made from NOESY (25) experi-
ments collected with a mixing time of 150 ms. In addition, '*N
HSQC (26) experiments aided assignment, and cystine oxidation
states were elucidated via **C HSQC (26) spectra. Shifted sinebell
squared weighting and zero filling was applied before Fourier
transformation using NMRPipe (27) during data processing.

Interproton distance restraints were derived from through-
space interactions observed in the NOESY spectra and auto-
matically assigned by CYANA (28). In addition, peptides con-
taining Trp-32 that showed significant (>0.2 ppm) ring current
anisotropy on neighboring amino acids have aromatic side-
chain restraints applied. The applications PREDITOR (29) and
DANGLE (30) were used to predict ¢ and ¢y angle ranges based
on chemical shift data. Backbone w angle restraints were set to
180°. Based on data derived from the NOESY and **C HSQC
experiments, disulfide bonds were fixed between Cys-2 and
Cys-17, Cys-9 and Cys-24, and Cys-16 and Cys-31.

Homology models of the peptides were used as input (Cycle 1)
to CYANA followed by six cycles of combined automated NOESY
assignment and structure calculation. During each cycle, 1,000
conformers were calculated using a standard simulated annealing
schedule with 10,000 torsion angle dynamics steps per conformer
followed by 50,000 steps of energy minimization.

Molecular Dynamics

An NMR Structure of Native HWTX-IV (PDB code 1MB6)
was used as the starting point to characterize the stability of
HwTX-IV using molecular dynamics simulations. In addition
to simulations of the native HwTX-IV, simulations were per-
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formed to determine the changes in peptide stability due to
single alanine point mutations. For each molecular dynamics
simulation, the HWTX-IV was solvated in explicit water (with a
minimum of 12 A of padding) and neutralized to 0.1 m NaCl.
The protein was minimized and equilibrated for 50 ns, using
NAMD version 2.8 (31). CHARMM version 22 CMAP (32)
parameters were used for the simulations with a multiple time-
stepping algorithm for evaluating electrostatics with bonded
interactions computed every 1 fs, short range non-bonded inter-
actions computed every 2 fs, and long range interactions com-
puted every 4 fs. Long range electrostatic forces were evaluated
using the particle mesh Ewald summation method with a grid
spacing of less than 1 A. Temperature was maintained at 300 K
using Langevin dynamics, and a constant pressure of 1 atm was
maintained using a Noése-Hoover Langevin piston. Periodic
boundary conditions were assumed, and non-bonded interactions
were calculated using scaled 1-4 exclusion with shifting starting at
8 A and a complete cut-off at 12 A. Following simulation, the
molecular dynamics trajectories were aligned based on the back-
bone a-carbon (CA) atoms and the root mean square deviation
(RMSD) per residue calculated over the entire simulation relative
to the initial NMR structure using VMD (33).

Homology Modeling of Nav1.7 and Docking of HWTX-IV

A homology model of Navl.7 DII S1-S4 was built with
NavAb (PDB code 3RVY) as a template using the Modeler com-
ponent in Discovery Studio version 3.1 (Accelrys) (34). The
model was then further refined to generate a resting state
Navl.7 structure using the crystal structure of Kv1.2 in the
ground state as a guide (35). S4 was manually moved down into
a resting state configuration, the S1-S2 and S3-S4 loops were
regenerated, and the entire model was energy-minimized.
Native HwTX-IV was manually docked into the Nav1.7 homol-
ogy model based on the results of the alanine scan of HwTX-IV
inhibition against Nav1.7 and on published Nav1.7 mutations
that affect HwTX-IV binding (8, 18, 19). Following the manual
docking, the entire Nav1.7 DII S1-S4 with docked HWTX-IV
system was minimized, and an implicit membrane molecular
dynamics simulation was performed using the CHARMm force
field with Generalized Born Implicit Membrane (Discovery
Studio (36)) to further refine the docked structure.

RESULTS

Alanine-scanning Mutagenesis of HwTX-IV—In order to
understand the structural requirements for VGSC block by
HwTX-IV, we generated a recombinant library of HwTX-IV
alanine mutants, in which each non-cysteine position in the toxin
was changed to alanine. Because we observed vyields as high as
hundreds of mg/liter for human serum albumin (HSA) fusions and
because expression was poor for the peptide alone and in other
fusion constructs, we produced the library variants initially as
HRV3C-cleavable HSA fusion proteins. The sequences of the
purified, cleaved variants are summarized in Table 1.

The activity of purified recombinant HwTX-IV and 30
mutants was measured against Navl.7 and Navl.2, and the
results are summarized in Fig. 2 and Table 2. Recombinant
HwTX-IV was less potent than synthetic HwTX-IV, probably
mostly reflecting the importance of C-terminal amidation,
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TABLE 1
Sequences of the 30 recombinant alanine-scanning variants

Residues in parentheses indicate that the sample was partially lacking the terminal
glycine in question, as measured by electrospray ionization-MS.

Mutation Sequence

WT GPECLEIFKACNPSNDQCCKSSKLVCSRKTRWCKYQI(G)
E1A GPACLEIFKACNPSNDQCCKSSKLVCSRKTRWCKYQIG
L3A PECAEIFKACNPSNDQCCKSSKLVCSRKTRWCKYQIG
E4A GPECLAIFKACNPSNDQCCKSSKLVCSRKTRWCKYQIG

I5A GPECLEAFKACNPSNDQCCKSSKLVCSRKTRWCKYQIG

F6A GPECLEIAKACNPSNDQCCKSSKLVCSRKTRWCKYQIGK
K7A GPECLEIFAACNPSNDQCCKSSKLVCSRKTRWCKYQIG
N10A GPECLEIFKACAPSNDQCCKSSKLVCSRKTRWCKYQI(G)
P11A GPECLEIFKACNASNDQCCKSSKLVCSRKTRWCKYQI(G)
S12A GPECLEIFKACNPANDQCCKSSKLVCSRKTRWCKYQIG
N13A GPECLEIFKACNPSADQCCKSSKLVCSRKTRWCKYQI(G)
D14A GPECLEIFKACNPSNAQCCKSSKLVCSRKTRWCKYQI(G)
QI5A GPECLEIFKACNPSNDACCKSSKLVCSRKTRWCKYQIG
K18A GPECLEIFKACNPSNDQCCASSKLVCSRKTRWCKYQIGK
SI9A GPECLEIFKACNPSNDQCCKASKLVCSRKTRWCKYQIGK
S20A GPECLEIFKACNPSNDQCCKSAKLVCSRKTRWCKYQIG
K21A GPECLEIFKACNPSNDQCCKSSALVCSRKTRWCKYQI(G)
L22A GPECLEIFKACNPSNDQCCKSSKAVCSRKTRWCKYQI(G)
V23A GPECLEIFKACNPSNDQCCKSSKLACSRKTRWCKYQIGK
S25A GPECLEIFKACNPSNDQCCKSSKLVCARKTRWCKYQI(G)
R26A GPECLEIFKACNPSNDQCCKSSKLVCSAKTRWCKYQI(G)
K27A GPECLEIFKACNPSNDQCCKSSKLVCSRATRWCKYQI(G)
T28A GPECLEIFKACNPSNDQCCKSSKLVCSRKARWCKYQI(G)
R29A GPECLEIFKACNPSNDQCCKSSKLVCSRKTAWCKYQI(G)
W30A GPECLEIFKACNPSNDQCCKSSKLVCSRKTRACKYQIG
K32A GPECLEIFKACNPSNDQCCKSSKLVCSRKTRWCAYQIG
Y33A GPECLEIFKACNPSNDQCCKSSKLVCSRKTRWCKAQIG
Q34A GPECLEIFKACNPSNDQCCKSSKLVCSRKTRWCKYAIL(G)
I35A GPECLEIFKACNPSNDQCCKSSKLVCSRKTRWCKYQA(G)
Q36A GPECLEIFKACNPSNDQCCKSSKLVCSRKTRWCKYQIA
K37A GPECLEIFKACNPSNDQCCKSSKLVCSRKTRWCKYQIGA

because unamidated HwTX-IV has significantly lower potency
(data not shown). pICy, values for block of Nav1.7 were 7.8 =
0.03 and 7.27 = 0.1 for synthetic and recombinant HwTX-IV,
respectively. A similar reduction of potency for recombinant
material was also observed for block of Navl.2 (pIC,, values
were 8.0 = 0.03 and 7.27 = 0.04 for synthetic and recombinant
HwTX-1V, respectively). Essential residues were defined as
those resulting in at least a 10-fold loss of activity by the alanine
substitution. For Navl.7, nine mutant toxins were at least
10-fold less potent than parent recombinant HwTX-IV: F6A,
P11A, D14A, L22A, S25A, W30A, K32A, Y33A, and I35A. In
particular, W30A and K32A were completely devoid of activity
at concentrations up to 1 um. Of the remaining 21 mutants, 20
exhibited activity similar to that of parent recombinant HwTX-IV
against Navl.7, whereas one, E4A, showed marginally improved
potency. Most of the mutants that substantially altered Nav1.7
activity also showed parallel changes in Nav1.2 activity. F6A, P11A,
D14A, L22A, S25A, W30A, K32A, and Y33A were all at least
10-fold less active on Nav1.2 than the recombinant parent HwTX-
IV, and E4A was again marginally more active. Interestingly, some
positions were identified that differentially modified Nav1.7 and
Navl1.2 potency. F6A, K18A, R26A, and K27A all resulted in a
preferential loss of Nav1.2 activity, whereas I35A resulted in pref-
erential loss of Nav1.7 activity.

In order to determine whether changes in potency reflect
changes in toxin affinity or efficacy, we developed a novel '*°I-
HwTX-IV binding assay for Nav1.7 and Nav1.2. Tyr-33 is the
only tyrosine residue native to HwTX-IV that can be iodinated.
Because alanine-scanning mutagenesis of HWTX-IV showed
that this residue may be important for the interaction with
Nav1.7 and Nav1l.2, we first tested the activity of the iodinated
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peptide on Navl.7 and Navl.2. Synthetic cold iodinated
HwTX-IV inhibited Navl.7 and Nav1.2 currents with pIC,,
values of 8.1 = 0.07 and 8.4 = 0.04, respectively. These values
were similar to those determined for native, non-iodinated syn-
thetic HWTX-IV (7.8 *= 0.03 and 8.0 * 0.03 for Navl.7 and
Nav1.2, respectively).

To characterize the binding of synthetic "*’I-HWTX-IV to
Navl.7 and Navl.2, HEK293 cells stably expressing these
sodium channel isoforms were incubated with increasing con-
centrations of the radiolabeled toxin for 3 h in the absence or
presence of 1 uM unlabeled synthetic HwTX-IV. Nonspecific
binding increased linearly with increasing tracer concentra-
tions for both channel types, whereas specific binding was sat-
urable with pK, values of 7.5 = 0.1 and 7.8 %= 0.06 (n = 4) for
Nav1.7 and Navl.2, respectively (Fig. 3, a and b). B, values
were 19,122 * 2,586 (n = 4) and 12,343 * 778.2 (n = 4) for
Navl.7 and Navl.2, respectively. No specific binding was
observed in WT HEK293 cells. Incubation of cells stably
expressing Nav1.7 with '2*I-HwTX-IV resulted in time-depen-
dent association and dissociation of the radioligand (k. of
1.13 X 10~ * s %; association rate constant, k,, of 1.17 X 10*
M~ s ';and dissociation rate constant, kg, of 6.65 X 10 >s !
(n = 3;Fig. 3, cand d)). The pK, value derived from these kinetic
data was 8.2, in reasonable agreement with the corresponding
value from the saturation experiment. In competition studies,
specific binding of synthetic '**I-HWTX-IV to Navl.7 and
Navl1.2 was inhibited by unlabeled synthetic HwTX-IV with pK;
values of 7.4 + 0.03 and 7.6 % 0.08 (1 > 7), respectively, in good
agreement with the pK, values described above (Fig. 3, e and ).
Hill coefficients were —0.95 = 0.1 (n = 8) and —0.7 = 0.05 (n =
7), respectively. The HWTX-IV pK; values determined in the
binding assay, however, were slightly lower than the respective
pIC,, values determined in the QPatch functional assay.

Inhibition constants for recombinant HwTX-IV and the 30
single amino acid mutants were determined in "**I-HwTX-IV
competition binding assays in cells expressing either Nav1.7 or
Navl.2, and the results are summarized in Table 2. As for par-
ent HWTX-1V, pK, values determined for the alanine mutants in
the binding assay were slightly lower than the respective pIC,,
values determined in the QPatch functional assay. Notably,
there were no examples where pK; values were higher than the
respective QPatch pIC,, values. All mutants that exhibited a
marked loss in activity versus Navl.7 and Navl.2 in QPatch
(F6A, P11A, D14A, L22A, S25A, W30A, K32A, and Y33A) also
exhibited a >10-fold loss of activity in the respective '*°I-
HwTX-IV binding assays. The binding assays also confirmed
the preferential loss of Nav1.2 activity with R26A and K27A. In
addition, R29A also resulted in preferential loss of Nav1.2
binding, whereas E4A showed more activity versus Na,1.7
and Na, 1.2 in both binding assays.

Molecular Dynamics Simulations—To help understand
whether changes in toxin activity or selectivity could be
explained by changes in peptide stability/flexibility, we con-
ducted a series of molecular dynamics (MD) simulations, with
particular emphasis on the possible effects of the alanine muta-
tions that lead to significant loss of activity (F6A, P11A, D14A,
L22A, S25A, W30A, K32A, and Y33A) or changes in channel
selectivity (K18A, R26A, and K27A). The previously generated
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FIGURE 2. a and b, representative recordings of hNav1.7 (a) or hNav1.2 (b) currents in the absence or presence of 1 um recombinant HWTX-IV (left), W30A
(middle), or K32A (right). Note the complete block of current in the presence of HWTX-IV (left) but lack of effect of W30A (middle) or K32A (right). Tetrodotoxin
(1 um; dotted line) completely inhibited sodium currents in all cells. Concentration-response curves were generated for recombinant HwTX-1V against hNav1.7
(c) or hNav1.2 (d), using automated patch clamp (QPatch) techniques. plCs, values were 7.26 *+ 0.05 and 7.27 = 0.04 for hNav1.7 and hNav1.2, respectively.

Values shown are mean =+ S.E.

NMR structure for HwTX-IV (PDB code 1MB6) was used as a
template for building the various alanine mutant peptides, and
each toxin variant was subjected to 50 ns of molecular dynamics
simulations (see supplemental Video 1). Static representations
of the molecular dynamic simulations are shown in Fig. 4. For
each mutant, CA RMSD values were calculated for each residue
and colored on a gradient from 0.5 A in red to 2.2 A in blue. The
average CA RMSD of native HWTX-IV peptide was only 1.0 A,
indicating a highly rigid peptide, stabilized by an antiparallel
B-sheet, three disulfide bonds, and -7 interactions between
Trp-30 and Phe-6 (which can be observed to flip between a
face-to-face interaction and an edge-to-face interaction (Fig. 4a
and supplemental Video 1)). MD simulations revealed that only
F6A (Fig. 4b), L22A (Fig. 4e), and W30A (Fig. 4¢) had a modest
influence on core stability. Other loss of function mutants
exerted little to no effect on core stability. However, most loss of
function mutants as well as the mutants that differentially
affected Navl.7 and Nav1.2 activity influenced the flexibility of
the loop regions to some extent. For example, F6A (Fig. 4b),
L22A (Fig. 4e), W30A (Fig. 4g), and Y33A (Fig. 4i) appeared to
increase the flexibility of loop 3, whereas P11A (Fig. 4c) and
D14A (Fig. 4d) showed a clear increase in loop 2 flexibility.
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R26A (Fig. 4k) and K27A (Fig. 41) were found to increase loop 4
flexibility. S25A (Fig. 4f), K32A (Fig. 4/), and K18A (Fig. 45), on
the other hand, did not seem to have any significant impact on
peptide flexibility.

NMR—To gain insight into the structural features of recom-
binant HwTX-IV and two inactive mutants, W30A and K32A,
we determined the NMR structures of the three toxins (Fig. 5).
'H chemical shifts and CYANA statistics for the three struc-
tures are shown in supplemental Tables S1 and S2, respectively.
Our solution structure of recombinant HwTX-1V (Fig. 5a4) con-
firms some of the key structural features described previously
(37), including the presence of a twisted, anti-parallel B-sheet
formed by residues Leu-22, Val-23, Cys-24, and Ser-25 and
Arg-29, Trp-30, Cys-31, Lys-32, and Tyr-33 and an ICK struc-
ture formed by three disulfide bridges, between Cys-2 and Cys-
17, Cys-9 and Cys-24, and Cys-16 and Cys-31. The toxin struc-
ture can be described one-dimensionally: N terminus, Cys-2,
loop 1, Cys-9, loop 2, Cys-16, Cys-17, loop 3, B-strand 1/Cys-17,
loop 4, B-strand 2/Cys-31, C terminus (Fig. 5d).

Despite the complete loss of activity measured in the QPatch
and binding assays, but largely in keeping with the molecular
dynamic simulations, W30A and K32A exhibit a global struc-
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TABLE 2
Alanine-scanning mutagenesis of HwTx-IV
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pIC,, and pK; values were determined for recombinant parent HwTx-IV (rec HwTx-IV) and 31 single amino acid mutants using Qpatch and '*’I-HwTx-IV competition
binding assays. For peptides that did not exhibit sufficient activity to determine a pIC,, or pK,, percentage inhibition at the top concentration tested (1 um) is shown
(percentage inhibition numbers are shown in boldface type and indicated with %). Data are the means = S.E., n > 3.

QPatch 1251.HwTx-1V binding
hNa 1.7 hNa 1.2 hNa, 1.7 hNa, 1.2
Alanine Hill Hill Hill Hill
scan pIC,, slope pIC,, slope pPK; slope pK; slope
rec HwTx-IV 7.3 £ 0.05 0.7 = 0.10 7.3 = 0.04 1.1 +0.10 6.5 * 0.05 1.2 +0.20 6.7 = 0.05 1.0 = 0.10
E1A 7.7 £ 0.03 1.4 *=0.10 7.6 £0.14 1.1 =0.40 6.7 = 0.05 1.1 =0.20 7.0 = 0.10 1.1 £0.20
L3A 6.6 = 0.10 0.9 = 0.30 6.9 = 0.05 1.0 £ 0.10 6.0 = 0.08 0.7 = 0.10 7.0 = 0.05 1.0 = 0.10
E4A 7.9 = 0.20 1.2 + 040 7.5 £ 0.01 1.8 +0.10 7.3 £0.03 1.1 = 0.10 6.7 = 0.07 0.8 £ 0.10
I5A 7.1 = 0.08 0.7 = 0.10 6.7 = 0.17 0.7 = 0.20 5.9 *+0.05 1.9 + 0.60 6.1 = 0.20 0.7 = 0.30
F6A 6.3 = 0.04 0.7 = 0.07 5.1 £0.03 1.0 53 %04 1.0 = 0.60 13.0 = 6.0%
K7A 6.8 = 0.08 0.7 = 0.13 7.1 £0.20 1.0 = 0.40 6.4 * 0.03 1.2 +0.10 6.6 = 0.10 0.8 £ 0.10
N10A 7.0 = 0.14 0.8 = 0.20 6.7 = 0.05 1.0 = 0.10 6.4 * 0.04 1.1 +0.10 6.6 = 0.10 0.7 = 0.10
P11A 6.0 = 0.10 0.8 = 0.20 5.9 £ 0.10 0.8 = 0.10 13.5 = 4.8% 21.1 + 10.0%
S12A 7.0 =0.13 0.8 = 0.20 6.8 = 0.10 0.9 = 0.30 6.8 = 0.06 1.0 = 0.10 6.6 = 0.04 1.1 = 0.10
N13A 7.0 £0.10 0.7 £0.10 6.8 £ 0.04 1.3 =0.20 7.2 = 0.07 0.8 = 0.10 7.2 +0.10 0.8 = 0.20
D14A 5.9 £ 0.01 1.6 = 0.06 5.5 £ 0.08 1.0 11.7 £ 11.1% 32.3 = 4.3%
Q15A 7.3 *+0.13 0.6 = 0.14 7.2 £0.10 1.1 +0.20 7.1 £ 0.05 1.0 = 0.10 7.0 = 0.05 0.8 = 0.10
K18A 7.3 = 0.04 0.7 = 0.05 6.3 = 0.06 1.5 +0.30 6.2 = 0.07 1.1 +0.20 6.2 = 0.05 1.9 = 0.50
S19A 7.0 = 0.05 0.7 = 0.06 7.3 £0.10 0.8 = 0.20 6.5 = 0.04 0.8 =0.10 6.9 = 0.03 1.0 = 0.10
S20A 7.2 = 0.08 0.7 = 0.09 6.9 = 0.06 0.9 = 0.10 6.2 = 0.04 14 *+0.20 6.6 = 0.05 0.8 = 0.10
K21A 6.9 * 0.06 1.0 £ 0.14 7.0 = 0.10 1.1 =0.20 6.8 = 0.05 1.1 =0.10 7.0 = 0.04 1.2 £0.20
L22A 6.1 = 0.01 1.0 £0.01 55*0.2 1.0 5.7 = 3.2% 2.8 +2.2%
V23A 6.9 = 0.07 0.7 = 0.09 7.2 £0.10 0.9 = 0.20 6.5 * 0.03 1*0.10 6.4 = 0.05 0.8 = 0.10
S25A 51=*0.2 1.1 = 0.40 5.8 +0.17 1.0 24.7 = 7.6% 24.5 * 12.7%
R26A 6.9 = 0.04 0.8 = 0.07 5.7 £0.30 0.9 = 0.10 6.1 = 0.04 1.5+ 0.30 16.1 +2.2%
K27A 6.7 = 0.03 0.7 = 0.05 5.9 *0.10 1.0 + 0.40 5.8 =0.07 1.9 = 0.60 13.9 = 6.5%
T28A 7.2 +£0.13 1.1 =0.30 6.5+ 0.20 0.7 = 0.20 6.2 = 0.05 1.4 £ 0.30 6.5 * 0.04 1.2 +0.20
R29A 7.3 = 0.04 0.9 = 0.10 6.7 = 0.03 0.9 = 0.10 6.6 = 0.1 1.0 = 0.10 5.6 £0.10 0.7 = 0.12
W30A 2.0 £6.0% 14.0 = 7.0% 3.3 £10.8% 3.3 = 1.6%
K32A 5.0 = 1.8% 7.9 = 3.8% 2.8%x7.7% 29 +6.2%
Y33A 6.1 = 0.03 1.1 +0.10 6.0 = 0.05 0.8 = 0.10 11.9 = 3.3% 23.6 + 6.3%
Q34A 7.1 = 0.03 0.9 = 0.20 7.0 £0.10 0.8 = 0.10 6.2 = 0.04 1.3 +0.20 6.2 = 0.04 1.3 +0.20
I35A 6.2 £ 0.06 0.9 = 0.10 6.8 = 0.10 0.5 £0.10 5.7 £ 0.20 1.7+ 1.20 5.7 = 0.20 1.1 =£0.50
G36A 6.4+ 0.20 0.7 = 0.20 6.5 £ 0.10 1.0 = 0.30 6.0 = 0.10 1.1 = 0.30 6.6 = 0.10 1.0 = 0.20
K37A 7.0 = 0.10 0.5+ 0.10 6.7 £ 0.05 1.2 +0.20 6.2 = 0.04 1.2 +0.20 6.7 = 0.10 1.2 + 040

ture similar to that of WT recombinant HwTX-1V (Fig. 5, b and
¢). The chemical shifts observed for amide protons and «-car-
bon protons along the length of the peptide backbone did not
differ significantly between WT and W30A and K32A mutants,
indicating that the surrounding molecular contexts of equiva-
lent residues between structures are not significantly different
(Fig. 5e). Although interproton NOESYs and backbone chemi-
cal shift values indicate that W30A, K32A, and the wild type
peptides have very similar global folds and structure, local dif-
ferences are apparent near the solvent-exposed face of the
twisted B-sheet. These differences include observation of
strong ring current anisotropy within a 5-A radius of the Trp-30
indole of the K32A and wild type peptides, potential cation-
interaction between Lys-32 and Tyr-33, and minor differences
inloop conformations (Fig. 5f). Coordinates and chemical shifts
have been deposited in the PDB and BMRB: HWTX-IV (2M4X
and 19026), W30A (2M4Z and 19030), and K32A (2M50 and
19032).

Homology Modeling and Docking—In order to explore the
potential specific interactions made between HwTX-IV and
Navl.7, a homology model of the Navl.7 domain II voltage
sensor domain (S1-S4) was constructed, using NavAB as a tem-
plate (34). The model was further refined to produce a resting
state structure, using the crystal structure of Kv1.2 in the
ground state as a guide (35). HWTX-IV was manually docked
onto the homology model using our alanine scan SAR data and
published channel mutation data to optimize the fit (8, 18, 19).

AUGUST 2,2013+VOLUME 288-NUMBER 31

These channel mutation data suggest that HwTX-IV binds in
the DII voltage sensor domain and makes important interac-
tions with the channel S1-S2 and S3-S4 loops (specifically with
residues Glu”>3, Glu®"', Asp®'®, and Glu®'®). The resulting
docked structure is presented in Fig. 6, with the hydrophobic
patch composed of Trp®** and Phe®, along with the basic Lys*
residue, oriented in the groove formed by the Nav1.7 S1-S2 and
S3-S4 loops. The docked model predicts that the Trp®® and
Phe® hydrophobic patch interacts with a corresponding hydro-
phobic residue, Met”*°, in the channel groove. Charged inter-
actions along the edge of the S1-S2 loop and S3-54 loop allow
the HWTX-IV to orient itself in the binding site. Specifically, on
the S1-S2 loop, charge-charge interactions are made between
Lys” and Glu”>® and between Glu* and Lys”®* of HwTX-IV and
the Nav channel, respectively. Likewise, a series of charge-
charge interactions (between Arg®® and Asp®'¢, Lys*’ and
Glu®'®, and Lys** and Glu®'") between the HWTX-IV and the
S$3-S4 Nav loop are observed.

DISCUSSION

Using a combination of complementary techniques, includ-
ing a novel recombinant peptide expression system and a novel
radioligand binding assay, we have identified the key toxin res-
idues responsible for the interaction between HwTX-IV and
the VGSCs, Nav1.7 and Nav1.2. Our results provide the most
comprehensive SAR evaluation for a family 1 VGSC-blocking
toxin described to date. Furthermore, our results provide the

JOURNAL OF BIOLOGICAL CHEMISTRY 22713



Structure-Function Studies of Huwentoxin-IV

ads Ce €<
o o o
o © 3000 Q
T S < 100-
c c c
2 2 3
a & 2000 ]
N N N
z z Z 50,
g > 10001 2
3 i
I 0 v v v I 0 r T T ) 5 @ 4 p r—
8 0 20 40 60 a 0 100 200 300 400 g -10 -8 -6
[1251-HWTX-IV-NH,] (nM) - Time (min) - log1o[HWTX-IV-NH,] (M)
bs ds fs
o o o
G 25000 o S
2 T S 100{ 7. ®
S 20000 = £
& & @
0 15000 1 A
T To. I 504
Z 10000 Z Z
> = z
X 5000 x x
3 2 2 0-
Il 0 L] AJ L) ; 1) L) L) 1 II Al v v
3 0 20 40 60 g 0 500 1000 1500 '3 10 -8 6
['251-HWTX-V-NH,] (nM) Time (min) log1o[HWTX-V-NH,] (M)

FIGURE 3. Binding of ">*I-HWTX-IV to HEK-293 cells stably expressing Nav1.7 or Nav1.2. a and b, saturation studies. HEK-293 cells stably expressing Nav1.7
(a) and Nav1.2 (b) were incubated with increasing concentrations of '>°I-HwTX-IV. Total binding (®), nonspecific binding determined in the presence of 1 um
HwTX-IV (M), and specific binding (A), defined as the difference between total and nonspecific binding, are presented. Specific binding of "2I-HWTX-IV
displayed pK, values of 7.5 = 0.1 and 7.8 = 0.06 and B, ., values of 19,122 =+ 2,586 and 12,343 *+ 778.2 binding sites/cell for Nav1.7 and Nav1.2, respectively.
¢, association kinetics. Nav1.7 cells were incubated with '#>I-HWTX-IV for the indicated times at 37 °C, and specific binding is plotted against time, yielding a k.
of 1.13 X 10~ * s~ . d, dissociation kinetics. Dissociation of '>°I-HWTX-IV, initiated by dilution, followed monoexponential kinetics with a dissociation rate
constant, k., of 6.65 X 107> s~ '. An association rate constant of k,,, of 1.17 X 10*m~ ' s, and a pK, value of 8.2 were derived from the kinetic data.eand f,
competition binding. Cells were incubated with 4 nm '2*I-HWTX-IV in the presence or absence of increasing concentrations of HWTX-IV for 3 h at 37 °C. Specific
binding data were fit to a single-site inhibition model, yielding pK;values of 7.4 and 7.6 for Nav1.7 (e) and Nav1.2 (f), respectively.n >3 for all experiments. Values
shown are means *+ S.E.
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FIGURE 4. Molecular dynamics simulations of selected HwTX-IV mutants. Various HwTX-IV alanine mutants were colored by average per residue CA RMSD
calculated from their respective molecular dynamics simulations (50 ns each). The CA RMSDs are colored on a gradient from 0.5 A in red to 2.2 A in blue. The
average CA RMSD of native HWTX-IV (a) was only 1.0 A, indicating a highly rigid peptide (see also supplemental Video 1). MD simulations revealed that alanine
substitutions at Phe-6 (b), Leu-22 (e), and Trp-30 (g) had a modest influence on core stability. Other selected alanine substitutions exerted little to no effect on
core stability, but many influenced the flexibility of the loop regions. For example, F6A (b), L22A (e), W30A (g), and Y33A (i) appeared to increase the flexibility
of loop 3, whereas P11A (c) and D14A (d) increased loop 2 flexibility. R26A (k) and K27A (/) were found to increase loop 4 flexibility. S25A (f), K32A (h), and K18A
(), on the other hand, did not seem to have any significant impact on peptide flexibility.

first systematic evaluation of the determinants of toxin selec- important for toxin activity (binding and inhibition). It is inter-
tivity between two closely related VGSCs. Our data show that  esting to note that Trp*® and Lys*? are conserved across two of
Phe®, Pro'!, Asp'®, Leu®?, Ser*®, Trp®°, Lys®?, and Tyr®® are thebest characterized families of sodium channel-blocking tox-
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FIGURE 5. NMR structures of HwTX-1V, W30A, and K32A. Ensembles of the 20 lowest energy structures of HWTX-IV (a), W30A (b), and K32A (c) are shown.
Disulfide side chains are highlightedin color.d, a “one-dimensional” representation of the ICK fold found in HwTX-IV and analogs. Loops, B-sheets, and disulfide
pattern are shown. e, backbone 'H chemical shifts. Top, amide proton (N-H); bottom, a-carbon proton (HA). Chemical shifts show low RMSD except where
indole (Trp3°)-derived chemical shift anisotropy is present. Vertical lines, cysteine residues. f, HWTX-IV ensemble highlighting 5 key residues. See the supple-
mental material for "H chemical shifts (supplemental Table S1) and NMR structure statistics (supplemental Table S2).

N
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FIGURE 6. Homology/docking model of HwTX-IV with Nav1.7 domain Il voltage sensor. g, according to the model, HWTX-IV binds in the cleft between the
S$1-52 and S3-54 loops of the domain Il voltage-sensing domain. b, detailed view of proposed peptide-channel interactions described under “Results” and
“Discussion.” Channel residues are highlighted in yellow. Peptide residues that contribute to affinity are orange. Peptide residues that show selective interac-
tions are shown in cyan. Peptide residues shown in purple may contribute to binding but have minimal impact when mutated to alanine.
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FIGURE 7. Alanine perturbation maps. A color gradient is applied to the molecular surface of HWTX-IV, highlighting alanine mutant differences (pIC, values)
from HWTX-IV for Nav1.7 (top) and Nav1.2 (bottom). For clarity, residues are labeled in the top panel only.

ins, namely NaSpTx families 1 and 3 (15), but do not feature in
other classes of spider toxins. These observations underscore
the importance of Trp®® and Lys®” and suggest that these resi-
dues may be a universal determinant of sodium channel activity
in these toxin families. Phe®, Lys'®, Arg>®, and Lys>’ appear to
make isoform-specific interactions. These novel findings may
provide a basis for the rational design of toxin-based peptides
with improved VGSC potency and/or selectivity.

Alanine Perturbation Maps—The complete loss of activity
and binding to sodium channels by the W30A and K32A vari-
ants led us to question whether this was the result of a loss of
binding energy or simply a disruption of the peptide folding.
The NMR structure determination of HwTX-IV and of the
W30A and K32A mutants, however, allowed us to eliminate
misfolding as a possibility, suggesting that these and probably
other residues make specific interactions with the sodium
channels. Nav1.7 and Navl.2 pIC,, values were mapped onto
the surface of HWTX-1V as a color gradient from cyan (>8) to
magenta (<5). Fig. 7 illustrates three different views of the toxin
by successive 120° rotations and highlights the close proximity
of Phe®, Trp®°, Lys®*, and Tyr®® and the deleterious effect on
affinity toward both Nav1.2 and Nav1.7 when these residues are
mutated to alanine (colors other than cyan indicate significant
decrease in activity). These residues, along with Thr*®, belong
to B-strand 2, loop 1, and loop 4, creating a polar-aryl face. This
aspect of the toxin we refer to as the affinity interface, which
may represent a pharmacophore for VGSC interaction (Fig. 9).
The affinity interface is characterized by an arrangement of
hydrophobic and basic residues (often described as a hydropho-
bic patch, or protrusion) surrounded by a basic ring of residues
(Fig. 8) that probably forms the bulk of toxin interactions with
the voltage sensor of DII and is reminiscent of similar surfaces
in other toxins that are known to directly interact with voltage-
gated ion channels (38 —40). Lys®? is geometrically poised for a
cation-m interaction between the protonated side chain and the
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aromatic 7 electrons of Tyr*>. Interestingly, this functional
dyad, or pairing of a hydrophobic and a basic residue in close
(67 A) spatial proximity, has been described previously as
being important for the activity of scorpion-derived K chan-
nel pore-blocking peptides, suggesting that peptides with dis-
parate mechanisms of action across different channel types uti-
lize a common structural binding motif (41). The central
residue of the hydrophobic component of the affinity interface,
Trp®°, is sandwiched between and tightly coupled to two neigh-
bors, Thr-28 and Phe® (Figs. 5f and 9). The close coupling
between the side chains of this triad manifests itself in the NMR
spectrum as a large chemical shift anisotropy from the ring
current exerted by the aromatic indole. The « and 3 carbon
hydrogens are most affected, with their chemical shifts often
shifted ~1 ppm upfield, indicative of close spatial proximity.
m-Stacking between Trp*® and Phe® aromatic rings is also
apparent in supplemental Video 1, where the movement of the
two residues can be seen to be tightly correlated. Similar ring
current-derived shielding is apparent in the related family 1
toxins hainantoxin-IV and phrixotoxin-I (20, 42). A similar
“aromatic sandwich” of residues critical for affinity, proximal to
a m-cation functional dyad pairing, is observed in the Kv2.1
gating modifier, SGTx, which suggests that these two features
may represent a common motif for peptide-mediated inhibi-
tion of voltage-gated ion channel voltage sensors in general
(Fig. 9) (40). It is well known that cation-7 interactions on the
surface of proteins have a stabilizing effect on structure; how-
ever, we conclude based on our NMR data that mutations in
Trp° and Lys®* do not experience any significant structural
destabilization. It is also well established that desolvation pen-
alties can destabilize electrostatic interactions at protein-pro-
tein interaction interfaces (43, 44) and that the desolvation pen-
alty of a cation-m interaction is significantly less than that of a
normal electrostatic interaction (45). Given the importance of
Lys®” as an anchoring interaction for huwentoxin-IV binding
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FIGURE 8. Surface and stick representations of HwTX-IV colored by residue type: hydrophobic (green), basic (blue), neutral polar (white), and acidic
(gray). a, the affinity interface characterized by hydrophobic and basic residues. b, the selectivity interface, characterized by a mosaic distribution of residue
properties. ¢, a surface relatively tolerant (outside of Lys'®) to alanine mutation, perhaps indicating a surface not directly involved in binding to the channel.

FIGURE 9. The functional dyad (cyan) and the aromatic sandwich (green) combine to form the affinity interface in three different inhibitory cysteine
knot peptides that act as gating modifiers of distinct types of voltage-gated ion channels. a, huwentoxin-1V; b, SGTx (PDB code 1LA4), an inhibitor of the
voltage-gated potassium channel, Kv2.1 (40); ¢, hainantoxin-IV (PDB code 1NIY) (20). Lys*? in huwentoxin-1V and hainantoxin-IV and Arg®? in SGTx are known
to be important for overall activity of the respective peptides (21, 40). The redundancy of 7w systems available for cation-rinteractions may help to mitigate the
energetic desolvation penalty that would otherwise be incurred upon complex formation between the peptide and voltage sensor.
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and activity, it is tempting to speculate that the role of the cat-
ion-7 interaction is to mitigate the energetic cost that would
otherwise be associated with desolvation of Lys** and thus
strengthen the overall equilibrium constant more in favor of
binding (anchored by Lys**~Glu®'" according to our model).
Further, the proximity of the aromatic sandwich to the func-
tional dyad (Fig. 9) seems to suggest that a redundancy in local
7 system availability intramolecularly may be a common mech-
anism employed by peptide toxins to cloak a residue that will be
involved in an anchoring charge-charge interaction in the com-
plex, keeping it largely free from solvation prior to voltage sen-
sor binding. The rigidity of the aromatic sandwich and the
resulting imperfect geometry of the cation- interaction both
there and within the functional dyad may be indicative that
multiple, weak cation-7r interactions are available to Lys>?, suf-
ficient to preclude solvation but not so strong as to thermody-
namically preclude formation of the proper charge pairing
upon complex formation.

Fig. 8b reveals residues lending marked differences in affinity
toward the channel subtypes. This face of the molecule illus-
trates the contrast between Nav1.2 and Nav1.7 when mutating
three basic residues, Lys'®, Arg®, and Lys®”. HwTX-1V affinity
for Nav1.7 is much less sensitive to mutations at these positions
than Nav1.2. It is our assumption that these residues interact
with corresponding regions on the respective channels that
contain lower sequence homology. This aspect of the toxin we
refer to as the selectivity interface. In contrast to the affinity
interface, the selectivity interface is a mosaic of many different
physicochemical properties. All four general property types are
represented: hydrophobic, basic, acidic, and neutral polar.
Although all property types exist in the interface, it is primarily
basic residues located on loops 3 and 4 that confer selectivity
between Nav1.2 and Nav1.7. Basicity at the Lys'®, Arg?®, and
Lys®” positions appears to be a requirement for affinity toward
Navl1.2. It is unclear where on the channel the selectivity inter-
face interacts, but acidic residues located on the DII S3-S4
linker of Nav1.7 along with residues in the pore domain of DIII
may be implicated. Future studies will include testing these
HwTX-IV mutants on additional Nav subtypes with the intent
of producing “global” sodium channel selectivity profiles and
selectivity interface maps.

Fig. 8c illustrates a surface relatively tolerant (outside of
Lys'®) to alanine mutation, perhaps indicating a surface not
directly involved in binding to the channel (i.e. a solvent- or
membrane-exposed surface) made up of residues from the
N-terminal, loop 2, and loop 3 regions.

Toxin Dynamics—ICK folds are inherently stable and exhibit
little flexibility. NMR-derived relaxation and order parameters
have shown related venom peptides to be very rigid over a pico-
second to nanosecond time frame (38). Underlying this stability
is the high ratio of cysteine to non-cysteine residues. It is com-
mon for venom peptides to contain six or more cysteines,
resulting in a high number of disulfide bonds over an average
peptide length of 35 residues. These folds impart not only con-
formational stability but metabolic and thermal stability as well.
It was our intent to examine, via MD simulations, what role
peptide flexibility has on affinity with and selectivity between
Navl.2 and Navl.7. Simulations on a variety of HWTX-IV
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mutants over a 50-ns trajectory revealed only very subtle differ-
ences in core structure when compared with HwTX-IV. Per-
haps not surprisingly, greater variation, as measured by a-car-
bon RMSDs, was shown to exist in the loop regions. Although
the MD simulations revealed modest increases in loop 2, 3, or 4
flexibility in specific mutants, little correlation exists between
loss of function and changes in loop flexibility. We do not rule
out the potential importance peptide dynamics and conforma-
tional flexibility/rigidity have for binding affinity; however, our
findings suggest that side chain-specific interactions, between
toxin and channel, play a greater role.

HwTX-IV-Domain II Voltage Sensor Interactions—Docking
of HWTX-IV with the domain II voltage sensor predicts that
HwTX-IV binds in the cleft formed by the DII S1-S2 and S3-S4
loops, where Trp®° may make a hydrophobic interaction with
Met”®° in Nav1.7 (Met””® in Nav1.2) and a non-bonded van der
Waals contact with His”>* (Fig. 6b). In addition, our docking
model suggests a likely interaction of basic Lys** with acidic
Glu®"! in Nav1.7 (Glu®” in Nav1.2), an attractive model given
the highly disruptive nature of the K32A and E811Q mutations
individually compared with other peptide and channel muta-
tions (19). Interestingly, according to our model, P11A, D14A,
L22A, and K18A are located on loops 2 and 3, facing away from
the groove formed by the Navl.7 S1-S2 and S3-S4 loops. By
analogy to the recently described binding site for B-scorpion
toxins, it is possible that these residues may make important
contacts with the pore module of the adjacent DIII (46). More
subtle and primarily subtype-specific reductions in activity
were observed with K18A, R26A, K27A, and R29A. Arg>®,
Lys®’, and Arg® are located on loop 4 of HWTX-IV, and our
model predicts that some of these amino acids may interact
with acidic residues, such as Asp®'® and Glu®'%, located on the
DII S3-54 linker of Nav1.7, that have previously been identified
as important for HWTX-IV activity (19). Two of these basic
residues (Lys®*” and Arg®®) have also been shown to be impor-
tant for block of VGSCs in rat DRG neurons by the closely
related spider toxin, hainantoxin IV (u-Theraphotoxin-
Hhnlb) (20). These observations may indicate that hainan-
toxin-IV and HwTX-IV interact with VGSCs in a similar man-
ner. In contrast to all of the mutations described that result in
loss of sodium channel blocking activity, mutation of Glu* to
alanine results in a small but consistent increase in activity. If
the modeled interaction with Lys”®* is correct, this behavior of
E4A mutants could be due to loss of a competing electrostatic
repulsion with nearby Glu”>® and Glu”®°. Alternatively, the pro-
posed interaction between Glu* and Lys’®> may represent a
thermodynamic local minimum, the loss of which allows the
peptide to find a still more favorable binding mode. In our
model, the predominant interactions are contributed by the
$3-S4 loop with supporting interactions from the S1-S2 loop.
This is similar to the model proposed for B-scorpion toxin
interaction, CssIV, where the S3-S4 loop provides the interac-
tion hot spot for binding with supporting interactions coming
through the S1-S2 loop (47). In that case, the toxin locks the
channel in an activated state. This may suggest that the key to
locking helix 4 into a given position is primarily dependent on
interactions with the S3-S4 loop of domain II. Overall, our
results indicate that HwTX-IV makes numerous interactions
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with Nav1.7 channel residues in the S1-S2 and S3-S4 linkers,
hydrophobic residues at the top of S1 in domain II, and, poten-
tially, in yet to be defined residues in the adjacent pore loop of
domain III (46).

The mechanism of action of HWTX-1V is thought to involve
binding to the voltage sensor of domain II and trapping of the
voltage sensor in the inward, closed conformation (5, 8). In
order to determine if different interactions are responsible for
binding and voltage sensor trapping, we compared the activity
of the panel of alanine mutants in the functional QPatch assay
(where activity is a function of affinity and efficacy) with activity
in a novel radioligand binding assay (measure of binding affinity
only). Our results show that binding and functional activity
were generally well correlated. There were no examples where
binding was retained but efficacy was lost, suggesting that bind-
ing and voltage sensor trapping may represent a single event.
Most alanine mutants were slightly less potent in the binding
assay than in the functional assay. The reasons for this are not
entirely clear, but this may indicate that binding is somewhat
voltage-dependent, as suggested by the unbinding of HWTX-IV
following strong depolarization (8). Interestingly, the magni-
tude of the difference between functional activity and binding
affinity varied between mutants, possibly suggesting that differ-
ent mutants exhibit varying degrees of voltage dependence.

VGSCs have been implicated in a variety of disorders, includ-
ing arrhythmia, epilepsy, and pain (10, 12, 13). Nav1.7, in par-
ticular, has attracted much attention recently because it
appears to play a critical role in human pain sensation. Gain-of-
function mutations in Nav1.7 have been linked to the episodic
painful conditions primary erythermalgia (48) and paroxysmal
extreme pain disorder (49), whereas loss-of-function mutations
of Nav1.7 in humans cause congenital indifference to pain, a
rare autosomal recessive disorder characterized by a complete
indifference or insensitivity to painful stimuli (50-52). Nav1.2
is also of medical importance, with mutations in Nav1.2 being
linked to epilepsy and autism (53, 54). Our results provide the
most comprehensive evaluation of the SAR for a family 1
VGSC-blocking toxin described to date, providing unique
insight into the residues required for both Nav1.7 and Nav1.2
affinity and selectivity. These experimental findings, coupled
with the predictions of our model, provide a structural frame-
work for the interaction between HwTX-IV and VGSCs and
may provide a basis for rational design of toxin-based VGSC-
blocking peptides with improved potency and/or selectivity for
the treatment of human diseases.
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